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Editorial on the Research Topic
 The built environment and public health: New insights





Background

According to “World Cities Report 2022: Envisaging the Future of Cities,” 56% of the global population is currently living in cities, which is expected to reach 68% by 2050. The rapid growth of cities led to the emergence of various problems, such as environmental pollution, traffic congestion and emissions, and the lack of physical activity of residents (1). Such problems prompted a widespread public focus on the urban environment and health issues. According to World Health Organization estimates, about 24% of the global public health burden can be attributed to the changing environment. Thus, integrating public health issues into the sustainable development of a city has become a significant issue around the world.

The built environment, which is a subset of the physical environment, interacts with public health in an intricate way. This relationship, which is highly pertinent to policymaking, fostered interesting academic explorations in recent years (2–4). However, based simply on traditional data and approaches, many relevant issues remain unexamined (5). With the rapid development of science and technology, accurate built environment/health metrics can be assessed using open/big data or advanced instruments, advanced modeling approaches can be tested and applied to the research field, new/traditional theories can be supported or refuted with strong empirical evidence, and rich insights into policy and practice can be discussed with highly consistent or contradictory findings, especially during and after the coronavirus disease (COVID-19) pandemic (6–8). Hence, propelling research on the association between the built environment and public health is urgent and vital. Such research can provide us with a comprehensive understanding and profound implications.

In light of the above discussion, we launched this Research Topic in Frontiers in Public Health and announced a “call for papers” in August 2020. After a rigorous peer review, a total of 43 articles–including three literature reviews and 40 research articles–were published on this Research Topic, with 193 researchers as the authors of the papers. The collection of articles on this Research Topic was completed in September 2022.

This Research Topic is a platform for sharing fresh insights and findings on the association between the built environment and public health and an essential and enriching memo to decision-makers, health researchers, caregivers, and so on. We aim to raise awareness of all the elements of society (e.g., governments, researchers, businesses, industry, and individuals) and stimulate wide, in-depth discussions on the association between the built environment and public health in developed and developing countries. Moreover, we call for collective action by all the members of society as the world strives to achieve the United Nations' Sustainable Development Goals, which entails consensus, collaboration, and innovation.



Research Topic contributions


Theme 1: COVID-19

The COVID-19 pandemic has affected the world profoundly for nearly 3 years. The pandemic attracted the attention of numerous researchers from diverse disciplines worldwide (9). Six papers in this collection focus on COVID-19-related issues.

Frontline nurses play a vital role in combating COVID-19. However, nurses suffered from work-related fatigue owing to increased workloads during the COVID-19 pandemic, which caused their health to deteriorate and affected their safety. Ma et al. explored the connection between the environmental factors affecting infectious disease nursing units and nurses' fatigue. The analysis results showed that nursing distance is the most important variable affecting nurses' physical fatigue, whereas spatial privacy is the dominant factor influencing their psychological fatigue. Environmental factors are related more to physical fatigue than psychological fatigue, and the job position of nurses is significantly associated with the perception of fatigue. Therefore, the authors argued that such factors (e.g., shortening the nursing distance and enhancing spatial privacy) should be considered to alleviate fatigue.

Mass vaccination is an effective means of combating COVID-19. Wu, Ming, et al. investigated vaccination intention and associated factors among individuals with HIV. This study confirmed that individuals with HIV demonstrate more severe vaccine hesitancy than the general public, and many factors, such as physical condition, perceptions, and economic factors, influence willingness to receive COVID-19 vaccination.

The risk of the spread of COVID-19 should be minimized to reduce the number of casualties and property losses. Duan et al. explored the risk elements and risk transmission paths of COVID-19 as an example of a sudden major infectious epidemic. The author obtained 20 initial concepts, 11 categories, and six main categories and found that (1) 6 risk transmission elements for major infectious epidemics as well as (2) 3 risk transmission pathways for sudden infectious diseases, namely the transmission pathway of the medical system, transmission pathway of the social system, and transmission pathway of the psychological system. Based on the results, the author suggested various measures for the emergency management of sudden epidemic outbreaks, such as establishing a scientific event risk early warning system.

Poor urban management is widely observed when addressing major public health emergencies such as COVID-19. Wu, Chen, et al. took Wuhan as a case and analyzed the problems in urban management during the COVID-19 pandemic. The authors selected five basic urban management modules and identified the shortcomings of each one in combating the pandemic. Finally, the authors proposed a battery of key strategies for post-pandemic urban revitalization.

Housing is part and parcel of people's lives. Thus, it can be reasonably expected that the COVID-19 pandemic will lead to changes in people's housing needs. Xu and Juan presented a systematic study on design strategies for apartments in China in the post-pandemic era and compiled a set of design strategies. The authors identified the respondents' preference for the quality attributes of apartments through a questionnaire survey in three cities in Jiangsu Province, China. The authors found that (1) men need more social space than before, (2) older adults have little need for office space and high expectations of the inclusion of an ensuite bathroom in the primary bedroom, and (3) a significant positive association exists between education level and need for office space. Notably, this work contributes to important custom decisions for design firms, housing developers, and the government in planning and strategizing China's apartment construction in the post-pandemic era. In a departure from the above study focusing on apartment design strategies, Guo X. et al. analyzed the public's willingness to pay for healthy housing. The authors proposed a theory of planned behavior-based model and conducted partial least squares structural equation modeling using eye-tracking and questionnaire data. This study unraveled the complex relationship between information attentiveness, attitude, subjective norm, perceived behavioral control, and people's willingness to pay for healthy housing.



Theme 2: Multi-dimensional health

With the improvement in living standards, people have become increasingly concerned about their health. Eight papers in this collection pay attention to multi-dimensional health.

The neighborhood environment was extensively confirmed to be an essential determinant of residents' health and life satisfaction. Chen et al. focused on the impact of the neighborhood environment on three health outcomes (i.e., frailty, activities of daily living, and instrumental activities of daily living) of 969 frail older adults and conducted correlation analysis and path analysis on the examined problem. Moreover, the authors treated quality of life and service use as intermediate variables. The findings demonstrated that the neighborhood-level built environment has a significant impact on an individual's quality of life and health. The deterioration of older adults' health conditions can be mitigated through the provision of accessible services and groceries, high metro accessibility, and exposure to greenery. The findings can inform policymakers and stakeholders to increase access to services and transportation and greenery planning. Similarly, Li J. et al. established an analytical framework for the association between the neighborhood-level built environment and the health of older adults (or senior health). The authors developed multilevel regression and structural equation models using large-scale official data (“Fourth Survey on the Living Conditions of the Elderly in China”) and street-view imagery data for empirical analysis. Notably, the authors controlled for residential self-selection. Finally, some strategies for improving aging health were proposed from the perspective of urban planning. Meanwhile, Liu J. et al. used structural equation models to confirm the significant influence of the perceived neighborhood environment on health behaviors, health outcomes, and life satisfaction. The authors observed a substantial moderating effect of sociodemographics on the above relationships. Policymakers can benefit from such nuanced empirical evidence in implementing targeted and tailored interventions.

A pleasant natural or built environment can help maintain individuals' satisfactory state of mental health and reduce the possible emergence of psychological problems. The creation of such an environment has become the main focus of the government and academia. Han X. et al. proposed a novel method for predicting the perceived psychological stress of residents based on street-view imagery and machine learning and employed the method in Seoul, South Korea. The authors found that the perception of psychological stress is spatially autocorrelated in the city. Specifically, various land-use functions have a significant influence on perceived psychological stress. The results of this study can enhance our understanding of human-environment interactions. Meanwhile, Yang, Cui, et al. focused on the mental health of undergraduates and conducted a battery of linear regressions to explore the association between a campus-centered natural/built environment and depression among undergraduates in 89 campuses in various regions of China. Moreover, the authors examined the moderating role of socioeconomic attributes. The results showed that scattered campuses are negatively associated with undergraduates' depression, whereas campuses with numerous outlets serving takeaway sweets and fast food were positively related to the undergraduates' depression. Thus, optimizing the campus environment can potentially relieve undergraduates' depressive moods and promote their mental health. Furthermore, as a special demographic group, children are highly sensitive to the environment. Fu F. et al. investigated the mental health of troubled children in an SOS children's village community in Chengdu using the PHCSS-SD method and identified four types of space for important outdoor activities. This study can contribute to the development of child-friendly communities.

In stark contrast to the above micro-scale studies, two studies investigated health issues from a macro-scale perspective. First, environmental pollution and economic growth are significant factors affecting public health. Zhao et al. analyzed the relationship between environmental pollution, economic growth, and public health in 30 provinces and cities in China from 2007 to 2018. The authors also scrutinized the differences in the impact of environmental pollution and economic growth on public health in the eastern, northeastern, central, and western regions of China. Second, the Chinese-American population is growing rapidly. Zhang Q. et al. conducted a spatial analysis of Chinese-American ethnic enclaves in New York (the United States). In addition, the authors modeled the correlation between residents' propensity to live in a Chinese-American enclave and two health indicators (i.e., access to health care and perceived health status) using a logistic regression model and observed significant correlations.



Theme 3: Physical activity

Physical activity, as a type of health behavior, is an interesting and meaningful topic. Top academic journals such as Nature and The Lancet have published papers related to this topic (10–16). Eight papers in this collection focus on physical activity.

The outdoor physical activity of the general public was studied by several scholars. Li B. et al. investigated the impact of the built environment on the frequency and intensity of residents' outdoor physical activities (i.e., walking and running) in Changsha (China). Based on data extracted from wearable devices and various open data sources, the authors developed a set of linear regression models to scrutinize the connection between the built environment and a set of outdoor physical activity variables. Similarly, Yang, Yu, et al. used data from Strava to derive two outdoor physical activity indices (i.e., running and cycling) and analyzed the association between these indices and the built environment of Chengdu, which is a megacity in southwest China, using spatial econometric methods. The authors obtained rich findings and proved the applicability of crowdsourced data in physical-activity research. Notably, the authors analyzed many built-environment attributes rarely examined in the literature, such as river line length and the light index.

Population aging has become a demographic trend in recent decades, and physical activity is arguably an essential aspect of healthy aging. Therefore, the physical activity of older adults has received widespread scholarly attention. Zang et al. examined the heterogeneity in the association between walking time and the built environment in Guangzhou (China) and modeled the environmental characteristics of three zones with different building densities (low-, medium-, and high-density zones). The authors mainly considered (1) differences between recreational walking and transport walking and (2) differences in areas with varying building densities. Built-environment attributes in buffer zones within different radius ranges were identified in the GIS. The results of this study confirmed the existence of heterogeneity in the relationship. Moreover, the neighborhood is believed to be able to influence elderly adults' health and quality of life in many ways (e.g., by affecting physical activity levels). Liu Z. et al. investigated the association between the neighborhood and physical activity, health, and quality of life of older adults in a comprehensive framework. The study results showed that social capital contributes to health and quality of life through participation in leisure-time physical activity. This knowledge has important implications for urban planners and policymakers to create livable neighborhoods to promote healthy aging. Similarly, Xiao et al. explored how physical activity mediates the relationship between the built environment and obesity (measured by the body mass index) among older people. As evidence from the literature is weak, the authors hypothesized that an environment that is friendly to older adults could encourage them to walk more. As a result, the authors conducted a bootstrap mediation analysis to examine the mediating role of exercise. Finally, the authors found that calorie expenditure-related facilities, such as gyms, parks, and grocery stores, can significantly encourage older adults' physical activity, thereby reducing their risk of obesity.

Riding a shared bike has become a popular physical activity, especially in recent years. Considering the proliferation of bike share services, Guo Y. et al. presented a systematic review of the relationship between bike share usage (one type of physical activity) and the built environment. Instead of solely discussing/identifying the built-environment attributes associated with bike share usage (e.g., land-use mix, urban amenities, and transit accessibility), the authors paid considerable attention to variances in the relationship between bike share usage and the built environment, which can be explained by different study areas, bike share services (docked vs. dockless), time of day (morning vs. afternoon vs. evening), day to week (weekdays vs. weekends), and so forth. The authors also identified several avenues for further research, such as diversifying the study area, shifting to the perceived built environment, and delving into the interaction between bike share usage and the metro. Notably, this work contributes to explaining the controversy in existing findings on the connection between bike share usage and the built environment.

A pedestrian-friendly environment can help promote people's walking behavior. Jin et al. a revealed how the micro-level environment affects people's walking behavior. The author used an unobtrusive tracking method to collect the walking routes of hundreds of residents and developed a discrete choice model (specifically, the conditional logit model) to scrutinize the environmental factors influencing pedestrians' perceptions and walking route preferences. The authors discovered that various features, such as sidewalks, driveways, and trash cans, affect people's walking behavior. Similarly, Jin et al. b used binary logistic regression models to investigate the interaction between the street environment and people's route choice behavior and found that many street elements, such as parking, trash cans, and street lights, significantly influence pedestrians to choose the non-shortest routes. Furthermore, the authors revealed potential correlations between network attributes, personal factors, and trip characteristics.



Theme 4: Physical environment

The physical environment permeates every aspect of our lives. It not only affects people's physical health but also has an important implication on people's psychological health. Many scholars conducted research on different aspects of the physical environment. Five papers in this collection focus on the physical environment.

The physical environment is a multi-dimensional concept (including but not limited to sound, wind, heat, and light) and is closely linked with public health. Wu Y. et al. assessed the health-related physical environment of a university campus in Hangzhou (China) in terms of the following four dimensions: sound, wind, heat, and landscape. Based on the evaluation outcomes, the authors suggested five methods for spatial optimization, including creating ventilation corridors and applying cooling measures. Notably, this study identified priority areas for intervention in spatial planning and design.

Air is an important part of the physical environment. Air pollution can seriously endanger the health of urban residents and lead to a wide range of diseases; thus, demand for satisfactory air quality has become increasingly intense. Two studies analyzed the implications of air pollution/quality in Chinese cities for socioeconomic systems. Lai et al. used a geographically weighted regression model to estimate the marginal willingness of housing buyers to pay for clean air in different urban areas. The results showed that people are more willing to pay for clean air in areas with more serious pollution (e.g., streets with heavy traffic congestion and places near heavy industrial factories). In addition, the authors suggested that the government can improve the urban energy structure and decrease industrial exhaust emissions according to different taxes and policy interventions among regions to improve urban air quality. The study can help the government analyze the cost-benefit tradeoff of air pollution control. Meanwhile, Li D. et al. evaluated the health benefits of air quality improvement in a provincial capital city in western China to test the causal relationship between particulate matter that is 2.5 microns or less in diameter (PM2.5) and residents' medical expenditures. The authors determined that with improved air quality resulting from substantial environmental investments, local residents can obtain high health benefits. In other words, residents situated in harmful surrounding areas may encounter health risks to a certain extent. The regression results demonstrated that the medical expenditures of patients with high reimbursement rates are impacted heavily by air pollution. Therefore, the government should optimize the social budget at a synthetic scope. In addition, environmental contaminants with additional costs should be highlighted by different government sectors.

In a departure from the above two studies focusing on the implications of air pollution/quality for socioeconomic systems, one study evaluated the effects of air pollution/quality on the physical environment. Zhang X. et al. aimed to analyze the effect of air pollutants on solar radiation and used nine Chinese cities as the study area. Notably, this study filled a research gap and pioneered research on the correlation between individual pollutants and daily global solar radiation and its spatial variability.

Reasonable lighting design can ensure driver safety in long tunnels. The research of Peng et al. was dedicated to exploring the relationship between drivers' psychological and physiological states and changes in the lighting environment. The authors investigated the characteristics of drivers' physical fatigue and mental load and changes under perceived low ambient luminance, changing the roadway luminance or perceived ambient luminance conditions in long tunnels through field tests. The study also investigated the reasons behind the relief of physical fatigue and mental load in the case of increasing contour sections. Finally, the authors focused on methods for improving the lighting environment and provided new ideas on the lighting design of the inner zone of long tunnels.



Theme 5: Indoor environment

People spend most of their time indoors. A healthy and comfortable indoor environment can induce satisfactory life experiences. Therefore, the quality of the indoor environment has attracted increasing attention. Three papers on this Research Topic focus on the indoor environment.

The enhancement of the indoor environment of public buildings may be conducive to people's physical and psychological needs and health. Fang et al. revealed evacuation optimization strategies for two types of large-scale public building, namely stadiums and high-rise hospitals. To minimize personnel's time in the process of safe evacuation and enhance evacuation efficiency for the whole building, they proposed two strategies for plane evacuation and vertical evacuation. In addition, the authors developed a stadium model and a high-rise hospital model to verify the effectiveness of the proposed strategies. Unlike the above study on large-scale public buildings, Wang Z. et al. focused on the health and thermal comfort issues of unit-type student apartments in western China through field measurements and a questionnaire survey. Besides traditional field measurements and survey data analysis, the authors analyzed the correlation between thermal comfort-related variables in the summer and winter separately. The study advanced understanding of the factors significantly correlated with thermal sensations.

In addition to the above two empirical research papers, a literature review paper was included on this Research Topic. Zhou Y. et al. concentrated on the value-based design of healthcare facilities (indoor environment). The author extracted and analyzed nearly 500 papers published in representative American and Japanese journals. Based on the literature review, the authors proposed a novel conceptual framework for the value-based design of healthcare facilities. Notably, the authors emphasized the importance of the introduction of three value variables (i.e., time, space, and behavior), which is beneficial to research and practice.



Theme 6: Transport

Many scholars examined transport-related issues (e.g., pedestrian behavior, transportation demand management, and traffic pollution and emissions) to make transport effectively serve society. Five papers in this collection focus on transport.

Accurate traffic flow forecasting is fundamental to efficient and effective transport management. Yao et al. proposed a deep learning-based traffic flow prediction framework consisting of various components, each of which includes a spatial block and a temporal block. The framework performs fewer calculations to obtain more accurate prediction outcomes than state-of-the-art baselines. The study also identified several avenues for further research, such as integrating other factors into the model to improve its prediction accuracy.

Taxis are a popular public transport mode in many cities. The modeling of the customer-search behavior of taxi drivers is an intriguing research topic. Yu L. et al. mined multiple GPS records of 8,400 taxis in Shanghai (China) to identify the determinants of taxi drivers' customer-search behavior via time-dependent discrete choice modeling. The authors examined the role of relative passenger demand, regional pickup likelihood, expected rate of return, en-route delay, and traffic conditions at target hotspots in shaping customer-search behavior in various periods. The study can provide a basis for service providers and policymakers to optimize taxi services, thereby contributing to balancing the spatiotemporal mismatch between taxi demand and supply.

Car-sharing flourished in the last two decades. Dashboard design is a factor considerably affecting the experience of car-sharing users (drivers). Yang, Wang, et al. explored the relationship between users' driving activities and dashboard layout using the experimental investigation and prediction approach, established a user heart rate prediction model, and conducted a set of correlation analyses. The authors pointed out that the system usability of a dashboard is correlated with various eye-tracking characteristics. Notably, this work can help optimize the selection of appropriate dashboard layouts in interface design in the future.

Transit-oriented development (TOD) is a desirable and favored development pattern, especially in megacities. However, seldom has its performance been evaluated comprehensively. Qiang et al. innovatively evaluated TOD performance in three ways [i.e., transportation (T), pedestrian-oriented accessibility (O), and urban development (D)] using multi-source data. The authors chose Shanghai as the study area and assessed 347 metro station areas using clustering and correlation analyses. The results help advance our understanding of TOD performance and benefit policymakers, urban planners, researchers, and so on.

Energy consumption and emissions in the transport sector were extensively evaluated using simulations, statistical analysis, machine learning, mathematical programming, and so on. Wang W. et al. used real-world GPS trajectory data to evaluate the influence of a regional speed control strategy on energy consumption and traffic emissions in Beijing (China). The authors provided suggestions on residents' living activities, such as taking precautions while jogging and avoiding jogging on urban arterial roads. The study also identified several avenues for further research, such as collecting increased data and details of vehicle driving data to improve the accuracy of emissions calculation.



Theme 7: Hospitals

A hospital is a type of healthcare institution, essential for healthy city development. Three papers in this collection focus on hospitals.

Yu J. et al. investigated access to primary hospitals among older adults using the two-step floating catchment area method and evaluated their satisfaction with the access using a questionnaire survey. The authors further examined the association between the two factors, and the results indicated that the distribution of primary hospitals is unequal. Older adults' satisfaction with hospitals is significantly influenced by the walking distance to the hospitals. Specifically, satisfaction with hospitals decreases with increasing walking distance.

Liu Y. et al. focused on the reputation crisis management level of hospitals. They developed a reputation index and crisis respondent index, and a quadrant approach for classification. The authors empirically assessed five hospitals using the proposed method and categorized the reputation positioning of the hospitals into four groups, namely robust, growth, fragile, and sensitive. Based on the results, the authors proposed strategies for hospital reputation crisis management.

Cui et al. assessed hospital rest spaces and presented a micro-scale study. The authors investigated differences in the eye movement measures of staff with different attributes and the correlation between the eye movement measures and scores on the self-rating restoration scale. Accordingly, the authors proposed a set of key points in the planning and design of hospital outdoor rest spaces, such as setting up outdoor rest spaces near work areas, paying attention to the safety needs of senior staff and work pressure of junior nurses, and improving brightness, saturation, and access to the sky environment.



Theme 8: Public space quality

Public spaces (e.g., public squares, parks, streets, and beaches) have been regarded as an important part of contemporary urban design because their quality has a significant impact on people's behavior and health. Therefore, examining the relationship between public space quality and people is imperative to provide the latter with high-quality public spaces. Two papers in this collection help to bring further exploration in this direction.

Public open spaces have profound implications for outdoor environment exposome and public health. Han S. et al. presented a systematic review of interactions between people's behavior and the built environment in public open spaces and highlighted the impacts of diverse and objective influencing factors. By selecting 109 representative studies on people's behavior in public open spaces based on the PRISMA flow diagram, behavioral influencing processes, including objective factors, subjective feedback, and the relationships involved, were considered to provide a comprehensive picture. The authors stressed the importance of four types of factor (i.e., personal background, location and context, environmental components, and climate stimuli) and the health impacts of people's outdoor behavior. With the robust classification of the existing factors, architects, urban designers, policymakers, and researchers can get a comprehensive trend from the past.

One study focused on a specific type of public place. Based on the principles of humanistic urban planning, Wan et al. measured street space quality from the perspective of pedestrians. The study consisted of two parts: (1) construction of a relatively comprehensive “5D + 3S” spatial quality measurement model for streets and (2) testing of the validity of the model. The results showed a high degree of consistency between the subjective and objective measurements, thereby verifying the validity and rationality of the model. The study provides a new way of thinking about the large-scale comprehensive diagnosis of street space quality and can help guide space design through the street space quality measurement results.



Theme 9: Rural areas

The importance of rural areas is considerably emphasized in the advocacy of urban-rural integration and rural revitalization. Recently, an increasing number of scholars have devoted themselves to rural area research. Three papers in this collection focus on rural studies.

As a public space that is important to people's daily lives, streets are gradually drawing the attention of health environment researchers. Fu E. et al. conducted laboratory experiments on two forms of high human senses (i.e., visual and auditory) to investigate the healing potential of street environments in rural communities. The authors revealed that street type could substantially affect its healing potential, and artificial–natural enclosed and natural semi-enclosed streets have the best healing effect.

Rural infrastructure is the basis for ensuring the livelihood of rural residents, and sanitation is one of the basic services closely related to health. Against this background, Wu, Zhang, et al. examined residents' willingness to pay for and participate in sanitation improvement in rural areas in western China. The authors explored the factors influencing such decisions from the perspective of demographic characteristics, personal interests, living environments, and sanitation conditions. The study supported the design of related public-private partnership projects. Zhou W. et al. focused on another rural infrastructure (i.e., the rural water supply system, RWSS) and its seismic resilience. The authors obtained over 40 potential factors affecting the seismic resilience of the RWSS through a systematic literature review and semistructured expert interviews and conducted an empirical analysis in Sichuan Province, China. The findings showed that “economic resilience” and “organizational resilience in the disaster prevention stage” are the most important influencing factors. Finally, different experiences in earthquake disasters facilitate stakeholders' different perceptions of the importance of such factors.




Conclusion

As people pay increasing attention to public health, especially during the COVID-19 pandemic, promoting research on the interaction between the built environment and public health is important and indispensable. Many future research directions can be envisioned, including but not limited to the use of new fine-grained data (e.g., street greenery, wearable sensors, and eye-tracking system) to assess environmental exposure and/or health outcomes, advances in the frontier theory of the built environment and health (BE–health) relationship (e.g., spatial life-course epidemiology, effects of new factors such as bike share on public health, the use of new modeling approaches (e.g., machine learning techniques) to elucidate BE–health relationship, BE–health studies in underexamined areas (e.g., cities and countries in the Global South), the nonlinear and threshold effects of the built environment on health outcomes, and socioeconomic inequalities in the BE–health relationship and its implications (e.g., equigenesis theory).

This Research Topic assembles 43 research papers examining the association between the built environment and public health from multiple perspectives and provides new insights that can help enrich and strengthen our understanding. We hope that other studies that can advance our understanding will be conducted in the near future.
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Objective: The sudden outbreak of COVID-19 has greatly endangered public health and life safety, leading to new changes in people's housing needs. The purpose of this study is to establish design strategies that are suitable for China's Multi-Unit Residential Buildings (MURBs) in the post-pandemic era, and to identify the users' preferences for these strategies.

Methods: This study compiles a set of design requirements by means of a literature review and expert interviews. Three hundred ninety-five online and on-site questionnaires, based on the refined Kano model, were distributed to respondents to reveal their preferences for these strategies. The relationship between the different demographic variables, the preferences of design strategies, as well as the housing unit preferences of home-buyers were also verified by means of an actual project.

Results: This study summarizes the four dimensions and 26 design strategies of MURBs in China during the post-pandemic era. These strategies are further extracted into 6 highly attractive, 5 high-value-added and 4 critical quality attributes. In terms of demographic variables, males need more social space, and the elderly need less office space and separate bathrooms in the master bedroom. Due to the impact of the epidemic, people with higher education levels are more required to work at home, and the overall demand for a home working environment is also higher.

Conclusion: The home-buyers' preference survey reveals that the housing unit designed based on the refined Kano model is more attractive to home-buyers. The proposed approach can help to provide important and customized decisions to design firms, housing developers, and the government for MURBs planning and strategy formulation in the post-pandemic era in China. More in-depth user surveys in other regions and investigations into the cost assessment of these strategies might be further conducted in the future.

Keywords: design strategies, COVID-19, multi-unit residential buildings (MURBs), post-pandemic era, refined Kano model


INTRODUCTION

The COVID-19 pandemic has caused irreparable losses to the world. According to World Health Organization, as of March 21, 2021, 2.7 million people have died worldwide (1). In addition to health issues, COVID-19 has completely paralyzed various industries or caused them millions of dollars in losses. In order to restrain the pandemic and resume work and life as soon as possible, measures such as strict protection, closed places, and social distancing have been adopted in many places (2). The method of home isolation makes the home truly a container for life (3, 4). Residential communities and buildings that are closely related to everyone's health and safety in the epidemic prevention work have become key areas for prevention and control (5).

China has a dense population and high mobility of people. Judging from the objective situation of home prevention and control implemented in the outbreak area, the number of residential home infections and the prevention and control of residential pandemics have attracted widespread attention (6). At the same time, many residential environment problems and deficiencies have gradually become prominent. According to CLV.DESIGN's “Helping the Family Fighting the Pandemic” survey launched in China in February 2020, only 20% of the 5,226 sample households collected during the pandemic were very satisfied with their home environment. Fifty six percent believed that changing houses can improve the status quo, and up to 52% of households have plans to purchase new houses (7). It can be seen that the pandemic has greatly changed the mentality of residents, and real estate developers should make adjustments and optimizations from the perspective of housing product positioning according to changes in household needs.

Inevitably, the society in the future will enter the “post-pandemic era” in which the pandemic fluctuates and lingers for a long time (5). For infectious disease disasters, residential buildings must not only meet the main needs of residents' daily lives, but also have basic epidemic prevention functions. Therefore, the design of residential buildings needs to take into account the impact of the pandemic, and must be highly adaptable to face the new normal of housing in the post-pandemic era (8, 9). In addition, China's population accounts for almost a quarter of the world's population, but in terms of urban per capita housing area, China's per capita is only 23 m2 (10), which is far behind many advanced countries. Regarding the choice of residential types, most residents in China can only choose relatively densely packed unit houses, and therefore multi-unit residential buildings (MURBs) has become the most common types, accounting for 90%, in the housing industry. It is more urgent to study how MURBs can better cope with the post-pandemic era, and how those professionals can control the spread of the pandemic through the design (8, 11–14).

The design standards of residential buildings and healthy buildings in the post-pandemic era have certain similarities (such as BREEAM, CASBEE, LEED, WELL, etc.), and both target human physical and mental health and well-being. The International WELL Building Institute established a task force consisting of 225 members in April 2020, which provided new resources and guidelines for the enhanced WELL building standard (15). In the face of the COVID-19 action, Fitwel also took the action of “Building Health for All” (16, 17). The action released five resources, one of which is related to buildings, that is, “using buildings to ease the spread of the virus.” The strategy for mitigating the spread of the virus is to limit body interactions, cleaning, hand washing signs, ventilation, filtration, and humidity. The theme also appears in the guide “5 Ways to Optimize Buildings for COVID-19” (18). However, the existing results are concentrated on the physical indicators of building epidemic prevention, which are not fully applicable to the design of MURBs.

Some studies have studied the connotation and influencing factors of healthy buildings (9, 19–21). Since COVID-19 occurred only 1 year ago, there is not much literature on how to respond to the pandemic in residential building design. Awada et al. (19) pointed out that more work needs to be done in the future to establish common design standards to evaluate how to design the building to support health and well-being. Megahed and Ghoneim (5) mentioned that residential buildings should increase the surrounding garden space, wider corridors, and flexibly adaptable spaces in the post-pandemic era to adapt to changing residential needs and lifestyles. Megahed and Ghoneim (2) believed that the cleaning and disinfection of the indoor environment is essential for the prevention of infection. Xu et al. (14) promoted that viruses should be avoided by cleaning the indoor surface of buildings and choosing air purification systems. Andargie et al. (22) put forward thermal conditions and indoor air quality are identified as the most important factors for overall comfort in MURBs. However, there are still limitations in the previous studies. For example, there are only few studies on the explicit design needs of MURBs in China and a complete evaluation system of MURBs is lacked. In addition, in practice, developers are often constrained by projects costs and have to make certain trade-offs of the design strategies of MURBs. Identifying the optimal strategies in the post-pandemic era to meet the preferences of occupants is a key factor in maintaining competitiveness.

The purpose of this study is to establish a set of design standards suitable to China's MURBs in the post-pandemic era, and then identifies the residents' preferences for residential design strategies through the refined Kano model. In practice, this study will make a significant contribution to the relevant industries and the government. Firstly, the proposed design strategies will encourage developers to formulate better product positioning and invest more in the development of healthy and smart housing, in order to meet the needs of their residents. Secondly, by examining these strategies, designers and architects can understand the defects of the design products in the pre-epidemic period and make good design decisions in the post-epidemic era. Thirdly, it is conducive for design firms to establish a set of standards, a housing database, and a housing evaluation system for MURBs in the post-pandemic era. Fourthly, these strategies and standards can be used by the government to formulate new MURBs design specifications and a theoretical basis. The government should also establish a cross-domain practice mechanism, integrate the concepts of green and WELL buildings, and introduce the ideas of disease prevention and control into the construction of residential communities. In addition, China's residential design itself has statutory architectural design codes as constraints. The set of design standards obtained in this study are set for user design requirements related to epidemic prevention and control without violating relevant design codes.



DESIGN STRATEGIES OF MURBS IN THE POST-PANDEMIC ERA


Definition of MURBs in China

MURBs is a type of residential building in multi-story and high-rise buildings as shown in Figure 1. Usually there is only one service core per floor (formed by a combination of stairwells, elevators, halls, and corridors) for a MURB. The control area of each service core is also called a residential unit. Generally, each residential unit can be arranged with 2–4 households, and sometimes two units are arranged side by side into a slab-style unit building. Residents enter the private interior space directly from the staircase platform or waiting hall, and each resident must enter the house through public space. Most MURBs in China will be laid out in the form of residential communities, rather than a single multi-unit house appearing in the city. These communities usually contain dozens of houses, which are not crossed by arterial roads. Communities generally provide public service facilities that can meet residents' basic and social life needs.


[image: Figure 1]
FIGURE 1. Standard floor plan and facade of a typical MURB. (A) Standard floor plan of a typical MURB. (B) Façade of a typical MURBs.




Development of Original Design Strategies

In order to obtain scientific and reasonable design strategies of MURBs in the post-pandemic era, this study reviewed relevant studies through search engines such as Web of Science, Google Scholor, and ScienceDirect. A total of 63 articles were found by using research methods, such as literature reviews, expert interviews, and questionnaire surveys. In terms of research content, there were 43 articles relating to building epidemic prevention design. Most of these studies focused on spatial and social distancing, ventilation, and air disinfection issues, but did not consider the users' needs to develop suitable MURBs design strategies in the post-pandemic era. Thirty one articles related to the exploration of residential health design and focused on the physical environment of buildings, such as the impact of airflow, energy-saving, lighting, and temperature control, which all have an impact on human health. Only one study discussed the implications of COVID-19 for new residential construction (3), however, it used a narrative way of describing the conceptual framing of operational spaces and design principles, and it lacked empirical research on the design strategies and verification of market demands.

This study extracted some of the design elements mentioned in the literatures. A panel of experts consisting of seven experts, including two real estate developers, two architects, one professor in the department of architecture, one professor in the department of medicine, and one infectious disease physician, was interviewed to fill the gap in the literature review. The interviews were conducted in an individual and physical face-to-face manner. These experts had conducted relevant research on built environment issues over the past few years and had experiences in participating in first-line investigations during the epidemic. In the interview process, the expert panel was requested to expand on the specific design strategies for each design element.

Viruses can be transmitted by person-to-person or person-to-object contact, as well as by droplets and aerosols in the air in confined spaces (16). Of course, disinfection can also prevent the spread of the virus to a certain extent (19). On the other hand, people locked at home during isolation must spend indoors and perform all daily activities, including eating, working, socializing, and leisure (6), so living comfort needs to be focused on in the post-pandemic era (23). In summary, this study divides the design elements of MURBs in the post-pandemic era into four dimension based on the characteristics of virus transmission and people's health needs, namely “zero contact system,” “air safety system,” “disinfection and purification system,” and “home comfort system,” as shown in Table 1, 26 design strategies are obtained according to the four dimensions through literature review and expert interview.


Table 1. Design system of MURBs in the post-pandemic era.
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In China, most MURBs are laid out in the form of residential communities, rather than a single multi-unit building appearing in the city. Therefore, people living in MURBs are usually affected by the facilities and environment of the residential community. Therefore, the design elements in this study also include the relevant influencing factors of multi-unit residential communities.




APPLICATION OF THE REFINED KANO MODEL TO REFINE THE DESIGN STRATEGIES


Refined Kano Model

The Kano two-dimensional quality model (Kano model) (29) is a popular approach in the areas of product and service design and improvement because it can consider many characteristics of products or services without causing a high expense in the design process (30). The Kano model, as shown in Figure 2, divides quality attributes into five categories: (1) Attractive quality: when the elements are available, customers will be satisfied, if not, customers will not be dissatisfied; (2) One-dimensional quality: When the elements are available, the customers will be satisfied. The higher the degree, the more satisfied the customers. If not, the customers will feel dissatisfied; (3) Must-be quality: when the elements are available, the customer considers it necessary and will not be more satisfied, but when the elements are not available, the customers will be dissatisfied; (4) Indifferent quality: whether the elements are available or not, customers will not be satisfied or dissatisfied; (5) Reverse quality: When the elements are available, the customer will be dissatisfied, when not, the customer will be satisfied instead.


[image: Figure 2]
FIGURE 2. Kano model of quality attributes (29).


Conducting the Kano model requires an establishment of a questionnaire that consists of positive/functional and negative/dysfunctional questions. The respondent can answer a pair of questions in one of five different ways, “Like,” “Must-be,” “Neural,” “Live with,” and “Dislike,” for each attribute of a product (or service). The first question concerns the reaction of the customer if the product (or service) has that attribute (functional form); the second involves the reaction if the product (or service) does not have that attribute (dysfunctional form) (31). Next, the questionnaire is administered to various respondents, and each answer pair is aligned with the Kano evaluation table (32), as shown in Table 2, which can reveal each respondent's perception toward attributes of a product (or service) (33, 34). If the respondent answers, for example, “I like it that way” as regards a specific attribute from the functional side, and answers “I am neural” for the same attribute from the dysfunctional side, the combination of the question in the evaluation table will be in the “A” category, indicating that this attribute is attractive to respondent needs (35).


Table 2. Kano evaluation table.
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However, this model has the following shortcomings: it prevents organizations from considering the importance of certain items as customers to accurately assess quality attributes. Therefore, Yang (36) altered the quality elements of Kano model into the following eight based on the degree of importance to the consumer: highly attractive and less attractive, high-value-added and low-value-added, critical and necessary, potential and care-free. In the refined Kano model, if two product requirements cannot be met at the same time, perhaps due to technical and financial constraints, the company will determine which is more crucial to customer satisfaction (31). In general, the effect of any quality characteristic on a customer's satisfaction depends on the degree to which it is valued by the customer.

The refined Kano model describes the attractive quality attributes as follows:

• Highly attractive quality: It is an effective competitive tool for the company to attract customers and can be used as a strategic quality to increase customer satisfaction.

• Less attractive quality: Since this quality factor can cause less attractiveness to customers, if the company has cost considerations, it can ignore the provision of this quality factor first.

The refined Kano model describes the one-dimensional quality attributes as follows:

• High-value-added quality: These factors can cause high customer satisfaction, thus increasing the company's revenue. Companies should be committed to providing such quality elements to customers.

• Low-value-added quality: Although these factors create less customer satisfaction, the company must continue to provide these factors to avoid increasingcustomer dissatisfaction.

The refined Kano model describes the must-be quality attributes according to the degree of consumer attention as detailed below:

• Critical quality: If such elements are necessary for the customer, the company must provide such elements.

• Necessary quality: The company should strive to provide this element to avoidcustomer dissatisfaction.

The refined Kano model describes the indifferent quality attributes as follows:

• Potential quality: Such elements may become attractive quality elements, and companies may consider providing these elements as a strategic means to attract potential customers.

• Care-free: If the company has cost considerations, it should consider not providing these elements.

In Figure 3, curves are used to illustrate the means of the redefinitions of quality attributes (37). Table 3 lists the redefined categories of quality attributes obtained by refined Kano model.


[image: Figure 3]
FIGURE 3. Refined Kano model of quality attributes (36).



Table 3. Categories of quality attributes in refined Kano model.

[image: Table 3]

The refined Kano model is widely used in tourism management, product design, and commercial development (38–40), and has less application in areas related to building design strategies (41). Ek and Çikis (41) adopted the Kano model into the cases of architecture to explore architectural design quality for mass-housing projects. The result suggested that the Kano model can demonstrate the flexibility of interpretation and this flexibility can guide architects in improving the future spatial-programmes of the building projects. Juan et al. (35) employed the Kano model and a customer satisfaction matrix to evaluate professional designers' and general users' satisfaction, preferences, and acceptability of intelligent green building design strategies. The result revealed that the proposed approach could be a useful tool to explore similarities and discrepancies of strategy preferences between designers and users, and these findings could effectively decrease the communication gap for future building design. Juan et al. (42) further applied the Kano model and the quality function deployment (QFD) method to identify design strategies for public housing projects. The result indicated that the systematic methods can uncover design and planning strategies for public housing, serving as a guide and reference for future designing. According to the above studies, the Kano model has great potential, as the main research method, to develop architectural design strategies. Therefore, after the proper modification of the Kano model, this study integrates the design strategies of MURBs in the post-pandemic era with the refined Kano model to explore the perceived importance and satisfaction of the occupants, and to identify the critical key aspects of design strategies that should be prioritized for improvement.



Questionnaire Design

The indicators of the questionnaire design of this study are derived from the results obtained by the experts in Table 1. The questionnaire design consists of three parts: the first part is personal anonymous information, including the sex, age, education, and residence of the tested person. The second part is a Kano-based questionnaire with 26 design strategies. The third part is the importance evaluation of the 26 strategies, which are answered on a five-point Likert scale, with 1 being “very unimportant” and 5 being “very important.”



Data Collection and Sampling Structure

The research team chose to conduct the refined Kano-based questionnaires in Jiangsu Province. The reasons for choosing Jiangsu Province as the research object are as follows: first, Jiangsu Province is one of the most economically active provinces in China and consists of 13 prefecture-level cities. The Yangtze River Delta urban agglomeration formed by Shanghai, Zhejiang, and Anhui has become one of the six world-class city group. Among them, Jiangsu has a well-developed construction industry, and the number of construction projects has consistently ranked first in China; second, as of the end of 2019, Jiangsu Province has a permanent population of 80.7 million, which is the most densely populated province in China; third, Jiangsu Province belongs to the East Asian monsoon climate zone and is in a subtropical and warm temperate climate. In the transition zone, the climate has both the characteristics of the south and the north. Therefore, it is reasonable to use it as a representative of analyzing the residents' needs of MURBs in China in the post-pandemic era.

The official survey was launched in July 2020 and was conducted in three cities located in Jiangsu Province: Huai'an, Yangzhou and Suzhou, representing the northern, central and southern regions of Jiangsu Province, respectively. The survey was divided into two stages: small-scale testing and random sampling survey. The small-scale test is to ensure the validity of the questionnaire. Before the questionnaire was formally issued, 10 residents living in multi-unit houses in Yangzhou were pre-tested. Based on the feedback, some improvements were made, which resulted in the final questionnaire. In the random sample survey stage, both online surveys and on-site surveys are conducted. On-site surveys can make up for the lack of sample characteristics of the online survey form by targeting the imbalance in the number and quality of urban residents.

A total of 395 questionnaires were distributed and a total of 376 valid questionnaires were received. Data analysis of the questionnaire was mainly carried out by statistical software SPSS 26.0. Reliability analysis showed that values of Cronbach's alpha are 0.895, 0.932, and 0.811 for positive/functional questions, negative/dysfunctional questions, and the importance of questions, respectively. The result also revealed that the reliability of the questionnaire in this study is relatively high, which was suitable for subsequent analysis (43). After excluding all kinds of interference and invalid questionnaires, 324 of them were adopted for the analysis. As the population in the three regions of Jiangsu Province (northern, central and southern) accounted for 37.82, 20.80, and 41.38% of the total population of Jiangsu Province, respectively (44), and the final sample sizes in the northern, central and southern regions of Jiangsu Province were 112, 79, and 133 respectively. The final results of the survey sample were generally consistent with these proportions. The sample structure is shown in Table 4. All the interviewees are residents living in MURBs, of which 57.10% are female respondents, slightly more than males. The number of respondents between the ages of 36–49 years old and a college degree accounted for the largest number of respondents.


Table 4. Demographic data of questionnaire.
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RESULTS

According to the judgment rules of the Kano model in Table 2 and the defined categories of the refined Kano model in Table 3, the results of the 26 questions (strategy items) are shown in Table 5. All the strategy items are attributed to attractiveness, one-dimensional and must-be quality. There is no reversal and indifferent strategy item, which proves that the impact of the aforementioned standards on residents is positive and effective. Among them, the proportions of attractive, one-dimensional and must-be strategy item are 50, 26.92, and 23.08%, respectively. There are thirteen strategy items in the attractive quality attribute including: H3, H2, A3, Z6, H1, H5, S1, S3, Z3, A7, A4, Z5, and Z4. It shows that the provision of these 13 design strategies can significantly increase homebuyer satisfaction and can bring them the surprise of being delighted with the completed property. In contrast, if the MURBs does not meet these design criteria or is inadequate it does not cause homebuyer dissatisfaction.


Table 5. Result of the refined Kano model.
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The seven design strategies of S4, S5, Z7, S2, H6, H4, and Z2 are categorized as one-dimensional quality attribute. That is, there is a linear relationship between performance and satisfaction of the strategy item. Respondents generally felt that the more supply of these design strategies, the more satisfied they are, and the less satisfied they are when the supply is less. Less or more here sometimes refers not only to quantity, but also to degree or effectiveness. For example, the design strategy of “H4-more sunlight and daylight” and “H6-community environment,” for most interviewees, are considered that the better the performance, the better the satisfaction and the sense of security.

A1, A5, A6, A2, Z1, and A8, a total of 6 design strategies, are classified as must-be quality attributes. Respondents believe that MURBs must have the above elements, otherwise it will lead to unsatisfactory reactions. However, further increase of these qualities cannot effectively improve the satisfaction of residents. In other words, this type of quality attribute has a strong influence on the low satisfaction part of the occupants, but has no obvious influence on the high satisfaction part. In terms of design management, it means that this type of quality attribute is a basic essential feature, designers must maintain a certain level of such design elements, but do not need to pursue high standards leading to a waste of design resources.

This study further divides the traditional Kano attribute categories into different categories based on the importance of strategy items. The first step is to calculate the average of the importance of each item, and then calculate the overall importance of the item. Next, comparing the two values and identify those items which are greater than the overall average are considered to be high importance, and those less than the overall average are considered to be low importance. The overall average number of 26 strategy items in the questionnaire is 3.83. Afterwards the Kano model can be transformed into the refined Kano model according to the importance comparison, as shown in Table 5.

As shown in Table 5, H3, H2, A3, Z6, H1, and H5 are classified as highly attractive quality, which is an emotional attribute that is very attractive to occupants, and is an important competitive weapon for multi-unit residential products. S1, S3, Z3, A7, A4, Z5, and Z4 are classified as less attractive quality, indicating that although they can attract occupants, the effect is not significant. When the cost is insufficient in the design proposal, the needs of these strategies can be ignored. S4, S5, Z7, S2, and H6 are classified as high-value-added quality qualities which should make a significant contribution to the satisfaction of the respondents and every effort should be made to increase the availability of these strategies in order to enhance the preference of the occupants. H4 and Z2 are classified as low-value-added quality attribute, which proves that they do not make a great contribution to the occupants. Although the value of these strategies are slightly lower, they still cannot be ignored. A1, A5, A6, and A2 are the critical quality classifications, which means they are considered necessary by the respondents. These needs to satisfy the occupants should be paid attention to in the future design. Z1 and A8 are categorized as the necessary quality attribute, and although they are still must-be quality, they are less important. Real estate developers only need to provide appropriate specifications of design, but they must also avoid dissatisfaction with buyers due to low specifications.

It is worth noting that according to face-to-face interviews with respondents, many of them generally believe that in the post-pandemic era, once quarantined, people are forced to stay indoors for longer, so they prefer paying more attention to the anti-epidemic function of living in the indoor space. Design strategies such as H3, H2, H1, and H5 can enhance the comfort of their living space. In addition, the design strategies such as Z3, A7, A4, Z5, and Z4 are all emerging technologies that are costly and will drive up the price of housing. For most Chinese homebuyers, particularly those on low and middle incomes, their lack of understandings of these technologies has led to a significant reduction in the importance evaluation. However, these strategies are also part of the attractive attributes that can add a sense of surprise for occupants when these design items are available. In the future, if real estate developers have the funding to include these low attractive strategies, potential homebuyers may improve their preference and willingness to purchase the housing.

In summary, the results have shown that the refined Kano model can indeed effectively assist designers and real estate developers to understand the real preferences of homebuyers. The abovementioned strategies, such as 6 items of highly attractive attribute, 5 items of high-added-value attribute, and 4 items of critical attribute should be fully met by developers and they can become important marketing strategies in the post-pandemic era. In addition to the 7 items with lowly attractive attribute that can be discarded when project funds are not available, developers should also need to provide the remaining 19 design strategies and evaluate their cost-benefit analysis to reconsider their implementation priority.



DISCUSSION


Result Verification: Home-Buyers' Preference Survey

In order to verify the reliability of the results of the refined Kano model, the research team cooperated with a real estate developer to provide two types of housing units in the initial planning and design stage, as shown in Figure 4. One was for an ordinary unit (Type A), which did not adopt the results of the refined Kano model, and the other was the unit (Type B) that was designed, based on the results of the refined Kano model. Both housing units have an area of 115 m2 and the housing prices are also the same. The respondents were potential home-buyers and were asked to choose which unit they were willing to buy and live in. The research team launched a questionnaire in the Jiangsu Province in June 2021 by means of the Internet. While distributing the questionnaire, the research team also provided a 5 min pre-recorded online video introducing design features of Type A and Type B, so that the respondents could fully understand the differences between the two design units. A total of 62 valid questionnaires were collected. Among them, 49 respondents selected Type B, which accounted for 79.03%, and a total of 13 respondents selected Type A, which accounted for 20.97%. The results revealed that Type B, which is based on the results of the refined Kano model, is more attractive to homebuyers.
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FIGURE 4. Two housing units [Type (A) and Type (B)] for preference survey.




Comparison With Existing Studies

Comparing the results of this study with existing research on residential buildings in the context of COVID-19, there are some similarities and differences that can be discussed. In terms of similarities, the design strategies that fall into the attributes of “Highly attractive quality,” “High-value-added quality,” and “Critical quality” are generally in line with the considerations put forward in international research. In other words, in the COVID-19 epidemic, these strategies will not be different due to differences in national conditions, living habits and residential behaviors.

There are some anti-epidemic design strategies that are considered effective by many studies, but the results of this study are relatively insignificant. For example, many studies have mentioned the importance of intelligent strategies for epidemic prevention and control (19, 23). However, most of these strategies (such as Z3, A4, Z5, and Z4) belong to the attribute of “Less attractive quality.” It is speculated that the reason may be related to the lack of experience in the use of intelligent technologies by most interviewees, and they are worried that these technologies will increase housing prices and reduce the importance of evaluation. It is suggested that the Chinese government can provide cost subsidies for these intelligent anti-epidemic strategies in the policy of housing development. Housing developers can also provide more product experiences and cost-benefit evaluations to increase incentives for future project applications.

It is worth mentioning that there are two strategies that fall into the attribute of “Low-value-added quality,” namely “H4-Avoid indoor noise” and “Z2-Waste collection.” Although the importance of these two design strategies is slightly lower, they cannot be ignored. Regarding H4, Tleuken et al. (23) believe that in the post-epidemic era, indoor sound insulation design should be adjusted to improve private space and psychological comfort. In China, many people were forced to stay at home for several months when the city was closed due to COVID-19. The balance between remote office and family life has become an important issue. Improper noise interference can affect work efficiency and restrict family activities. At present, most architects and developers do not pay special attention to indoor noise prevention in the design of MURBs. In the future, it should be valued and integrated into indoor sound insulation design, including the selection and design of sound insulation materials.

The same situation also occurs in the strategy of “Z2-Waste collection.” Many studies have pointed out that in the post-epidemic era, the planning of waste collection stations is very important. In particular, residents should keep distance and avoid contact with surfaces to avoid the spread of the virus (24). Although the results of the survey show that the strategy has a certain degree of importance, the interviewees generally ignore the impact of the strategy. In other words, the public still needs to strengthen and enhance their awareness of epidemic prevention, and housing developers should also play a more active role, helping good strategies be planned and implemented.



Implication for Design Practices and Policies

This study summarizes the relationship between the respondents' place of residence, gender, age, education variables and their preference for a design strategy, as shown in Table 6. From the concept of the refined Kano model, the strategy with a “highly attractive” attribute can be defined as a differentiation strategy. Take the place of residence, as an example, the residents in the northern area prefer Z7, while Z6 (the smart home) and H2 (the multi-functional balcony) are “less attractive.” In other words, these two design strategies are generally less attractive to residents in the northern regions. In terms of gender, it is obvious from Table 4 that females' preferences of design strategies are relatively pragmatic and conservative. Some males believe that design strategies that can increase the selling points are the basic needs of females. Males also generally believe that it is necessary to provide a space for public communication in planning and design in the post-epidemic era (H5). Different age groups also reflect different design strategy preferences. For example, retirees over 65 years old are less likely to work at home. Therefore, the separate, isolated master bedroom with office space (H3) is obviously less needed. In terms of education variables, those with a higher educational level generally do not need Z6 and H2, but they have higher expectations with respect to noise prevention (H4).


Table 6. Relationship between different variables and preferences of design strategies.
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According to the analysis results of Table 6, developers and designers in the future can make customized strategic positioning, in order to target and meet the needs of their customers. Assuming that the target customers in the future are young men with a higher level of education, in addition to satisfying their basic needs, the design should try to increase the charm of the strategies, such as the provision of smart home technologies (Z6), a fresh ventilation system (A3), a variety of living and dining rooms (H1), a multi-functional balcony (H2), a separate isolated master bedroom (H3), the prevention of indoor noise (H4), and a public space for interaction (H5).

From the perspective of industrial development, the new concept of healthy housing in the post-epidemic era must also be integrated into housing development policies, and healthy housing should be integrated with housing design, construction, and operation to improve the integrity of the building life cycle. For housing developers, the design strategies obtained by this study can be used as the inspection standards for the subsequent house delivery, as well as the project management process and control points to enhance the competitiveness of the enterprise. On the other hand, the developers can combine their own characteristics, residents' concerns, and technical cost-effectiveness to formulate corresponding residential unique systems, reflecting the residents' higher demand for residential performance. For example, in the development of healthy and smart residential products, developers can conduct special research on integrating bathrooms and kitchens, adding sterilization and disinfection equipment, and formulating corresponding solutions for customer complaints and dissatisfaction.

Designers and design firms should optimize their design strategies further according to the new residential needs, and take the design of healthy and smart housing as the added value of future residential building products. Such strategic adjustments will help to form differentiated strategies, to accumulate relevant design experience and technology, to improve a company's reputation, and finally, to enhance the competitiveness of business operations in the post-pandemic era. Finally, the government should actively formulate new residential building design standards and codes adapted to the post-epidemic era. At the same time, the government should also establish a cross-domain practice mechanism, integrate the concepts of green and WELL buildings, and introduce the ideas of disease prevention and control into the construction of residential communities.




CONCLUSION

The current COVID-19 pandemic is one of the greatest challenges facing the world's health and economy, but COVID-19 is not the first pandemic, nor the largest pandemic, and may not be the final pandemic. The impact of this pandemic on the entire society will be very far-reaching. In China, the dense urban population and high mobility increase the risk of outbreaks of infectious diseases. As the basic spatial unit for epidemic prevention and control, urban residences can build an effective control and defense line for epidemic prevention. However, at present, the problems of China's largest stock of MURBs have arouse widespread thinking among governments and scholars, what kind of housing can truly “protect” us? From the perspective of epidemic prevention, health, and comfort, it can be seen that occupants need all-round houses with better system performance, more practical space functions, and better technical components. It is also believed that healthy buildings with super immunity will obtain greater competitive advantages in the housing supply market in the future.

This study summarizes the four dimensions and 26 design strategies of MURBs in China during the post-pandemic era. After analyzing the results of refined Kano questionnaires, 13 attractive, 7 one-dimensional, and 6 must-be quality attributes were obtained, and 6 highly attractive, 5 high-value-added and 4 critical quality attributes were further extracted. In future MURBs projects, housing developers should pay more attention to these design strategies and formulate marketing solutions that are based on actual economic conditions, and they should also propose rationalized and fully-decorated delivery suggestions for their products to improve their core competitiveness. Furthermore, other types of public buildings, not only the residential projects, will be more focused on the application of new technologies. Therefore, designers should re-adapt to the application capabilities of new technology in the post-epidemic era, according to the changes in user needs. Design firms need to further increase the design management and technical training of their staff. Most importantly, they should establish a set of MURBs standards for different housing types in the post-pandemic era, so that these design firms can actively participate in the development of industry standards and technical specifications, in order to continually enhance their influence in the industry.

This study conducted a preliminary exploration based on the residential needs of urban inhabitants in Jiangsu Province in the post-pandemic era. Jiangsu is one of the provinces with the fastest economic growth in China and is regarded as a demonstration area for the coordinated development of economic, social and environmental systems. Therefore, the results can provide relevant and meaningful insights for other similar countries and regions. However, this study also has certain limitations. First of all, due to the limitation of sample size, only the research sample of Jiangsu Province of China is considered. In other regions of China, due to their specific climate and economic conditions, people may have different preferences in choosing residential design strategies. It is recommended that more in-depth research in other regions should be conducted in the future. Secondly, due to differences in demographic characteristics such as age, gender, education level, and occupation, different user groups have different preferences for MURBs design features. There are still many topics worth studying in the future post-epidemic era. For example, researchers can consider further the cost optimization of these design strategies, in order to provide building developers and residents with a premium assessment. The new design requirements in the post-epidemic era also require the re-training in relevant design techniques and tools of designers, the redefinition of design products by design firms and investment budgets, and the performance evaluation of various design strategies by developers. Finally, the trend of building intelligence and informatization will become more prominent in the post-epidemic era. Another important direction for future research is the integrated study of BIM and virtual reality technologies to support and manage user experiences and needs in the post-epidemic era.
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Walking is the easiest method of physical activity for older people, and current research has demonstrated that the built environment is differently associated with recreational and transport walking. This study modelled the environmental characteristics of three different building density zones in Guangzhou city at low, medium, and high densities, and examined the differences in walking among older people in the three zones. The International Physical Activity Questionnaire (IPAQ) was used to investigate the recreational and transport walking time of older people aged 65 years and above for the past week, for a total of three density zones (N = 597) and was analysed as a dependent variable. Geographic Information Systems (GIS) was used to identify 300, 500, 800, and 1,000 m buffers and to assess differences between recreational and transport walking in terms of the built environment [e.g., land-use mix, street connectivity, Normalised Difference Vegetation Index (NDVI) data]. The data were processed and validated using the SPSS software to calculate Pearson's correlation models and stepwise regression models between recreation and transit walking and the built environment. The results found that land use mix and NDVI were positively correlated with transport walking in low-density areas and that transport walking was negatively correlated with roadway mediated centrality (BtE) and Point-of-Interest (PoI) density. Moreover, recreational walking in medium density areas was negatively correlated with self-rated health, road intersection density, and PoI density while positively correlated with educational attainment, population density, land use mix, street connectivity, PoIs density, and NDVI. Transport walking was negatively correlated with land-use mix, number of road crossings while positively correlated with commercial PoI density. Street connectivity, road intersection density, DNVI, and recreational walking in high-density areas showed negative correlations. Moreover, the built environment of older people in Guangzhou differed between recreational and transport walking at different densities. The richness of PoIs has different effects on different types of walking.

Keywords: recreational walking, transport walking, built environment, elderly, Guangzhou


BACKGROUND


Ageing Trends

The problem of population ageing is becoming more and more serious worldwide, and the World Population Prospects 2019 programme predicts that the elderly population in China will reach 300 million by 2025, with the ageing rate exceeding 20% and entering a deeply ageing society. In 2019, China issued the National Medium and Long-term Plan for Actively Coping with Population Ageing and proposed the construction of a “high-quality service and product supply service system for the elderly,” with the home as the basis and the community as the backbone. During 2021, they saw the authorisation of the Xinhua News Agency to release the 14th Five-Year Plan (1), which clearly states in Chapter 45, Section 3, “[i]mproving the elderly care service system,” that the system of elderly care at home should be improved, the urban environment should be adapted to ageing, and the community elderly care system should be improved. According to the statistics released by the Guangzhou Municipal Health Commission (GMHC), by the end of 2019, the population aged 60 and above in Guangzhou was 1,755,100, with the ageing population accounting for 18.40% of the total household population GMHC (2). Guangzhou has already entered an ageing society, and the health conflicts caused by ageing are increasing. Therefore, how to improve the participation and level of daily physical activity of the elderly to maintain their physical health has become an important topic of research and a hot topic in many fields at home and abroad.



Benefits of Walking

Inactive behaviours such as prolonged sitting are the cause of a high incidence of chronic diseases that threaten the health of the people (3, 4). Studies have shown that as the body ages, physical performance decreases, with maximum oxygen uptake decreasing by 8–16% for every decade after the age of 30 (5). Muscle strength decreases by 10–15% every year. Moderate physical activity has a positive impact on the health of older people, and physical activity is beneficial in reducing the incidence of chronic diseases and some sudden illnesses (6). Based on the results of epidemiological studies, it has been demonstrated that walking has health benefits for older people, with overall results similar to those of physical exercise.

In addition, a study has shown that an increase in walking time increases the maximum oxygen uptake of older people (7). More walking promotes cardiovascular health and may prevent associated cardiovascular chronic diseases. Walking increases aerobic capacity, reduces Body Mass Index (BMI) and body fat, and gradually improves diastolic blood pressure caused by prolonged sedentary time (8).

Overall, research has shown that regular walking not only has a positive impact on body fat and cardio-respiratory fitness, but that walking could also improve physical strength and flexibility. Given that declines in strength and flexibility could affect the independence of older people, this finding suggested that reasonably regular walking can help older people maintain their independence in life.



Built Environment and Walking

Research on walking environments increasingly shows that walking in residential settings is influenced not only by population density and the social characteristics of the population (such as age, gender, and income) but also by the built environment around an own residence (9–13). Previous research has demonstrated that good accessibility to usable green space is positively associated with walking behaviour and that better green space environments motivate older people to walk (12, 14, 15). Meanwhile, recent studies show that street greening has a positive effect on walking propensity and time (16). Factors of the built environment include land use diversity, street connectivity, building density, and accessibility (17).

However, there are some studies that show inconsistent results for the correlation between factors of the environment and walking. The study of Thornton et al. (18) found a positive correlation between land use mix and walking, while the work of Zhang et al. (19) found a negative correlation, with inconsistent results likely due to differences in objective perceptions of the study sample (10). Other later studies have used Geographic Information Systems (ArcGIS) to analyse the sample sites by delineating a specific radius of 200 to 2,000 m with residents as the central point for environmental analysis, which more objectively evaluated environmental factors, and re-did the study between the subdivided environment and walking, obtaining results that were more different than those from the previous non-subdivided environment (20–22). Some research has explored the application of environmental relevance (e.g., land use mix, street connectivity) of autonomous openly provided geographic information (e.g., open street maps), but the accuracy and reliability of their geographic information still need to be validated (23, 24).



Transport Walking and Recreational Walking

The impact of the built environment on walking also varies depending on the purpose of walking and can be broadly divided into two types of walking, namely, transport walks motivated by walking to a destination (e.g., to work, to an event), and recreational walks specifically for exercise or to a recreational area such as a park., both of which are physical activities beneficial to the health of an individual (10, 11, 25). Although there are some inconsistencies in the theoretical results, research suggests that transport walking is primarily promoted through road density, land use, and accessibility to public transport, while recreational walking is related to community neighbourhoods, community pavements, and the ease of access and number of entrances to parks and activity venues (10, 26). The walking behaviour of older people in high-density urban settings also varies depending on the time of day. Fewer studies have examined differences in the relationship between environmental and recreational and transport walking among older people in Guangzhou, China.

To fill these research gaps, this study investigated how different densities of the built environment affected recreational walking and transport walking in Guangzhou. As an old first-tier city in China, Guangzhou has a complex and diverse urban fabric, with a high-density old city, a low-density new city, and other medium-density areas. Our research questions were as follows:

1. How does the built environment differ in association with different types of walking at different densities in the same city?

2. Are differences in the built environment and demographic characteristics associated with differences in transport walking times and recreational walking times?




METHODS


Research Design and Study Population

This study was based on a survey of parks, selected to represent the surrounding community based on the different population density zoning of the Guangzhou city plan,1, where density zones 1, 2, and 3 corresponded to the low, medium, and high-density zones of this article. The areas were sampled according to the price of the area in March 2021 divided into low Socio-Economic Status (SES) and high SES, with areas below 30,000 RMB/m2 being low SES and areas >30,000 RMB/m2 being high SES, divided into six groups in total. We considered people aged 65–74, 74–84, 85, and over. Respondents were surveyed in the spring to avoid seasonal effects. The survey considered demographic characteristics (e.g., income, age, education) and travel information (e.g., broad questions related to the mode of transport, travel time). In order to maximise the sample size, 600 data were pooled and after excluding incomplete data records, our representative sample of older people in Guangzhou was 597 respondents in total (see Figure 1 below).


[image: Figure 1]
FIGURE 1. Research sample screening diagram.


Our preliminary research of the 12 sample areas that we studied has revealed that the built environment varied significantly between the samples at different population densities in Guangzhou, so much so that during the initial modelling process it was found that the data for the built environment in the low-density areas significantly reduced the data for the more distinctive features of the built environment in the medium- and high-density areas. In order to prevent the model from overlooking some environmental features in its calculations, the low, medium, and high-density areas were modelled and calculated separately to ensure sufficient objectivity. A summary of the selected cases was shown in Table 1.


Table 1. Research regions.
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Walking Behaviour

The International Physical Activity Questionnaire-Long Version (IPAQ-LC) was used to group transport walking and recreational walking in the questionnaire based on the questionnaire and the purpose of travel from the interviews. The total daily duration of these two types of walking in minutes per person was used as the dependent variable. Additionally, areas outside the residential environment (>1,000 m) were excluded.



Built Environment

In order to simulate the walking environment of older people, we applied buffers generated at the scale of the residential neighbourhood of the respondents. To incorporate the current walking environment, buffers of 300, 500, 800, and 1,000 m radius were used and compared (20, 27).

1. The normalized vegetation index (NDVI) (28) was used to visualize the amount of outdoor greenery. NDVI, which represented the chlorophyll content of the vegetation canopy (29), was obtained to extract the NDVI of Guangzhou City from remote sensing data with a resolution of 10 m accuracy in 2021. NDVI values ranged from 1 to −1, with higher NDVI values indicating more green and negative values corresponding to water bodies.

2. Land-use mixing was achieved through GIS calculations, which measured the type of use in qualitative residential settings where land was distributed (30). We obtained environmental data for the city of Guangzhou for the year 2021 from SkyMap and publicly available data from the Guangzhou Environmental Resources Bureau. Following previous studies by Bentley et al. (31) and Turrell et al. (32), we categorized the total land-use types in terms of the actual use by older people into seven categories, namely residential, recreational, commercial, educational, medical, and service. An index was calculated based on the proportion of area in each land use category. Its value ranges between 0 and 1, with higher values implying greater diversity.

3. Street connectivity was related to the design of the street layout (27). Higher street connectivity usually leads to more walking, while the opposite is true for more cul-de-sacs (10). Intersection data for this study were obtained from Sky Map data China (33) and calculated through GIS software.

4. BtE (mediated centrality) and MED (proximity centrality) were calculated in the software Spatial Design Network Analysis (sDNA2) for 300, 500, 800, and 1,000 m as control variables.



Control Variables

We adjusted for several demographic and socio-economic characteristics of the respondents. Age was divided into three categories, which were 65–74, 75–84, and >85. Education level was divided into low (none), medium (primary education), and high (secondary and above). Self-rated health status was categorised as very good, fair, and bad.



Statistical Analysis

Firstly, in order to ensure that the grouped studies were meaningful, a test of variance between groups was required, using SPSS to test for variance between the independent variables, as statistically significant between the independent variables under the three categories of the low, medium, and high (see Table 2 below).


Table 2. Tests for differences between groups in the low, medium, and high-density subgroups.

[image: Table 2]

Descriptive statistics summary data. We checked for covariance between multiple different environmental variables using SPSS correlation tests and demonstrated no covariance in the data by VIF < 5. Walking time for recreational and transport was used as the dependent variable in our stepwise regression analysis (35, 36). Since some respondents reported only partial walking time, in correlation tests, we assessed the association between walking and environmental variables with buffer sizes of 300, 500, 800, and 1,000 m. The significance of each variable was assessed based on 95% CIs.




RESULTS


Descriptive Statistics

Table 3 presents 597 valid questionnaires after removing invalid questionnaires, of which 86.6% were aged 65–74, 11.89% were aged 75–84 and 1.51% were aged 85 or above. The educational level of those with higher education was 8.71%, those with secondary education was 79.06%, and those with no education were 12.23%. Self-rated health was excellent at 20.44%, good at 75.54%, and bad at 4.02%. Respondents spent more total time walking for recreation than for transport, street connectivity gradually decreased with increasing density of the sample cities, road intersection density gradually increased with increasing urban density, the number of bus and metro stations increased step by step with increasing density of the sample cities, and NDVI decreased step by step with increasing density of the sample cities.


Table 3. Descriptive statistics to study the characteristics of the population and the natural and built environment of the living environment (n = 597).
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Regression Analysis

Table 4 shows the analysis between the independent variables in the low-density areas, wherein there was a correlation between the built environment characteristics and transport walking in the low-density areas, while land-use mix, number of bus stops, distance to the nearest bus stop, and NDVI were positively correlated with transport walking. Finally, transport walking was positively correlated with MED 300 m, BtE 300 m, BtE 1,000 m, while Commercial PoIs, Recreation PoIs Medical PoIs, Education PoIs, and Public Administration PoIs were negatively correlated. There was no significant correlation between recreational walking and built environment characteristics in any of the low-density areas.


Table 4. Pearson correlation analysis for low, medium, and high-density areas (n = 597).

[image: Table 4]

Changes in the low-density buffer also influenced the relationship between the built environment and transport walking, with land-use diversity (R = 0.117*; P = 0.031), showing a positive correlation only in the 300 m buffer while no positive correlation found in the 500, 800, and 1,000 m buffers. Education PoIs (R = −0.183*; P = 0.025) showed a negative correlation only in the 300 m buffer while no negative correlation was found in the 500, 800, and 1,000 m buffers. Recreation PoI (R = −0.161*; P = 0.049, R = −0.165*; P = 0.044) and Recreational PoIs (R = −0.183*; P = 0.025, R = −0.165*; P = 0.044) were negatively correlated in the 300 and 500 m buffers, while no negative correlation was found in the 800 and 1,000 m buffer. Public Administration PoIs (R = −0.171*; P = 0.036, R = −0.178*; P = 0.03) were negatively correlated between the 500 and 800 m buffers, while no negative correlation was found between the 300 and 1,000 m buffers. Commercial PoIs (R = −0.179*; P = 0.029, R = −0.169*; P = 0.038, R = −0.169*; P = 0.039) did not show a negative correlation only in the 1,000 m buffer. The number of bus stops (R = 0.188*; P = 0.021, R = 0.183*; P = 0.025) was positively correlated between the 800 and 1,000 m buffers, while not between the 300 and 500 m buffers. The nearest bus stop distance (R = 0.17*; P = 0.038, R = 0.17*; P = 0.038) showed a positive correlation with the 300 and 500 m buffers, while no positive correlation with the 800 and 1,000 m buffers. NDVI (R = 0.127*; P = 0.035) showed a positive correlation with the 1,000 m buffer only, while no positive correlation with the 300, 500, and 800 m buffers. Finally, 500 and 800 m buffers did not show a positive correlation.

Transport walking was negatively correlated with land-use diversity with number of 1,000 m buffer cut-off roads, while positively correlated with MED 300 m, Commercial PoI, with number of 300 m buffer cut-off roads. The correlations between buffers at medium densities also varied significantly, with transport walking being negatively correlated with land-use diversity (R = −0.166*; P = 0.03) and Commercial PoIs (R = −0.178*; P = 0.039) at the 300 m buffer, while no negative correlation at the 500, 800, and 1,000 m buffers, with number of cut-off roads (R = 0.164*; P = 0.031) showed a positive correlation, but the number of cut-off roads under the 1,000 m buffer (R = −0.151*; P = 0.048) showed a negative correlation while the 500 and 1,000 m buffers did not show a correlation.

Recreational walking was positively correlated with street connectivity under the 300 m buffer vs. the 1,000 m buffer (R = 0.227**; P = 0.005, R = 0.32*; P = 0.000), while the 500 and 800 m buffers did not show a positive correlation. There was no positive correlation with road intersection density under the 300, 500, and 800 m buffers (R = −0.32**; P = 0.000, R = −0.258**; P = 0.001, R = −0.196*; P = 0.015), while Medical PoIs (R = −0.311**; P = 0.000, R = −0.358**; P = 0.000, R = −0.248**; P = 0.006) were negatively correlated and the 1,000 m buffer showed no negative correlation. Positive correlations were found with Recreational PoIs for the 500, 800, and 1,000 m buffers (R = 0.315**; P = 0.000, R = 0.26**; P = 0.004, R = 0.203*; P = 0.012) while no positive correlations were found for the 300 m buffer. Positive correlation was found with Education PoIs under 800 and 1,000 m buffers (R = 0.177*; P = 0.028, R = 0.183*; P = 0.023) while there was no positive correlation with 300 and 500 m buffers. There was a negative correlation with Public Administration PoIs under the 300 and 500 m buffers (R = −0.381**; P = 0.000, R = −0.173**; P = 0.032) while there was no negative correlation with 800 and 1,000 m. There was a negative correlation with the number of buses stops under the 500 m buffer (R = −0.229**; P = 0.004) and no negative correlation with the other range buffers. Positive correlation with NDVI under 300, 500, and 800 m buffers (R = 0.215**; P = 0.007, R = 0.174*; P = 0.031, R = 0.174*; P = 0.031) while no positive correlation was presented for 1,000 m buffers.

Table 4 also shows the analysis between independent variables in high-density areas, wherein there was a correlation between environmental characteristics recreational walking in high-density areas, with street connectivity, road intersection density, MED 300 m, number of bus stops, and DNVI showing a negative correlation with recreational walking. There was a positive correlation with the distance to the nearest bus stop. Finally, no significant correlations were found between transport walking and built environment features in high-density areas.

There were also significant differences in the correlation between environmental architectural features and recreational walking in high-density buffer zones of different sizes, with street connectivity (R = −0.219**; P = 0.009, R = −0.251**; P = 0.003) being negatively correlated with recreational walking in the 300 and 500 m buffers, while street connectivity (R = 0.187*; P = 0.028) was positively correlated in 1,000 m. The correlation was positive in the 1,000 m buffer and did not show a correlation in the 300 m buffer. Road intersection density (R = −0.271**; P = 0.001, R = −0.266**; P = 0.006) was negatively correlated with recreational walking in the 500 and 1,000 m buffers, but not in the 300 and 800 m buffers. The number of bus stops (R = −0.201*; P = 0.018) was negatively correlated with recreational walking within the 300 m buffer while no negative correlation was observed within the 500, 800, and 1,000 m buffers.



Regression Analysis

Table 5 summarises the stepwise regression results for recreational walking and transport walking at low, medium, and high densities. In particular, at low densities, there was no correlation between recreational walking and built and natural environment features, and within the 300, 500, and 1,000 m buffers, transport walking was negatively influenced by a regression value of −0.197* (t = −2.450; p = 0.015 < 0.05) with MED 300 m, and the number of buses stops regression value of.195* (t = 2.429; p = 0.016 < 0.05) had a positive influence relationship with transport walking.


Table 5. Statistical results of stepwise regression models for recreational walking (RW) and transport walking (TW) at low densities (n = 197).
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For the medium density areas, the BtE 500 m regression coefficient of −0.312** (t = −4.122; p = 0.000 < 0.01) for the 500, 800, and 1,000 m buffers and the regression coefficient of −0.191* (t = −2.522; p = 0.013 < 0.05) for the health self-report within all buffers were negatively associated with recreational walking. The MED 300 m regression coefficient of.167* (t = 2.209; p = 0.028 < 0.05) within the 500, 800, and 1,000 m buffers had a positive impact relationship with transport walking. The Commercial PoIs regression coefficient of −0.182* (t = −2.410; p = 0.017 < 0.05) within the 300 m buffer had a negative relationship with transport walking.

Transport walking at high densities was not correlated with built and natural environment features, and recreational walking was negatively associated with NDVI regression values of −0.237** (t = −2.851; p = 0.005 < 0.01) within the 300 m buffer, intersection density regression values of −0.271** (t = −3.299; p = 0.001 < 0.01) and −0.251** (t = −3.036; p = 0.003 < 0.01) for the regression value of street connectivity within the 800 m buffer had a negative effect.




DISCUSSION


Key Findings

This study examined the correlation and consistency between built and natural environment features and walking in megacities at different density buffers. Previous studies have demonstrated a positive correlation between land-use diversity and transport walking (18, 31), however in this study the situation was different at different densities, with land-use diversity only positively correlated with transport walking at low densities, land use diversity not encouraging more transport walking at medium densities but weakening, and no correlation at higher densities. At medium densities, land-use mix encouraged more recreational walking, but at low and high densities there was no such relationship. This phenomenon might be due to the fact that low-density areas are sparsely populated with a land-use mix that is most attractive for transit walking, while medium-density areas have a higher distribution of all types of PoIs compared with low-density areas resulting in a land-use diversity that is not more attractive to older people for transit walking and less demand for transit trips. However, the abundance of PoIs in medium-density results in a land-use diversity that is more attractive to seniors for recreational walking. The reason why high-density land-use diversity does not correlate with walking may be that high-density PoIs are dense enough that seniors tend to be able to reach the functional areas they need to meet their daily needs on the ground floor of their own residence. Therefore, there was no correlation with walking. The finding that NDVI was positively associated with transport walking at low densities and with recreational walking at medium densities was consistent with previous studies, but the finding that NDVI was negatively associated with recreational walking at high densities differed from previous studies (37–39). This phenomenon could be explained by the fact that recreation sites (e.g., pocket parks) with poorer environments lacking shelter space in high-density areas are located in areas with higher levels of vegetation, resulting in less recreational walking (40). We found that street connectivity and road crossing density were negatively correlated with recreational walking in small buffer sizes at high densities but positively correlated with medium density areas at high densities with buffers of 1,000 m, which is not consistent with previous studies (18). This could be explained by the fact that higher street connectivity in small areas at high densities may reduce the perceptions of safety of people or due to individual differences in perceptions of the neighbourhood, and secondly due to the fact that people are reluctant to walk in unsafe and uncomfortable areas due to the density of motorways (21, 41, 42).

We added MED and BtE to the independent variables of the built environment, where MED tended to respond to the importance of the global location and BtE to the centre of gravity of a small area, i.e., the density of the network. The results showed that at low densities MED 300, BtE 300, and BtE 1,000 m were all negatively correlated with transport walking. This phenomenon could be explained by the fact that at low densities the road network was relatively sparse, and the most important global zones were in residential areas, the areas with the highest network densities were adjacent to roads where the elderly lack a sense of security and therefore could lead to less transport walking. However, at medium densities, the MED 300 m was positively correlated with transport, which could be explained by the fact that the most important sites in the global location overlap with commercial sites, thus promoting transport walking for older people. Furthermore. 300 m BtE and 1,000 m BtE were negatively correlated with transport walking, as is the case at low densities where the network density was also adjacent to a motorway, resulting in a negative impact on transport walking. At higher densities, MED 300 m was negatively correlated with recreational walking. The high-density core areas were not the type of parks that seniors would choose for recreation, resulting in the MED having a negative effect on recreational walking for seniors.

Although the indices of the built environment at different densities were relatively consistent across buffer sizes, we found that the correlation for some environmental factors varied by geographic scale, which was consistent with the findings of Etman et al. (43) and Zang et al. (15). For example, land use diversity was positively correlated with transport walking in the low-density 300 m buffer zone, while no correlation was found at 500, 800, and 1,000 m. In contrast, in the medium-density zone at 500, 800, and 1,000 m, there was no correlation with transport walking. In contrast, transport walking was negatively correlated with land-use diversity in the medium density areas at 500, 800, and 1,000 m buffers, with no correlation found in the smaller 300 m buffers. No correlation between transport walking and land use diversity was found in any of the buffers in the high-density areas. This suggested that older people preferred to transport walking in areas of moderate density and that there was little need to walk for transport when densities were high enough. Furthermore, for other reasons such as time constraints and physical limitations, seniors chose not to walk long distances for transportation. In low-density areas, 500 and 1,000 m buffer zones transit walking was positively correlated with the number of bus stops, and 300 and 500 m buffer zones transit walking was positively correlated with the closest distance to a bus stop. Recreational walking in the medium density 500 m buffer was negatively correlated with the number of bus stops. High density 300 m buffers had a negative correlation between recreational walking and the number of bus stops, but all buffers of the same size have a positive correlation with the closest distance to a bus stop. The number of metro stops and the distance to the nearest metro stop were not correlated with walking in the low- and high-density areas, while the number of metro stops and the distance to the nearest metro stop were positively correlated with recreational walking in the medium-density areas for all buffer sizes. The remaining density areas transit stations and walking were not correlated across buffer sizes. In the lower density areas, the number of metro stations was low and the demand for transport was mainly by bus, which was consistent with the current study. At medium densities, the metro coverage was already more comprehensive and due to time constraints, the elderly rarely chose public transport as a transport option so no correlation was presented. At high densities, due to the fact that the density was sufficiently high, even though the metro network coverage was dense enough, it did not affect the mode of travel of the elderly, and the bus was more convenient than the metro, and it was only a short walk to the entertainment venues. The results of this study were currently different (44).



Advantages and Limitations

This study has several strengths. Firstly, we used the most recent geographical sample of Guangzhou as a reference, the questionnaire and geographical data were collected more recently and are more up to date. Secondly, unlike previous studies on environmental perception (41, 45), we used GIS for more objective measurements and calculations of the built environment. Thirdly we distinguish between multiple buffer-sized environmental scales at different densities to examine the impact of multiple geographical scales on recreational walking and transport walking, a study that has rarely been used before.

There were also some shortcomings in that the volume of our data could have been further improved, and there was a lack of additional data on human subjects to minimise the objective effects of respondents. Secondly, our current study was limited to a walking study of older people in Guangzhou, Guangdong Province, China (a mega-city with extremely high building and population density) and some of the data and findings might not be transferable to other countries. Thirdly, due to the lack of GPS walking data, walking areas could only be delineated by buffer size. This could lead to an overestimation of walking times for older people. Fourthly, due to the lack of streetscape data for low-density neighbourhoods, we used the latest NDVI data and tried to reduce the amount of error by increasing the resolution of the NDVI to 10 m to ensure accuracy, but some unusable green space was still accounted for. This was expected to be addressed by the subsequent addition of street view data. Finally, all streets in Guangzhou were walkable, but there were a few expressways that were included, which we believe would have minimal impact on our model.




CONCLUSIONS

In this study, we examined the differences between the residential environments of older people in Guangzhou at different densities in relation to recreational and transport walking, using a more comprehensive sample of data that provides credible evidence that low, medium, and high densities are different from each other. The environmental characteristics of the medium density areas correlated with both recreational walking and transport walking, while high and low densities did not. The correlation between various environmental characteristics (e.g., land use diversity) and walking in different buffer zones in medium density areas was also significant, indicating that medium density environment might play a more significant role in affecting physical activity, including walking among older residents than other densities. Our findings might be of better help to cities and older people for studies in cities of different densities in the future.
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FOOTNOTES

1Density Zone 1 (≥10,000 persons/km2): within the city ring road, the centre of Shiqiao Town in Panyu District, the centre of Xinhua Town in Huadu District; Density Zone 2 (5,000-10,000 persons/km2): south of Guangyuan Road, the Tianhe section of South China Avenue, west of the Haizhu section of Guangzhou Avenue, north of Xinqiao South Road in Fangcun District, and from Fangcun Avenue to the Ruyifang Bridge in Hedong. Huangpu District, south of Guangshen Railway, east of Maogang Road, west of Shihua Road, east of the bridge section north of Gangqian Road, and the sub-centre area of the city. Fan Shiqiao Town, Huadu District, Xinhua Town, Huadu District, Panyu District except Density 1, Luoxi, Dashi, Shilou, Li Town, Zengcheng, Conghua Street. The central area is the central area of the town of Kou; Density Zone 3 (≤ 5000 persons/km2). Zhiwei Tang area east of Huadi River in Fangcun District; Xinzhou, Chigang, and Nanzhou areas in Haizhu District; Tianhe District, Huangpu District, Huancheng Expressway-Guangzhou-Shenzhen Expressway South, Longdong area; Baiyun District, South China Avenue South, Jianggaocheng Street South; Central District. Dongchong and Lingshan Urban Sub-centres in Panyu District and Xinhua Urban Sub-centre in Huadu District.

2sDNA is the world's leading 2D and 3D spatial network analysis software for GIS, CAD, command line and Python, using industry standard network representations. We calculate accessibility and predict flows of pedestrians, cyclists, vehicles and public transport users; these inform models of health, community cohesion, land values, town centre vitality, land use, accidents and crime. We offer a simpler alternative to transport modelling, particularly for sustainable transport (34).
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Background: As life expectancy and health expenditure consumed by older people increase, maintaining a better health and quality of life for older adults has become an important social issue. Research indicates that physical activity may help address this challenge. Moreover, it is believed that improved quality of life and health benefits from physical activity can be achieved through interventions in the neighborhood environments. However, existing knowledge has often been based on bivariate relationships between these factors, and few studies have formally examined the extent to which any association between neighborhood environments, health, and quality of life may be mediated by the level of physical activity. This paper aims to investigate the direct and indirect influence of neighborhood characteristics on the health and quality of life of older adults, taking into account physical activity behavior and socio-demographic characteristics in a more comprehensive framework.

Methods: Data were collected using a survey among 363 older adults aged 60 years and over in China. A path analysis was used that derives all direct and indirect relationships between the variables.

Results: Leisure-time physical activity levels played a mediating role in the relation between social capital and health as well as quality of life. Moreover, the study confirmed direct relationships between neighborhood characteristics such as neighborhood aesthetics and traffic safety and health as well as quality of life. However, the effect of neighborhood characteristics on health and quality of life through transport-related physical activity levels was not found.

Conclusions: Leisure-time physical activity instead of transport-related physical activity should be considered a priority when developing interventions aiming to promote healthy aging. Additionally, neighborhood characteristics are important in promoting healthy aging, even though they have no or less impacts on older adults' health and quality of life through physical activity.

Keywords: neighborhood characteristics, physical activity, health, quality of life, older adults, path analysis


INTRODUCTION

As life expectancy and health expenditure consumed by older people increase, maintaining a better health and quality of life for older adults has become an important social issue. Research indicates that physical activity may help address this challenge. For example, participation in regular physical activity reduces the risk of coronary heart disease, stroke, diabetes, hypertension, dementia, high cholesterol and obesity (1). Physical activity is also related to improved quality of life and reduced risk of many mental health conditions, including depression and anxiety among older adults (1, 2). In addition, research conducted by Buchman et al. (3) suggest that physical activity may augment health and longevity in old age.

The neighborhood provides opportunities for increasing physical activity, especially for older adults who are more dependent on their neighborhoods due to aging-related functional and mobility challenges (4) and thus has gained importance in the literature. It is believed that improved quality of life and health benefits from physical activity can be achieved through interventions in the neighborhood environments. Since increasing emphasis has been placed on the importance of neighborhood environments, a great number of studies have attempted to identify environmental correlates of physical activity (5–10). Evidence from systematic review indicates that neighborhood characteristics such as access to green spaces/shops, pedestrian-friendly features and aesthetically pleasing scenery positively affected older adults' physical activity participation (11, 12).

Although physical activity is assumed to be an important pathway connecting neighborhood environments with health and quality of life, existing knowledge has often been based on bivariate relationships between these factors, and few studies have formally examined the extent to which any association between neighborhood environments, health and quality of life may be mediated by the level of physical activity (13). As a result, the relationships between neighborhood environments and health as well as quality of life are less clear. For example, although previous research has found a relationship between neighborhood social capital and quality of life (14, 15), it is unclear whether the relationship is direct or mediated by physical activity. Insights into the mediating mechanism can yield important knowledge on how neighborhood social capital can optimally promote quality of life through stimulating physical activity. Moreover, these few studies showed different findings. For example, Sugiyama et al. (16) concluded that physical activity is an important mediator in the relationship between neighborhood environments (i.e., access to green spaces) and health, whereas others (17, 18) did not find the mediating role of physical activity. In addition, most studies on physical activity have been conducted in the Western context, such as the United States, Europe, and Australia, with few studies focusing on older adults in Asia. The findings based on a Western context may not be generalizable to other regions such as Asia (19). Therefore, the understanding of the relationships between neighborhood characteristics, physical activity, health and quality of life requires more scientific evidence.

Given the background and motivations discussed above, this study aims to bring these factors together into a more comprehensive framework to explain the relationships (direct and indirect) between neighborhood characteristics, physical activity, health and quality of life, based on data collected from 363 respondents aged 60 and older in Dalian, China.



CONCEPTUAL FRAMEWORK

The conceptual model underpinning the study draws on previous empirical studies which hypothesize a direct pathway from socio-demographic and neighborhood characteristics to health and quality of life and an indirect pathway via physical activity including transport-related and leisure-time physical activity (Figure 1).


[image: Figure 1]
FIGURE 1. Conceptual model.


In mainstream psychology, quality of life is defined as a conscious cognitive judgment of satisfaction with one's life (20). Xavier et al. (21) found that older adults who were dissatisfied with their current life had mainly the lack of health as a reason for their suffering. Furthermore, Roberto et al. (22) found that living with chronic illnesses and their manifestations affects daily functioning and influences the quality of life of older people. Low et al. (23) conducted a cross-cultural study with data collected in 20 countries and concluded that older adults' health satisfaction affects their attitude toward aging and then affects their quality of life judgements. In addition, Low et al. (23) also found that health satisfaction has a direct effect on quality of life.

Literature also suggests that physical activity is related to quality of life (24). Barradas et al. (25) found that those participants who reported higher leisure-time physical activity levels also reported a significantly higher subjective well-being (subjective well-being has often been used as a proxy for quality of life). Pucci et al. (26) also found that there is a positive association between leisure-time physical activity and general quality of life. A study conducted by Adamos et al. (27) showed that participants stated that walking in their daily traveling makes them happy and offers a lot of benefits to their health and they related significantly walking for travel with quality of life. However, Jurakić et al. (28) found an inverse relation between transport-related physical activity and quality of life. They argued that the inverse reason might be related to the fact that people with lower household income are physically active in the transportation domain and they tend to have low quality of life.

With regard to the influence of socio-demographic characteristics on quality of life, von Humboldt et al. (29) found that education and income are significant predictors of perceived quality of life. Household composition has also been found to affect quality of life. Older adults tend to have higher level of quality of life if they live with grandchildren (30). In addition to sociodemographic characteristics, studies also found the influence of neighborhood characteristics on quality of life. Bowling et al. (31) found that older adults who rated the quality of the area (access to facilities) as higher were more likely to rate their quality of life as very good. Sugiyama et al. (32) found that the distance to neighborhood open space is correlated with life satisfaction (a major component of quality of life) of older adults in Britain. Others have found poor pavements and problematic traffic signals to be detractors (33, 34), whilst neighborhood safety, and cleanliness have been pinpointed as community contributors to quality of life of older adults (34).

The WHO defines health as “a state of complete physical, mental and social well-being, and not merely the absence of disease and infirmity” (35). Research has shown that physical activity has positive effects on these aspects of health (36). Some studies found that physical activity for transportation is linked to decreased odds of hypertension, diabetes, and cardiovascular disease (37, 38). Other studies showed that higher leisure-time physical activity is associated with lower all-cause mortality, cardiovascular disease mortality and cardiovascular disease incidence (39), greater mental health (40, 41), and social benefit (42).

Regarding socio-demographics, Zavras et al. (43) found that men, individuals with higher education and those with higher income have a higher probability to report better perceived health. Lee and Shinkai (44) concluded that age and functional disability are strongly associated with perceived health. With regard to neighborhood characteristics, access to commercial or public services, trash or litter, traffic, crime, social cohesion, and social capital have been linked to self-reported health of older adults (14, 15).

Participation in transport-related physical activities (e.g., walking for utilitarian purposes) is generally viewed as an option for increasing overall physical activity levels of older adults. In order to promote physical activity among older adults through environmental interventions, a number of studies have examined how neighborhood characteristics influence transport-related physical activity. Research suggests that the availability of or proximity to utilitarian destinations such as shops is an important predictor of this type of physical activity (45, 46). Physical activity has also extensively studied in relation to socio-demographic characteristics in order to identify inactive population in physical activity participation. O'Hern and Oxley (47) found that the proportion of walking trips for transport were significantly lower for older adults aged 75+ compared with younger elders. Nyunt et al. (48) reported that older adults with better physical performances are more likely to have a higher level of transportation physical activity. Menai et al. (49) concluded that having a child under fourteen at home was positively associated with walking for transport.

Leisure-time physical activities (e.g., walking for leisure) can also be a substantial source of physical activity in older adults. Beenackers et al. (50) systematically reviewed the evidence pertaining to socioeconomic inequalities in leisure-time physical activity. They concluded that those with a high socioeconomic position were more physically active during leisure time compared to those with a low socioeconomic position. Al-Zalabani et al. (51) found that females showed a higher prevalence of leisure-time physical inactivity compared to males. Pettersson and Schmöcker (52) indicated that older elders tend to spend more time per day on the leisure-time activities than the average for younger elders. With regard to neighborhood environments, studies have shown significant associations between leisure-time physical activities and neighborhood environmental attributes such as aesthetics and access to recreational facilities (12, 53).



METHODS


Study Setting and Participants

The data used for this study were collected in diverse neighborhoods in Dalian, China. The neighborhoods were purposely selected from three location categories, namely, the inner city, the fringe of the city and the area between the inner city and the fringe, in order to have substantial variation with respect to neighborhood environmental characteristics. Then, in each area, residents aged 60 or older were approached personally. Considering the fact that different older people may have different preferences for outdoor activity locations and the inclusion of such diverse older people is important to capture a representative sample, participants were recruited from different outdoor locations such as yards, streets, local squares, parks, etc. The current study used a cross-sectional, questionnaire-based design. Questionnaires were administrated by interviewers. All interviewers were intensively trained prior to survey implementation. Participant recruitment eligibility criteria were: (a) consistent with the definition of older adults in Chinese law, only respondents aged ≥ 60 years were included; (b) being able to communicate verbally; (c) having lived in our study areas for at least 6 months; (d) being able to walk unassisted for at least 10 m. Those who are eligible and agreed to participate were asked to answer a series of questions about their weekly routine outdoor activity behavior, socio-demographic characteristics, and perceptions of neighborhood environments. Note that although respondents were not approached at home, we believe that elders who are physically inactive are not largely ignored in this study except those who are bed-bound. Inactive Chinese older people usually still go out for activities; however, they mainly conduct sedentary activities around their residential buildings.

Between August and September 2017, a total of 391 surveys were completed, out of which 28 were eliminated due to missing information, inaccurate records or implausible responses, etc. The final sample for analysis includes 363 individuals.



Measures
 
Measures of Self-Rated General Health and Overall Quality of Life

To measure health, we used a five-point scale response to the question: “How would you describe your present health status?” The answers ranged from very poor (1) to very good (5). This scale is commonly used as an indicator of general health status in population surveys (54, 55). The measurement also has proven to be stable and to associate strongly with more extensive health scales (56). In the literature there are many quality of life instruments, such as the World Health Organization Quality of Life assessment (WHOQOL-100) with 100 items with six domains (57), the WHOQOL-BREF—a short version of the WHOQOL-100—with 26 items with four domains (58), the Assessment of Quality of Life (AQoL) with 15 items with five domains (59), and the Finish 15D with 15 items representing 15 dimensions, etc. (60). They are valid for measuring quality of life, however, these scales are time-consuming and burdensome for respondents. It may be prohibitive to include a long list of questions on quality of life in an already extensive questionnaire just like in this study. A reliable and valid single-item global quality of life scale is desirable because of its brevity. Given the abovementioned consideration, a single-item measure was adopted from the WHOQOL-BREF. Specifically, respondents were asked to respond (very poor; poor; neither poor nor good; good; very good) to the following question: “How would you rate your overall quality of life?”



Measures of Physical Activity Levels

Regarding routine outdoor activity behaviors, an interviewer-administered questionnaire involving a 7-day recall was used. In the questionnaire, detailed information was gathered about each activity episode. This information includes the start time, origin, destination, travel mode, trip duration, and duration of the activity episode, etc. For further details about the data collection procedure, we refer to Liu et al. (61).

The weekly total domain-specific physical activity levels were calculated by summing the levels of each domain-specific physical activity episode which was calculated by multiplying intensity and duration. The intensity of all physical activities was not collected during the survey. Instead, each type-specific physical activity was assigned a metabolic equivalent of task (MET) value indicating its intensity, according to the 2011 compendium of physical activities (62).



Measures of Socio-Demographic and Neighborhood Characteristics

Data on gender, age, education level, income level, household composition, and physical ability were obtained using a socio-demographic questionnaire. To measure participants' physical limitations, they were asked to respond (not at all; a little; a moderate amount; very much; an extreme amount) to the following question: “To what extent has your physical capability hindered you from engaging in routine outdoor activities.” A following questionnaire was used to ask participants to evaluate their local area by responding to questions concerning various environmental characteristics. The questionnaire on neighborhood characteristics in this study drew on validated instruments reported by Cerin et al. (63) and SIP 4-99 Research Group (64) and was finalized after a pilot survey. The subscales include the following: accessibility to local shops, footpath conditions, neighborhood aesthetics, traffic safety, crime safety, social capital, and social cohesion. To measure accessibility to local shops, respondents were asked to report their perceived distance to their most known or frequently visited shopping place using the duration in minutes. Regarding footpath conditions, neighborhood aesthetics, traffic safety and crime safety, respondents were asked to indicate their degree of satisfaction with each one on a five-point Likert scale. To measure social capital and social cohesion, the following questions were used: (a) How many people in your neighborhood do you know well-enough to talk with (five categories from very few to quite a lot); (b) How do you rate the social relations with your neighbors (five categories from very poor to very good). In addition, distance to the nearest park was objectively measured in meters using ArcGIS combined with Baidu Map, using network distances. This measure was skewed, so the natural log (ln)- transformed version was used in the statistical model.




Statistical Analyses

General descriptive statistics were used to explore the variables. To simultaneously analyze the relationships between socio-demographics, neighborhood characteristics, leisure-time physical activity levels, transport-related physical activity levels, general health and quality of life, a path analysis was used. Path analysis is a special case of structural equation modeling (SEM). With this method, a set of equations can be computed simultaneously. The model can have several endogenous variables, which can be functions of the exogenous variables and of other endogenous variables. Whereas, SEM can deal with latent variables, path analysis only includes measured variables. In this study, we use path analysis because all the variables in our model are observed characteristics or behavior. The model was estimated using Mplus 6.1. Because the variables used in this model are non-normal, we used the mean-adjusted maximum likelihood method which is considered to be robust to non-normality (65).




RESULTS


Sample Characteristics

Table 1 shows the descriptive statistics and the definitions of the variables that are relevant for this study. The sample contains slightly more females than males. About thirty-seven percent of the respondents are aged 75 years or older. We made a distinction between younger seniors (<75) and older seniors (75+), because the health of people often starts to decline at an age of 75 (66). Thirty-eight percent of the respondents have high education and 9.4% have severe physical limitations. Households with grandchildren make up 19.6% of the sample.


Table 1. Descriptive statistics of the sample (N = 363 respondents).
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Path Analyses

Table 2 shows the goodness-of-fit statistics of the model. Rules of thumb suggest that for correct models, the value of the root mean square error of approximation (RMSEA) (67) should be smaller than 0.05 or the standardized root mean square residual (SRMR) (68) smaller than 0.08. Our model has a RMSEA of 0.005 and a SRMR of 0.031. Another goodness-of-fit measure is the Comparative Fit Index (CFI) (69) or the Incremental Fit Index (IFI) (70), which should be larger than 0.95. Our model has a CFI of 0.999 and an IFI of 0.998. Overall, Table 2 suggests that the model provides an adequate fit of the data.


Table 2. Goodness-of-fit of the model.
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Table 3 shows the standardized coefficients of direct and total effects of the model. The total effects are the direct effects (X causes Y) plus indirect effects (X causes Z, which in turn causes Y). The direct effects of the explanatory variables are shown in Figure 2.


Table 3. Path analysis model estimates (standardized effects).
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FIGURE 2. Significant direct effects.



Effects of Explanatory Variables on Quality of Life

Four explanatory variables are found to have a significant direct effect on quality of life. First, high education is associated with better self-rated quality of life. It also has a significant indirect and positive impact on quality of life through leisure-time physical activity levels (as the first mediator) and general health (as the second mediator). Second, older people living in the inner city have a higher level of quality of life than those living outside the inner city. Third, neighborhood aesthetics and traffic safety are found to have a positive effect on quality of life. Meanwhile, their associations with quality of life via general health are also significant and positive. No direct significant relationships are found between gender, age, physical limitations, presence of grandchildren, and quality of life. There are also no direct significant relationships between accessibility to local shops, distance to the nearest park, footpath conditions, crime safety, social cohesion, social capital, and quality of life. However, physical limitations indirectly affect quality of life through general health and social capital has a weak indirect impact on quality of life through leisure-time physical activity levels (as the first mediator) and general health (as the second mediator).



Effects of Explanatory Variables on General Health

Physical limitations have a negative effect on general health. The presence of grandchildren in the household is associated with good perceived general health. No direct significant relationships are found between gender, age, education, and general health. However, older males have indirect relation with general health through leisure-time physical activity levels. The effects of neighborhood characteristics on general health show that older adults who are satisfied with neighborhood aesthetics are more likely to perceive their general health as good. There is also a significant and positive relationship between satisfaction with traffic safety and general health. No direct significant relationships between accessibility to local shops, distance to the nearest park, footpath conditions, crime safety, social capital, social cohesion, and general health are found. However, social capital could have an indirect relation with general health through leisure-time physical activity levels.



Effects of Explanatory Variables on Physical Activity Levels

Regarding the effects of socio-demographic characteristics on physical activity levels, the results show that males on average achieved higher leisure-time physical activity levels compared to females. However, there is no significant gender difference in transport-related physical activity levels. The 75+ age group tends to have lower transport-related physical activity levels. Older adults with high education are more likely to achieve higher leisure-time physical activity levels. The presence of grandchildren in the household is associated with higher levels of transport-related physical activity levels.

With respect to neighborhood characteristics, the results indicate that individuals who perceive accessibility to local shops as under 10 min tend to have lower transport-related physical activity levels. This is counter-intuitive since one would expect a positive effect. The result may be explained by the fact that higher accessibility to local shops seems to be positively associated with frequency of participation in shopping activity but negatively associated with the duration of active travel per trip, and thus the total effects of higher accessibility to local shops on weekly transport-related physical activity levels may be negative. Distance to the nearest park, footpath conditions, neighborhood aesthetics, traffic safety, crime safety, and social cohesion are unrelated to leisure-time and transport-related physical activity levels. Regarding social capital, a positive effect on the levels of leisure-time physical activity is found.



Effects Between the Endogenous Variables

As expected, general health is positively associated with overall quality of life. Transport-related physical activity levels turn out to be negatively related to quality of life. This is probably due to the fact that many older adults consider frequent household activities such as daily shopping and fetching grandchildren to/from schools which contribute to more transport-related physical activity levels tiresome and burdensome and thus rate their quality of life as poor. Leisure-time physical activity levels have a positive effect on general health, however, the impact of transport-related physical activity levels is non-significant. Although leisure-time physical activity levels have no relation with quality of life, it affects quality of life indirectly through general health.





DISCUSSION

With the aging trend of the world population, how to maintain and improve older adults' health and quality of life has been an important issue. Existing studies in the field of public health, urban planning and transportation suggest that neighborhood characteristics, physical activity, and socio-demographic characteristics can affect older adults' health and quality of life. However, these studies primarily focus on partial and discipline-specific issues and bivariate relationships between these factors. By bringing these factors together into a more comprehensive framework, we examined the direct and indirect relationships between socio-demographics, neighborhood characteristics, physical activity, health, and quality of life. Although previous research has found a relationship between leisure-time physical activity and quality of life (25, 26), it is unclear whether the relationship is direct or mediated. Our results indicate that leisure-time physical activity levels can promote quality of life through affecting older adults' perception of health. However, leisure-time physical activity did not have a direct effect on quality of life. This finding moves the field of quality of life forward by providing insights into the mediating role of general health in the relationship between leisure-time physical activity and quality of life. Moreover, the study confirmed direct relationships between neighborhood characteristics such as neighborhood aesthetics and traffic safety and health as well as quality of life. However, the effect of neighborhood characteristics on health and quality of life through transport-related physical activity levels was not found. This result was not in line with previous findings showing that transport-related physical activity was associated with health and quality of life (27, 37, 38). The variation in finding may be attributed to the fact that transport-related physical activity levels in the current study did not have enough variability to have any meaningful relationship with the participants' health and quality of life.

Regarding socio-demographic characteristics, the results indicate that older adults with high education and older males are more likely to achieve higher levels of leisure-time physical activity which contribute to better health. This is in line with the existing literature showing a positive relationship between education, male and leisure-time physical activity levels (71) and a positive relationship between levels of leisure-time physical activity and health (72). Physical limitations are negatively associated with self-rated health. This is consistent with Lee and Shinkai (44) who found a negative relationship between physical limitations and self-rated health. Moreover, we found that physical limitations can affect quality of life indirectly via general health. These findings suggest that physical limitations are a very important factor which has a special significance for older adults in maintaining their health and quality of life. In line with previous research (48), the presence of grandchildren is found to have a positive effect on transport-related physical activity levels and health. However, we did not find the mediating role of transport-related physical activity levels in the relationship between the presence of grandchildren and general health. This suggests that there might be other pathways through which the presence of grandchildren relates to older adults' health. In addition, we found that the indirect negative effect of the presence of grandchildren on quality of life through transport-related physical activity levels offsets the beneficial relationship between the presence of grandchildren and quality of life through health.

With respect to neighborhood characteristics, the factors distance to the nearest park, neighborhood aesthetics, footpath conditions, traffic safety, and crime safety were all unrelated to leisure-time and transport-related physical activity. This is in contrast with many previous studies conducted in Western countries (44, 45, 52, 73). The fact that we could not identify significant relationships between neighborhood characteristics and leisure-time as well as transport-related physical activity might result from three possible explanations. First, Chinese older adults value an active lifestyle (74, 75), which may weaken the influences of neighborhood characteristics on physical activity and thus lead to a null association between several neighborhood characteristics and leisure-time as well as transport-related physical activity levels. Second, we used subjective measures of neighborhood characteristics. However, individuals who are physically inactive may have similar environmental ratings of the different place of residence with those who are physically active. Specifically, some people who physically active are satisfied with a neighborhood which supports physical activity, while others who are physically inactive may be also satisfied with a neighborhood which does not support physical activity well, as their satisfaction level on a neighborhood may be not related to the neighborhood itself but to their requirements for a neighborhood. Therefore, there was actually little variation in subjective measures of neighborhood characteristics which may lead to insignificant associations. Third, this study focused on the relationship between neighborhood characteristics and the different domains of physical activity, however, physical activity in the same domain (e.g., leisure walking and line dancing) may occur indifferent contexts and mismatch between where physical activity takes place and where environmental attributes are measured may also result in null findings.

In addition, we found that neighborhood aesthetics and traffic safety are positively associated with health and quality of life. This is in line with earlier findings (31, 76, 77). However, the intermediate roles of leisure-time and transport-related physical activity level in the relationship between neighborhood characteristics and traffic safety and health and quality of life were not observed. This suggests that there might be other pathways through which neighborhood aesthetics and traffic safety relate to health and quality of life. Consistent with Lindström et al. (78), social capital is found to relate to leisure-time physical activity levels. Moreover, when the intermediate role of leisure-time physical activity levels is considered, the influence of social capital on health and quality of life changes from insignificant to significant. The finding enhances our understanding of the significant intermediate role of leisure-time physical activity level in the relationship between social capital and health and quality of life.

The findings of this study have several implications policies and practices regarding healthy aging. First, given the finding that only leisure-time instead of transport-related physical activity levels have positive effects on health and quality of life, it is crucial for health professionals, planners and designers to pay more attention to the development of interventions which maintain and promote leisure-time physical activity levels. Second, given the positive association of social capital with leisure-time physical activity levels in the present study, interventions to increase social capital hold promise for enhancing older adults' health and quality of life. For example, local communities could foster opportunities for higher social capital through the hosting of gatherings that allow for frequent interactions and increased familiarity and connections between neighbors. Third, even though several neighborhood characteristics such as neighborhood aesthetics and traffic safety contribute nothing to health and quality of life through physical activity levels, interventions that improve residents' perceptions of neighborhood aesthetics and traffic safety should be emphasized, because these were two significant and direct correlates of health and quality of life. In addition to physical aspects of the neighborhood, the social aspects of the neighborhood such as social capital also play an important role in older adults' health and quality of life.

Several limitations of the study should be noted. First, the measures of physical activity relied on self-reports which are often subject to recall bias. However, as we used a guided memory technique in which interviewees are encouraged to think of their typical week as a continuous series of episodes in a film and then to answer structured questions about each episode in chronologic order and this technique has been shown to be beneficial to provide a more accurate recall (79), we feel the recall bias is small. Second, the measures of physical activities were collected in August and September rather than collected across four seasons. However, there might be seasonal variation in elderly's physical activities. Future research should explore seasonal effects on physical activity in this population and examine whether the results of this study could be generalized to other seasons. Third, this study did not account for neighborhood self-selection issue. It is possible that older adults may choose to live in neighborhoods that have characteristics suited to their preference for walking. However, our study is little affected by this self-selection issue, as Chinese older adults, affected by Chinese traditional culture, often think about distance from relatives, friends and former coworkers, distance from the hospital and distance from daily shopping in choosing a residential location, on the premise of affordable (80). In other words, Chinese individuals rarely consider whether a neighborhood is conducive to walking in choosing a residential location. Even for individuals with a preference for walking, this factor is not considered to be a priority. Moreover, research has demonstrated that self-selection is insignificant on affecting walking of Chinese older adults (81). Finally, we used a single-item scale of quality of life, which may have some impacts on the results, since quality of life is often considered as a multidimensional concept. However, the use of a single-item quality of life scale is essential in the present study in order to reduce respondent burden and thereby increase response rates. Future research is needed to develop and validate a concise multidimensional scale of quality of life.



CONCLUSIONS

To our knowledge this study represents one of few studies that systematically examine the structural relationships between neighborhood characteristics, transport-related and leisure-time physical activity, health, and quality of life. The results suggest that transport-related physical activity did not play a mediating role in the relationship between neighborhood characteristics and health as well as quality of life. However, social capital can promote health and quality of life through stimulating leisure-time physical activity among older adults. Neighborhood characteristics also have a direct role in promoting healthy aging. The study results suggest priorities for leisure-time physical activity interventions to promote healthy aging.
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The outbreak of a sudden infectious epidemic often causes serious casualties and property losses to the whole society. The COVID-19 epidemic that broke out in China at the end of December 2019, spread rapidly, resulting in large groups of confirmed diagnoses, and causing severe damage to China's society. This epidemic even now encompasses the globe. This paper takes the COVID-19 epidemic that has occurred in China as an example, the original data of this paper is derived from 20 Chinese media reports on COVID-19, and the grounded theory is used to analyze the original data to find the risk transmission rules of a sudden infectious epidemic. The results show that in the risk transmission of a sudden infectious epidemic, there are six basic elements: the risk source, the risk early warning, the risk transmission path, the risk transmission victims, the risk transmission inflection point, and the end of risk transmission. After a sudden infectious epidemic breaks out, there are three risk transmission paths, namely, a medical system risk transmission path, a social system risk transmission path, and a psychological risk transmission path, and these three paths present a coupling structure. These findings in this paper suggest that people should strengthen the emergency management of a sudden infectious epidemic by controlling of the risk source, establishing an efficient and scientific risk early warning mechanism and blocking of the risk transmission paths. The results of this study can provide corresponding policy implications for the emergency management of sudden public health events.
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INTRODUCTION

In recent years, with the rapid development of the social economy and the unreasonable production and living behaviors of human beings, the relationship between humans and nature has been unbalanced to some extent, and the whole society has faced increasingly more sudden infectious epidemics, such as the SARS epidemic that broke out in 2003 (1), the Ebola epidemic that broke out in West African in 2013 and the COVID-19 epidemic that broke out in December 2019 (2, 3). Due to the sudden occurrence of epidemics, imperfect medical and health emergency management systems and other multiple reasons, once epidemics break out, they often spread rapidly and eventually cause huge losses of life and property to the whole society. The occurrence of COVID-19 has caused a huge impact on the global economy, and the global economy is facing tremendous pressure of recession, for example: the global flow of people and logistics caused by the epidemic has been forcibly cut off, people cannot flow freely, the production and operation activities of enterprises have stagnated, and business confidence has fallen. In addition, the COVID-19 pandemic has infected thousands of people. The outbreak of COVID-19 has resulted in more than 80 thousand confirmed cases in China and a death toll exceeding 4,500 (4). In the face of the COVID-19 pandemic that is spreading around the world, how to mitigate the negative impact of COVID-19 has become a topic of widespread concern. Why does the outbreak of sudden infectious epidemics often cause huge social losses to human society? The key to answering this question is to clarify the risk transmission mechanism of sudden infectious epidemics. There have not yet been any scientific answers to the question in academic circles. Clarifying the risk transmission mechanism of sudden infectious epidemics can help us understand the risk transmission rules of sudden infectious epidemics and can then provide policy implications for the efficient crisis management of sudden infectious epidemics. Therefore, this paper uses Chinese media reports on COVID-19 as data, and uses grounded theory to analyze these data to find the risk transmission mechanism of sudden infectious epidemics, which mainly includes the risk transmission elements and risk transmission process.

The content of this paper is as follows. The first part of this paper introduces the research background and purpose. The second part of the paper reviews the relevant researches about risk transmission, puts forward the definition of risk transmission and analyzes the status of the academic community's research on the outbreak of sudden infectious epidemics. Then, the third part of the paper introduces the research methods, and data sources, as well as the epidemic case. Next, the fourth part of the paper presents the research process, namely, the process for coding the data through the use of grounded theory, including open coding, axial coding, selective coding and saturation tests. In the fifth part, this paper comprehensively explains the risk transmission mechanism model of sudden infectious epidemic. Last, the paper summarizes the main findings of the research, then, policy suggestions, research limitations and prospects are provided.



LITERATURE REVIEW


The Definition of Risk Transmission

An extensive reading of related literature reveals that the concept of risk transmission has been widely used, especially in the medical health field. For instance, Hayama et al. (5) used foot-and-mouth disease (FMD) transmission model to evaluated the transmission risk of foot-and-mouth disease (FMD) in Japan. Cottrell et al. (6) found avoidance of breastfeeding does not seem to be indicated for reducing transmission risk of hepatitis C virus. In addition, Zeng et al. (7) analyzed the conduction channels and intensity of health risks caused by haze. In these studies, risk is considered a harm, or a negative effect, based on the above research on risk transmission and combined with the huge loss to society caused by COVID-19, the paper assumes that the essence of risk transmission is a diffusion process with negative influences and harms. In this paper, the harm of sudden infectious diseases is not only limited to the diagnosis of patients, but also involves people's psychological panic and other aspects. It is not clear how the risk of sudden infectious disease transmits, so the purpose of this study is to reveal the risk transmission rules of sudden infectious diseases. In other words, this study takes the COVID-19 outbreak in China as an example to analyze the process of the risk transmission of sudden infectious diseases. Only by understanding the risk transmission process of sudden infectious diseases can we better deal with it.



Relevant Research on Sudden Infectious Epidemics

A survey of the literature shows that the current research studies on public health epidemic control are numerous and that these studies have been mainly carried out from the following two aspects. On the one hand, these studies have been conducted from the perspective of the epidemic itself, its genetic characteristics (8), epidemic characteristics (9), and etiological diagnosis (10). Moreover, the corresponding diagnostic drugs and treatment methods of the epidemic virus have been analyzed (11, 12). For example, Gire et al. (13) used genome monitoring to clarify the virus origin and transmission process of Ebola and found no evidence of other zoonoses. In general, the main purpose of these studies was to deepen the understanding of the epidemic virus and epidemic spread and to identify corresponding diagnosis and treatment methods and diagnostic drugs in order to fundamentally curb sudden infectious epidemics. On the other hand, from the perspective of public health, studies have analyzed the decision support systems (14), economic loss (15), information network systems (16), crisis management, and other related aspects (17). For example, taking SARS as an example, Quah and Hin-Peng (18) conducted a telephone interview with adults in Singapore and found that gender, age, and attitude, affect the preventive measures taken by the public. In addition, Sands et al. (19) pointed out that, due to insufficient investment in the preparation and response to sudden infectious epidemic crisis, people seldom consider the risk of potential epidemics in macroeconomic prediction. The authors proposed a method to assess the economic vulnerability of different countries and world regions suffering from the spread of sudden infectious epidemics. In general, the research in this area has focused on the emergency management and risk assessment after the outbreak, the improvement of the emergency management ability of the whole society to respond to the outbreak and the reduction of the damage caused by the spread of the epidemic to human society.

These research results are helpful for improving people's understanding of the outbreak of sudden infectious epidemics and for improving the emergency management of sudden infectious epidemics. However, the sudden outbreak of an epidemic from outbreak to control is a process of the continuous evolution of the epidemic, the continuous spread of risks and the people's constant adjustment of response strategies. The people's response strategies often undergo a transition from passive response at the beginning of the outbreak to active and active control. Therefore, it is very important to analyze the mechanism of risk transmission. A sorting out of the literature, revealed that the current research on the risk transmission of sudden infectious epidemics is still in a relatively nascent stage. Consequently, from the perspective of risk transmission, to promote the theoretical research on sudden infectious epidemics, this paper uses grounded theory to study the risk transmission mechanism of the sudden infectious epidemic by drawing evidence from the COVID-19 epidemic in China.




RESEARCH METHOD AND CASE INTRODUCTION


Research Method and Data Sources

As its research method, this study adopts the grounded theory proposed by Barney Glaser and Anselm Strauss in 1960s (20). Grounded theory supports exploratory research, emphasizes the natural emergence of research problems and theories, and build theories through standardized and rigorous research procedures (20). As a method of mining theory, the basic steps of grounded theory are as follows. First, raw materials are collected. Second, using the research questions, the concept, and category are summed up from the original materials through a coding analysis. Third, the main category is determined according to the relationship among the subcategories, and the influencing factor model is constructed to explain the connection subcategories. Fourth, the related theory is summarized, and the reserved data is used to test the theoretical saturation. Finally, a summarization and conclusions are made (21). Note that the most important step in the application of grounded theory is the step-by-step data coding, including open coding, spindle coding, and selective coding (22). This method has strong applicability for the study of the risk transmission mechanism of current sudden infectious epidemics. The study's data sources are all mainstream media and famous news websites in China. From February to April 2020, Chinese media reported a large number of news about COVID-19. Journalists report on the epidemic comes from interviews with officials, doctors, community workers and experts, as well as their observations, so these news reports actually provide a wealth of data for us to analyze the risk transmission of COVID-19. Specifically, the sources include Sourthernweekly, Sanlian Lifeweek, China News, Xinhuanet, Caixin.com, www.thepaper.cn, and www.guancha.cn. The criteria and basis for selected news reports were that the three authors read the news reports separately, and then only selected reports about the COVID-19 itself. A total of 20 news reports about COVID-19 were extracted from the above sources to conduct the research (see Appendix).



The Introduction of the Case

Since the end of December 2019, a surveillance of influenza and related diseases had been continuously carried out in Wuhan, Hubei Province. A number of cases of viral pneumonia were found, all of which were diagnosed as viral pneumonia or pulmonary infection. Most of the infected patients in the early stage of the outbreak had contact experience with the seafood market in South China. However, due to the medical staff's limited knowledge of the COVID-19 virus, the conclusion that the epidemic could be controlled and would not infect other people was reached at an early stage. However, with the rapid spread of the epidemic, the number of people infected increased dramatically. On the evening of January 20, 2020, Nanshan Zhong, who was guiding the work of epidemic prevention and controlling, confirmed the human transmission of the disease. Since then, Wuhan has introduced the “closure” measures. On January 27, 2020, Premier Keqiang Li of the State Council came to Wuhan specifically to investigate and guide the epidemic prevention and control work and to visit patients and the medical staff. The epidemic of COVID-19 was declared a public health emergency of international concern (PHEIC) on the night of January 30, 2020 by the World Health Organization (WHO). The number of COVID-19-diagnosed patients had reached 80,859 cases in China as of March 7, 2020, and 50 thousand people had been cured (see Figure 1). The COVID-19 has caused a total of 5,696 deaths in China, and has had severe negative impact on China's economy. In the first quarter of 2020, China's gross domestic product (GDP) grew by −6.8%, while Hubei province's gross domestic product (GDP) grew by −36.75%. In addition, there have been numerous factories shutdowns, traffic suspensions, and schools opening delays. The Chinese government has urged people to reduce travel and congregate to deal with the outbreak. In response to the outbreak in Hubei, the Chinese government has mobilized a large number of medical personnel from other provinces and cities to support Hubei. In addition, many scientists are actively developed vaccines to deal with the epidemic. After the vaccines are developed, the Chinese government encourages people to get vaccinated, and all vaccinations in China are free. As of 30 October 2021, the total number of novel coronavirus vaccine doses in mainland China, Hong Kong and Macao, had reached 268.362 million.


[image: Figure 1]
FIGURE 1. Daily number of diagnosed patients and people cured in China.





RESEARCH PROCESS


Open Coding

Initial coding is also called open coding. Its main process involves breaking up the original data and then condensing the relevant data through continuous comparisons and classification; finally, the data are conceptualized (23). The data for this study are from 20 reports on COVID-19 from mainstream media and news websites in China (see Appendix). Following the data analyze process of initial coding, this study first marked all sentences of 20 reports and then deleted sentences with similar, same and unclear meanings. Finally, the remaining sentences after deletion are classified into 11 categories (see Table 1). Table 1 shows the original concepts and categories resulting from open coding.


Table 1. Examples of open coding analysis.

[image: Table 1]



Axial Coding

Axial coding is a process comprising the following activities: further refining, adjusting and classifying the various categories obtained from open coding; combining parts with similar or similar meanings; and clarifying and combining the internal relations subcategories (24). As sudden infectious outbreaks tend to undergo a process of occurrence, spread, and extinction, based on this consideration, the 11 categories in Table 1 were refined and classified to obtain six main categories (see Table 2).


Table 2. Axial coding.

[image: Table 2]



Selective Coding

Selective coding comprises the following activities: digging out the core category; then analyzing the relationship between the core category and other main categories; describing the relationship between the core category and the main category in the form of a “storyline”; and, finally, developing the corresponding theoretical results (25). The typical relationship structure of the six main categories formed by spindle coding has been developed (see Table 2). Through analyze and research, the “risk transmission mechanism of sudden infectious epidemics” was determined to be the core category. Due to the sudden outbreak of infectious disease generally have to go through the process of occurrence, spread and extinction. Based on the perspective of the occurrence, spread and extinction of sudden infectious diseases, this study combined the relationship between the six main categories and core categories obtained by the principal axis coding, a risk transmission mechanism model for sudden infectious epidemics was developed (see Figure 2). In other words, a theoretical framework for analyzing the risk transmission rules of sudden infectious epidemics is presented.


[image: Figure 2]
FIGURE 2. Risk transmission mechanism model of sudden infectious epidemics.




The Test of Theoretical Saturation

Theoretical saturation refers to the moment when additional data cannot be obtained to enable the analyst to further develop the characteristics of a certain category (26). Using other news reports arranged in this article as the original text, and labeling, coding, and conceptualizing them, no obvious novel initial concepts, categories, and relationships were found. This indicates that the “risk transmission mechanism of sudden infectious epidemics” model has an appropriate theoretical saturation (see Figure 2).




RESULTS

Why do sudden infectious epidemics often cause great damage to human society? An important reason lies in the lack of scientific understanding of the law of risk transmission. This paper draws evidence from the reports of COVID-19 in Chinese media, uses grounded theory to clarify the risk transmission mechanism of sudden infectious epidemics (see Figure 2) and to provides a framework for understanding the risk transmission rules of a sudden infectious epidemic. Then, this article explains the risk transmission mechanism model of sudden infectious epidemics from two analytical aspects: the risk transmission elements and the risk transmission path.


Risk Transmission Elements of Sudden Infectious Epidemics

The risk transmission of sudden infectious epidemics refers to the process in which the virus spreads continuously with the flow of people and causes serious human society damage due to the failure of epidemic early warning and the failure of timely emergency management. The main manifestations of these damages are casualties, the shutdown of related industries, social panic, and even turmoil. With the continuous spread of sudden infectious epidemics and the emergency management of society, the risk of sudden infectious epidemics presents the dynamic characteristics of continuous evolution, and the epidemic virus also have the possibility of variation in its spread. Table 2 shows that in the whole process of risk transmission of COVID-19, there are six elements, namely, risk sources, risk early warning, risk transmission paths, victims of risk transmission, the risk transmission inflection point, and the end of risk transmission. These six elements will be analyzed in detail as follows.


Risk Sources

The virus is the risk source of the outbreak. According to its causes, an epidemic virus can be divided into two different types: a natural risk source or a human risk source virus (27). However, the causes of the COVID-19 epidemic in China are unknown; only the genome of the virus has been sequenced. These results show that COVID-19 and SARS-CoV have a homology of 75–80%, and the genetic relationship of COVID-19 to a bat virus is greater (28). With the rapid development of human society, the relationship between human and nature is out of balance. People need to pay attention to the outbreak of viruses in nature caused by human production and other activities. In addition, climate change has been found can lead to the introduction of some sudden infectious epidemics into previously unaffected geographical areas (29). It is thus very important to strengthen the response to global climate change. At the same time, it is important to strengthen the management of medical biological laboratories to prevent experimental virus leakage.



Risk Early Warning

At present, in order to reduce the damage caused by sudden infectious epidemics to human society, people have focused on building various early warning systems and models (30, 31). For instance, Lowe et al. (32) predicted the risk of the mosquito-borne disease dengue fever during the period of the 2014 World Cup in Brazil. The probability prediction of dengue fever risk in 553 Brazilian microregions, comprising the 12 cities identified by the risk level warnings and in which athletes would be competing, was used to solve the possibility of dengue fever prevalence during the championship.. Connor and Mantilla believed that interannual climate change was an important determinant of epidemics in parts of Africa and that climate has promoted both the transmission of mosquito vectors and the incidence of parasites. Therefore, they discussed the use of Europe's leading global ocean-atmosphere coupled climate model that would be dynamically based on seasons (33). In this COVID-19 epidemic in China, the lack of comprehensive knowledge of the epidemic virus by medical experts led to the conclusion that in the early stage of the outbreak, it was preventable and controllable. In addition, at that time, no human-to-human transmission and no medical staff infection had been identified. The failure of early warning of the risk of the epidemic has caused further epidemic transmission.



Risk Transmission Path

The risk from sudden infectious epidemics not only comprises the fact that the epidemic can cause casualties in diagnosed patients but also the fact that it can cause damage to the mental health of social staff and the economic life of society (34–36). The risk caused by the outbreak was initially concentrated on the diagnosed patients and medical staff. However, due to the failure of the early warning of the outbreak, the risk of the outbreak continued to spread along the risk transmission path, and the harm caused by the epidemic also continued to expand. Therefore, this paper finds that the epidemic risk transmission path refers to the process of damage caused by the spread of the epidemic to human society. Blocking the spread of the epidemic is an important way to block the risk transmission and reduce the casualties and property losses (37). The initial outbreak of COVID-19 occurred in Wuhan, Hubei Province, and the traffic accessibility of the nine provinces of Wuhan City and the large-scale movement of people during the Spring Festival period led to the rapid spread of the COVID-19 epidemic. Therefore, in order to curb the spread of the epidemic and reduce the damages, on the morning of January 23, 2020, Wuhan adopted a “closed city” measure that prohibited people from entering and exiting and advocated that the citizens maintain social distance and reduce staff gathering activities.



Victims of Risk Transmission

The social impact caused by a sudden infectious epidemic can not only be manifested in casualties but can also be reflected in its effect on people's mental health and other industries in society (38–41). For example, Kim et al. (42) analyzed the impact of SARS on the Korean hotel industry. Their study found that compared with the same period in the previous year, the hotel occupancy rate in South Korea decreased by nearly 14% from February 2003 to July 2003. The impact of SARS on the Korean hotel industry was actually more harmful than the 9/11 terrorist incident (42). Research by Novelli et al. (43) asserted that health-related crises in developing countries might affect the tourists' perception of risk, and could therefore result in a sudden drop in tourism demand and could have a major impact on the socioeconomic status of tourism-dependent countries (43). The outbreak of the COVID-19 epidemic in China has caused many people to become infected, many companies to cease operations, and schools to delay their opening. To a certain extent, they are all the victims of this outbreak. The social damage caused by the COVID-19 epidemic is affected by factors such as the nature of the virus, the speed of the infectious epidemic and the emergency management of it in the entire society. In addition, in this epidemic, this paper found that during the transmission of COVID-19, the patients infected with the COVID-19 were both the victims of the epidemic risk transmission and the risk source of the new epidemic transmission. Therefore, in the emergency management of the COVID-19 epidemic, Wuhan rushed to build the “Vulcan Mountain” and “Raytheon Mountain” hospitals and established a large number of square cabin hospitals to isolate a large number of infected and suspected infected patients.



The Risk Transmission Inflection Point

A sudden infectious epidemic will undergo an epidemic process (44). At present, many scholars have launched prediction studies on the inflection point of the transmission of COVID-19 in China. If there is an incremental decrease in 2 consecutive days, this indicates that a new trend has occurred, according to this basic principle, Gu et al. (45) suggest that the inflection point of the COVID-19 epidemic may have passed. According to the daily data of newly diagnosed cases, the inflection point of China's COVID-19 epidemic was inferred to have occurred on February 9, 2020 (45). Peng et al. (46) estimated that by mid-March, the work of epidemic prevention will have made much progress in the majority of China's regions, even including Hubei Province, the most serious regions infected by 2019-COVID epidemics. They expected that the epidemic's inflection point in Wuhan would occur in early April (46). In this paper, the inflection point of epidemic risk transmission is considered to refer to the time point at which along with the comprehensive advancement of epidemic emergency management measures the number of new patients is gradually reduced and the total number of cumulative diagnoses starts to decline. In this COVID-19 epidemic, to realize the early arrival of the inflection transmission point of epidemic risk, it is necessary for the Chinese government, enterprises, and the public to coordinate their activities and to take comprehensive measures to jointly promote the emergency management of the epidemic in order to block the epidemic's infection path and reduce the number of newly diagnosed patients. In dealing with the COVID-19 epidemic, the Chinese government has taken strong emergency measures. The National Health Commission stated on March 13, 2020 that the epidemic peak had passed. After the risk transmission inflection point, the Chinese government has taken many measures, such as encouraging people to wear masks and go in and out of public places to take their temperature, to prevent the number of people infected by the epidemic from rebounding. Finally, to end the risk, researchers in various countries are working on vaccines to end the risk of COVID-19.



End of Risk Transmission

The disappearance of the transmission of epidemic risk means that the epidemic is under comprehensive control, will not continue to spread and human society can fully resume production and lifestyle activities (47, 48). According to the latest COVID-19 epidemic report, the epidemic was predicted to be basically controlled by the end of April 2020, and by that time, people would not have to wear masks in daily life, and social life would be fully restored. The COVID-19 epidemic is spreading abroad. Therefore, preventing the import and transmission of confirmed cases is the focus of current epidemic prevention and control in China. In the outbreak of SARS in China in 2003, the SARS epidemic did not gradually disappear until the middle of 2003, a period that could therefore be regarded, as the one denoting the end of risk transmission.




Risk Transmission Path of Sudden Infectious Epidemics

Based on the above analysis of risk transmission elements of sudden infectious epidemics, the following will focus on the transmission path of epidemic risks. The risk of a sudden infectious epidemic is the fact that it cannot only cause casualties in the diagnosed patients but can also damage the mental health and the economic life of society (49–51). Therefore, it is important to analyze the risk transmission path of sudden infectious epidemics. Based on the main category and sub-categories formed by the main axis coding in Table 2 and the study of the hazards of sudden infectious epidemic by scholars (52–54), the risk transmission path of sudden infectious epidemic can be divided into medical system risks transmission path, social system risk transmission path and psychological system risk transmission path (see Figure 2).

In China's outbreak of COVID-19, this paper found that the risk of the epidemic was initially transmitted within the medical system and infected the health care workers. However, because of the failure of risk early warning system and the lack of awareness of the epidemic, the epidemic spread quickly to the whole society. Specifically, this has led to a gradual increase in the number of confirmed patients, the development of psychological problems in people, and the cessation of production by enterprises. Ultimately, the medical system risk transmission path, the social system risk transmission path, and the psychological system transmission path were formed (see Figure 2). The above mentioned three paths of epidemic risk transmission show a coupling structure with interactions and mutual influence (see Figure 3).


[image: Figure 3]
FIGURE 3. Coupling structure of the epidemic risk transmission path.



The Risk Transmission Path of the Medical System

The medical system is a pioneer in blocking the spread of epidemic risk and bears the responsibility of providing scientific early warning and treatment of the epidemic. The failure of the emergency management of the medical system directly lead to the risk's further spread, which further aggravate the damage caused by the epidemic, to people's lives, health and property. The risk transmission path of the epidemic medical system refers to the sudden infectious epidemic's continuous spread in the medical system, in which the spread is due to multiple reasons, such as an insufficient understanding of sudden infectious epidemics, insufficient medical staff and medical supplies, and new infections of diagnosed patients and medical staff. In the early stage of the development of the COVID-19 epidemic, the health and anti-epidemic system made a mistake in its judgment: it was concluded that the epidemic was preventable and controllable and that it would not be transmitted from person to person. However, the spread directly caused the infection of medical staff. As of February 18, there were at least 9 medical staff members who died of confirmed infections. Due to the limited knowledge of the COVID-19 epidemic and the lack of emergency protection, the risk transmission in the medical system at the beginning of the outbreak not only revealed the staff's failure to correctly diagnose the epidemics risk but also reflected a serious lack of availability of related medical protection materials. Therefore, after the outbreak of the COVID-19 epidemic, the Chinese government organized a large number of medical protection substance companies to expand production, and all walks of life in society actively organized the donation of related medical protection materials to meet the urgent needs for medical protection materials.



Social System Risk Transmission Path

The risk of sudden infectious epidemic outbreaks is not limited to the medical system. The risk of the COVID-19 epidemic spilled over from the medical system to the social system and has had a serious negative impact on the entire society. Studies have found that the COVID-19 epidemic in China will have a wide range of negative consequences for the economy (55). The virus's uncertainty has disrupted global trade and supply chains, depressed asset prices and forced multinationals to make difficult decisions with limited information. Many companies have evacuated their foreign employees from cities and temporarily stopped business activities. In terms of trade, strict travel restrictions imposed by different urban communities in Wuhan and Hubei are expected to have a chain effect across China and even around the world. Among industries that are negatively affected, retail, tourism, and hotel industries may be the most affected (56). The social system risk transmission of a sudden infectious epidemic is mainly manifested as an impact on social production and social life, and it is continuously transmitted upstream and downstream along the social production chain and life chain. On the one hand, as far as social production is concerned, the production activities of all walks of life in the entire society represent a highly relevant and dynamic, interlocking production chain and supply chain (57). Affected by the COVID-19 epidemic, many enterprises requiring staff, materials, and logistics are affected by the epidemic. This has led to, difficulty in orderly advancing the resumption of production. In addition, the outbreak of the epidemic will also affect social demand and will have a restraining effect (58). On the other hand, in terms of social life, in order to cope with the spread of the epidemic, the Chinese government has closed public transportation in many cities. The government issued recommendations to maintain social distance and recommended that people stay at home as much as possible, and schools have postponed their opening date. In addition, many migrant workers' return to work has also been greatly affected. From these, we find that the lives of people in the entire society have been greatly affected.



The Social Psychological Risk Transmission Path

The social psychological risk transmission path refers to the process by which the epidemic produces ripple effects on the psychological level of people and makes the public suffer from negative emotions such as fear, anxiety, tension, and distress. It is not limited to diagnosed patients and the general public, as it also negatively impacts healthcare workers (59). The outbreak of the COVID-19 epidemic in China was sudden, rapid, and extremely uncertain, and there is currently no cure or drug treatment. Moreover, we found that in society, there is a fear of Hubei people. The people's panicky emotions have also led to the behavior in which lifestyle supplies are snapped up. In addition, many medical staff are also under extremely strong psychological pressure and are experiencing negative emotions due to their high work pressure. These fears and nervous psychological emotions will often spread to other people around them. Consequently, the individual psychological negative emotions eventually develop into group psychological negative emotions.





CONCLUSION


Conclusions

From SARS and Zika virus to the outbreak of Ebola, human society has faced increasingly more sudden infectious epidemics. Once the sudden infectious epidemic breaks out, it not only causes casualties, but also have a great negative impact on social and economic activities. The breakout of COVID-19 epidemic in China in December 2019 has spread rapidly, and led to the increasingly diagnosed patients. This epidemic even now encompasses the globe, and the number of diagnoses and deaths is still increasing. Although there are many research achievements in the academic community on sudden infectious epidemic, some scholars also have paid attention to the risk early warning of sudden infectious epidemics and evaluated the social losses caused by the epidemic (60), but the existing studies rarely analyze the risk transmission law of the epidemic. This article takes the COVID-19 epidemic in China as an example, uses the Chinese media's report on the epidemic as the data sources, and uses grounded theory to develop a theoretical model of the risk transmission mechanism about the sudden infectious epidemic (see Figure 2). This study found that there are six basic elements: the risk source, the risk early warning, the risk transmission path, the risk transmission victims, the risk transmission inflection point, and the end of risk transmission. After a sudden infectious epidemic breaks out, there are three risk transmission paths, namely, medical system risk transmission path, social system risk transmission path and psychological risk transmission path, and these three paths present coupling structure. These research findings are the biggest theoretical contribution of this paper.



Policy Implications

In the outbreak of the COVID-19 epidemic in China, this paper found that the spread of the risk is a process of step by step and dynamic evolution that continuously conduct its risks to the entire society through different paths. Based on the research findings, it is proposed that the emergency management of sudden infectious epidemics should be strengthened from three aspects: the control of the risk source, the establishment of an efficient and scientific risk early warning mechanism and the blocking of the risk transmission path. Firstly, scientific and efficient controlling the infectious epidemic sources have important roles in preventing the occurrences of accidents. The risk sources of sudden infectious epidemics can be divided into natural risk sources and man-made risk sources. For man-made risk sources, it is necessary to comprehensively strengthen the management of relevant biological laboratories to prevent the leakage of risk sources. For natural risk sources, it is necessary to strengthen ecological environmental protection and severely crack down on illegal wildlife trading. Secondly, establish a scientific event risk early warning system. The occurrences of sudden public health events often have corresponding risk signals at the beginning. However, due to multiple reasons such as insufficient understanding of the epidemics, the early warning emergency mechanism failed, then the risk transmission of the epidemics are not cut off in time at the beginning of the outbreak, resulting the risk epidemic spread. Due to the failure of the public health early warning mechanism in this COVID-19 epidemic, the conclusion of the outbreak was “preventable and controllable, and no obvious human-to-human transmission phenomenon” was reached at the beginning of the outbreak, which miss the best controlling time, leading the epidemic spread. Therefore, establishing a scientific emergency early warning mechanism for sudden public health events is the key to achieve rapid response, rapid decision-making, and rapid management of sudden public health events, and to control the epidemic risk in the initial state. Specifically, the most important thing is to increase the frequency of nucleic acid tests for employees in high-risk areas and high-risk industries, so that once someone is infected, they can be found in time. Temperature tests should also be conducted in densely populated areas, and once abnormal temperature is found, they can be handled immediately. In addition, it is necessary to strengthen the closed management of fever clinics in hospitals, and nucleic acid tests should be carried out on patients who enter hospitals for cold treatment. Finally, blocking the risk transmission paths of sudden infectious epidemics. The hazards of the sudden infectious epidemics continue to spread through its risk transmission paths. Therefore, blocking the risk transmission paths of the epidemics is conducive to reducing the social harm caused by the epidemics after the outbreak. The risk transmission paths of sudden infectious epidemics include medical system risk transmission path, social system risk transmission path and psychological risk transmission path. These three risk transmission paths are mutual influence. Therefore, comprehensive measures must be taken to block risk transmission n paths of the sudden infectious epidemics. Specifically, the most important thing is to speed up vaccine research and production so that more people can be vaccinated more quickly, which is the most important measure to stop the spread of the disease. In addition, it is also necessary to encourage people wear masks when going out and reduce the number of people gathering together. Psychological intervention should be strengthened for medical workers and patients confirmed to alleviate their panic through psychological counseling services.



Research Limitations and Suggestions for Future Research

The number of confirmed cases of the COVID-19 epidemic has exceeded 5 million in the world. As an exploratory study, this paper takes 20 reports on COVID-19 from Chinese media as the original data, and use grounded theory to analyze these original data, so as to find the risk transmission law of the COVID-19. The limitations of this research lies in the fact that the original data of the epidemic report is only from the reports by media. The research found in this article requires scholars to use other research methods and data to further verify from other perspectives. In addition, it is necessary to specifically dig the Research Topics of the medical system risk transmission path, social system risk transmission path and psychological risk transmission path during the process of sudden infectious epidemics. For example, to analyze the negative impact of the sudden infectious epidemics on the international aviation industry and the tourism industry, the psychological changes and intervention measures of the governments in the epidemic, for these issues we need to conduct further detailed research in the future.
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The workload in the Infection Disease Nursing Unit (IDNU) is increasing dramatically due to COVID-19, and leads to the prevalence of fatigue among the frontline nurses, threatening their health, and safety. The built environment and design could fundamentally affect the fatigue of nurses for a long-term perspective. This article aims to extract the environmental factors of IDNU and explore nurses' perceptions of these factors on the work-related fatigue. It would produce evidences for mitigating the fatigue by environmental interferons. A cross-sectional design was employed by combination of focus group interview and written survey. Environmental factors of IDNU were collected from healthcare design experts (n = 8). Nurses (n = 64) with frontline COVID-19 experiences in IDNU were recruited to assess these factors individually. Four environmental factors were identified as: Nursing Distance (ND), Spatial Crowdness (SC), Natural Ventilation, and Light (NVL), and Spatial Privacy (SP). Among them, ND was considered as the most influential factor on the physical fatigue, while SP was on the psychological fatigue. Generally, these environmental factors were found to be more influential on the physical fatigue than the psychological fatigue. Technical titles were found to be associated with the nurses' perceptions of fatigue by these environmental factors. Nurse assistant and practical nurse were more likely to suffer from the physical fatigue by these factors than senior nurse. The result indicated that environmental factors of IDNU were associated with the nurses' fatigue, particularly on the physical aspect. Environmental interventions of design could be adopted to alleviate the fatigue by these factors such as reducing the ND and improving the spatial privacy. The accurate interventional measures should be applied to fit nurses' conditions due to their technical titles. More attention should be given to the low-ranking nurses, who account for the majority and are much vulnerable to the physical fatigue by environmental factors.

Keywords: nurse, infection disease nursing unit, fatigue, environmental design, COVID-19, hospital


INTRODUCTION

Fatigue refers to a sub-health state without specific symptoms, such as psychological and physical fatigue (1). Work-related fatigue harms the efficiency, health, and safety of the nurses by producing symptoms, such as headache, dizziness, anxiety, depression, compulsion, and insomnia (2–4). It could also increase the risk of injures and medication errors of nurses, which are compounded by poorly designed working space and environment (5–7). The anxiety feelings and burnout due to lasting fatigue could reduce nurses' job satisfaction and encourage the change of occupations (8). The studies revealed that the overgrowing shortages of nurses were closely associated with the exposure to a high degree of work-related fatigue (9–11).

The breakout of COVID-19 has further exacerbated the prevalence of fatigue among nurses (12). The rapid accumulation of confirmed cases and the fear of infections have been increasing the chance of fatigue (13). The workload of nurses is increasing dramatically for medication, testing, prevention, and quarantine. In some countries, the work hours of nurses have been increased by 1.5–2 times on average, which fundamentally affects their perceptions of the work environment (14). The overwhelming workload does not only produce physical exhaustion, but also increase the psychological burden (15). During COVID-19, nurses usually experienced depression, exhausted stress, insomnia, and other negative emotions (2, 3). The long-term exposure to medication procedures such as intubation and nebulization also leads to the high percentage of fatigue by fear of the hospital-acquired infections (16, 17). Therefore, reducing the fatigue by tailored measures is critical to promote nurses' safety and health (18), and the environmental interventions could become a promising approach.

There are plenty of sources for the fatigue of nurses such as professional pressure, heavy workload, working environment, and patient care (19–21). COVID-19 makes the situation even complicated due to the fear of infection and the change of work conditions. A study in Australia summarized the emerging sources as: patient care, changed work conditions, isolation and uncertainty, and lack of support (22). The concerns of infection spreading to families, and community would exacerbate the issue (23). In the beginning of pandemic, the shortage of PPE (Personal Protection Equipment) and moral dilemmas also added an extra burden to escalate the fatigue (17, 24, 25). The lessons from COVID-19 showed that the existing working environment cannot fully meet nurses' physical and psychological conditions in the pandemic. Except for management and counseling, promoting the physical environment could also alleviate the fatigue of nurses (26, 27). It comprises a cost-effective intervention for creating safe and healthy environments for occupants in the hospital and is gaining increasing attention (28).

The physical design of the healthcare environment is important to the fatigue of the medical staffs by providing healthy and safe working condition (11). The environmental factors affecting fatigue could range from spatial side like plan, layout, and room setting, to the physical side such like noise, light, and air pollution (9, 14, 26, 29, 30). Among the physical factors, the noise was reported to be closely associated with the mental and psychological fatigue of the staffs by interfering with the working environment. High noise level could affect the staffs' comfort and satisfaction, leading to the lasting status of fatigue (7, 27, 31). Natural light was believed to mitigate fatigue by reducing the stress and anxiety of the nurses (27, 29). In a healthcare setting, natural light, fresh air, and views on of green space could effectively reduce the psychological fatigue of the patients and staffs due to restoration of nature, in both visual and physical contact (9, 26, 32). Introducing daylighting by arranging window toward natural and green resources could reduce the fatigue and stress of the occupants by enhancing their satisfaction, mood, and alertness (33, 34). Though the knowledge from a spatial perspective was limited, some studies still revealed that environmental factors such as functional layout, interior exterior, and environmental features were associated with the fatigue in the various setting (27, 29). These factors could alleviate the stress, emotional exhaustion, and depression of staff once the environment fits their physical and psychological needs (26, 35). The layout of rooms could affect the medical staff' fatigue by interfering their behaviors of moving, resting, and working. The impact occurs throughout the entire process of workflow, such as medication ordering, storage, delivery, dispensation, preparation, and administration (22). Creating break and communication areas for nurses could help build up a supportive environment for alleviating the fatigue (36, 37). A short break was reported to enhance the mental and psychological wellbeing of staff, as well as reduce their fatigue (27). This dynamic could be magnified by improving the restorative quality of break areas via environmental design, leading to the substantially increasing of the staff's satisfaction and the mitigation of fatigue. Some studies also implied the importance to connect the interior space to the natural resources in a healthcare setting. The access to green space both visually and physically was reported to alleviate relief staff fatigue effectively by increasing the “awareness,” “accessibility,” and “comfort” of nature (38). Except for the spatial factors, detailed features of the healthcare environment are also associated with the fatigue. Flooring that provides comfort, easy cleanability, and sound absorption could mitigate the staff's fatigue by affecting their perceptions of working environment (39, 40). Water features, in either of natural and artificial way, were believed to reduce stress and anxiety of the medical staff (41, 42). Overall, the current studies indicated the importance of environmental factors to medical staff' fatigue, with emphasis on the physical aspect. Nonetheless, the knowledge is limited on the specific healthcare setting with the certain group of occupants. Some workplace settings were reported to produce more fatigue than others, which indicated the necessity to dig into the specific healthcare setting in COVID-19 (43). Moreover, the findings were often general and the principles used in the practice often simply followed the codes and office buildings (44), while there were fewer studies on the spatial aspect of the environment than the physical.

In COVID-19, the Infection Disease Nursing Unit (IDNU) is playing an important role in treating the confirmed cases, and the nurses who work there are often vulnerable to the fatigue due to the heavy workload and exposure to the pathogen. To the best of our knowledge, there are few studies on the frontline nurses and the environmental setting in IDNU. To fill the knowledge gap, the exploratory study aims to extract and identify the main environmental factors of IDNU affecting the fatigue from perspective of design. The focus group interview and survey were employed to explore the environment of IDNU and fatigue, from healthcare design experts and frontline nurses, respectively. The article would provide evidence to build up a safe and healthy nursing unit during and after the pandemic.



METHODS

This study employed a combination of focus group interview and written survey, on the experts and nurses respectively, for the data of environmental factors and fatigue. It allowed for the triangulation of findings and being easy to draw definite conclusions (Figure 1). For the definition of “fatigue,” it referred to a “work-related condition that ranges from acute to chronic in nature and can result in an over-whelming sense of tiredness, decreased energy, and exhaustion, ultimately accompanied by impacting physical and cognitive functions” (20). For the environmental factors, they referred to these of environmental design, including architectural design and interior design, such as the floor plan, functional layout, room setting, ventilation, and lighting.


[image: Figure 1]
FIGURE 1. Conceptual research framework.



Focus Group Interview

This method was applied to collect experts' thoughts to extract environmental factors because it was effective on the qualitative information of contextualized and complicated content. Eight experts with healthcare design backgrounds and IDNU experiences joined the interview and provided the information and opinions as to the environmental factors. Their detailed perspectives on the various topics were also explored to provide a holistic comprehension. The group size was not large in order to enable enough in-depth discussion. This approach would enable the experts to provide comprehensive information of environmental factors based on a specific case. The results of the interview were analyzed by two investigators and then synthesized into a list of environmental factors, which constituted the basis for the written survey.

The focus group interview followed three topics prepared by interviewers which comprised of: (1) The environmental factors and intervention in the IDNU from design. (2) The role of environmental design in affecting nurses in COVID-19. (3) The promising design measures and strategies to reduce the fatigue. For each topic, we prepared a list of discussion questions in order to guide the experts round the topics. The interviews were recorded, analyzed, and coded by the other two investigators. All the investigators and interviewers were trained to ensure the quality of interview. The answers and discussion of topics were divided into sub-topics, interpreted, compared, and sorted out. The environmental factors were then categorized by counting the frequencies of experts' agreements on them.



Written Survey

A written survey was adopted to collect the nurses' perceptions of environmental factors on the fatigue. The survey was conducted in the form of online questionnaires due to the restrictions in the pandemic. These questionnaires were based on the results of the focus group interview and designed as semi-structural. The questionnaires consisted of three parts (Appendix A): The first part was about their social-demographic information on gender, age, length of practice, titles, and education level (Table 1). The second part was the rating of the environmental factors regarding its importance on their psychological and physical fatigue (Likert approach, 1–5). The third part was the locations in the IDNU where nurses often worked and stayed. The questionnaires were distributed in the Wechat group of the qualified nurses, and they could answer the survey on their worksites in a given time. The questionnaires were developed with the tool of Questionnaire Star, which was a plug-in based on the Wechat platform (https://www.wjx.cn). This method followed the regulations of the hospital and could reduce the disturbance of the nurses of IDNU. The main environmental factors on the fatigue would be determined based on the results of the survey. The questionnaires were designed and reviewed without the violation of personal privacy. They were anonymous, and the participants were allowed to terminate the survey any time they desired. The focus group interview was conducted from 15 to 18 October, 2020.


Table 1. Characteristics of the participants.
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Participants and Site

In the focus group interview, the participants were consisted of eight healthcare design experts who were recruited from the Shenzhen Architectural Design Group, which was also the design contractor of the targeted IDNU. They were recruited through the team's extensive professional network and joined the interview voluntarily. The recruiting criteria were: (1) They were required to have experiences of three IDNU projects at least. (2) They were required to have professional experiences for at least 10 years in the healthcare sector. (3) They should fully understand the purpose and expected results of the interview.

The nurses of the written survey were recruited from the department of IDNU in Shenzhen 3rd People Hospital. In the pandemic, it was impossible to initiate the massive survey to the nurses in the IDNU due to restrictions on the contact with them. The number of nurses in the IDNU was also much less that of other nursing units. Hence, we decided to focus on one typical and large IDNU to ensure the quality of the survey. We distributed the requirements of the survey to all the nurses in that department with the assistance of hospitals. They were all trained and managed in the similar system with these from other public hospitals, which accounted for approximately 3/4 of all in-patient beds nationwide. The selection criteria included: (1) They had to work full-time in the IDNU; (2) They had the frontline experiences with COVID-19 cases, which meant they engaged in the direct treatment and care of confirmed cases; (3) They worked in the IDNU for a year at least. Qualified respondents would be identified as volunteer participants and invited in the survey group, after obtaining their verbal consents. Eventually, we received 64 valid feedbacks out of 72 qualified nurses. The written survey was conducted from 11 to 30 November, 2020.

The IDNU of Shenzhen 3rd People Hospital was selected in this study because it was the only designated COVID-19 treatment hospital in Shenzhen for its capacity and specialty (Figure 2). In the pandemic, the administration requested all the moderate-to-critical-condition COVID-19 cases to be transferred to this hospital for medication. The environmental design of that IDNU is very representative in China, which is featured with “three zones and three corridors” (Figure 3). As a special type of nursing unit, IDNU is more complicated than normal ones because it was designed to accommodate highly contagious patients and followed rather rigorous infection control protocol (Figure 4). Since all the IDNU were owned by the public hospitals, they were all designed and built under the same codes and guidelines.


[image: Figure 2]
FIGURE 2. The location of the Shenzhen Third People Hospital.



[image: Figure 3]
FIGURE 3. The “Three Zone and Three Corridors” mode of infection disease nursing infection disease nursing unit.



[image: Figure 4]
FIGURE 4. Plan of IDNU in the Shezhen 3rd People Hospital.




Data Analysis

Expect for conventional descriptive analysis, one-way ANOVA, and t-test were used to compare the environmental factors on the physical and psychological fatigue respectively, by age, gender, technical titles, and education. To find out the correlations of these factors on the fatigue, Pearson's correlation analysis was performed. The reliability of questionnaires was tested with the Cronbach's coefficient which was 0.792, indicating good reliability. The validity of the data was tested by KMO and Bartlett test and proved to be suitable of research with KMO of 0.771. The statistical analysis was conducted on the SPSS V26.0 (IBM Corp, Armonk, NY, USA). The significance level was set at p = 0.05.




RESULTS


Environmental Factors of IDNU

According to the focus group interview, the environmental factors of IDNU could be sorted into four main categories which are Nursing Distance (ND), Spatial Crowdness (SC), Natural Ventilation, and Light (NVL), and Spatial Privacy (SP) (Table 2). By counting the agreements of experts, ND was thought to be the most important factor with total counts of 21. It would affect how much distance nurses would walk every day, which was considered as a prominent indicator of physical exhaustion (37). It could be determined by the plan layout (8), location of nursing station (6), and number of wards (7). In this case, the plan layout of IDNU was linear and featured with “three zone and three corridors,” which was the most common type of IDNU. The nurse station was located in the middle of the nursing unit. SC received total counts of 11. It could affect the nurses' perceptions of crowdness by spatial layout and design (30). The factors were consisted of size of nurse station (3), ratio of supportive rooms (4), and width of corridor (4). In this IDNU, the size of nurse station was 2.4 m × 7.2 m (depth and length), which was standard on every IDNU floor. The proportion of supportive rooms (rooms except for wards and medical rooms) was 32.2%, indicating a compact layout. The width of the main corridor was 2.4 m in this case. Natural light and ventilation were identified with the total counts of 12. It was reported to be associated with the stress and anxiety reduction (38), and mainly determined by the arrangements and design of windows. It included the factors of daylight around the nursing station (5), openable windows in the end of corridor and break area. In this case, there were openable windows at the end of corridor. The last factor was SP that received the total counts of 17, just behind the nursing distance. It referred to the perceptions of privacy in a spatial setting, and could be profoundly affected by environmental design. It included the sub-factors of independent break areas (8), safety of workplace (6), and typology of nurse (3). In this IDNU, there were no independent break areas for nurses. The access of their workplace was restricted to the visitors but connected to the patients. Their nurse station was open to the semi-contaminated area, where the exposure to the infection was high.


Table 2. The environmental factors relevant to fatigue in infection disease nursing unit.
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Nurse Response on the Environmental Factors

The environmental factors were rated by the nurses to determine their influence on the fatigue. The mean value of scores on the physical fatigue was higher than that on the psychological fatigue generally, indicating that these factors could significantly influence the physical fatigue (Table 3). Among them, ND was rated the highest on physical fatigue, with a mean value of (3.92), while SP was rated the highest (3.55) on the psychological fatigue. Regarding the frequent locations of nurses, it was apparent that senior nurses were mostly staying in the clean and semi-contaminated zone, while nurse assistants and practical nurses were often in the semi-contaminated zone and contaminated zone with frequent commuting from wards to nursing station (Figure 5). One-way ANOVA was conducted among clusters of nurses to compare these factors on the physical or psychological fatigue. The approximate normal distributions and equal variances were tested and satisfied by Shapiro–Wilk test of normality and Levene's test for homogeneity. The results revealed that technical titles could affect the nurses' perceptions of the fatigue from the environmental factors. The ratings from senior nurses were lower than practical nurses and nurse assistants, indicating that environment had less influence on the senior nurses than others, and were more evident on the low-ranking nurses.


Table 3. The descriptions of the environmental factors on the fatigue.
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[image: Figure 5]
FIGURE 5. The locations of nurses frequently stay and work.



Environmental Factors on Physical Fatigue

As for the physical fatigue, nurses collectively rated the highest on the ND with a mean value of 3.92 (Table 3), followed by SP (3.33). NVL was rated the lowest (2.24), then following by SC (2.33). SP was rated with a mean value of (3.33). The results implied that ND and SP were more important on physical fatigue than the other two. According to the Pearson's correlation analysis, ND was positively associated with SP (r = 0.275, p < 0.000) while negatively associated with SC (r = −0.230, p < 0.000) (Table 4). Hence, ND could be identified as the main environmental factor that affects the physical fatigue.


Table 4. Correlations of environmental factors on the physical fatigue.
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The technical titles of nurses showed significant differences among ND (F = 2.142, p = 0.034), NVL (F = 2.372, p = 0.031), SP (F = −1.97, p = 0.041). Work duration in COVID-19 showed statistical differences among ND (F = −3.295, p = 0.001). By comparing the mean value, it was found that nurse assistants rated higher than practical nurses, and the senior nurses were indicating that low-ranking nurses were more likely to be influenced by these factors on the physical fatigue than the senior nurses (Figure 6).


[image: Figure 6]
FIGURE 6. Importance of environmental factors on psychological fatigue.




Environmental Factors on Psychological Fatigue

Spatial privacy was rated the highest mean value (3.55), followed by ND (3.21) (Figure 7). Similar with physical fatigue, NVL was rated the lowest (2.52), which was a little lower than SC (2.70). According to the Pearson's correlation analysis, significant associations were only found between SP and the other three factors (Table 5). It revealed that SP was supposed to be the primary environmental factor.


[image: Figure 7]
FIGURE 7. Importance of environmental factors on the psychological fatigue.



Table 5. Correlations between environmental factors on the psychological fatigue.
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As observed in ANOVA analysis, technical titles had significant differences among ND (F = 4.276, p = 0.007), NVL (F = −1.896, p = 0.031), and SP (F = −2.89, p = 0.004), regarding the psychological fatigue. Working duration in the COVID-19 showed a significant difference within SC (F = 2.456, p = 0.021) (Table 6).


Table 6. Social-demographic characteristics by the environmental factors.
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Regarding the different nurses, senior nurses rated the highest on SP (3.91) and nurse assistants rated the highest on ND (3.57), whereas practical nurses rated the lowest on NVL (1.92). It indicated that senior nurses perceived more importance of fatigue from SP than others, whereas nurse assistants perceived the most importance on ND, which was in the accordance with the results of the physical fatigue (Figure 7).





DISCUSSION


The Primary Environmental Design Factors Relevant to Nurse Fatigue in IDNU

This study demonstrated that the physical environment of IDNU could affect the fatigue of nurses, which is consistent with the previous studies on the other healthcare settings (9, 26). This study further showed that the environmental factors could be sorted into four main categories of ND, NVL, SP, and SC, which were identified as the basic parameters affecting the fatigue from the environmental design. In the nursing unit, ND is associated with the daily walking of nurses, and the larger ND is, the more distances nurses have to walk (37). ND could be affected by the plan layout, the location, and the size of the nursing station, indicating that fatigue could be interfered by the spatial design. SC and SP are thought to affect the perceptions of the nurses about the working environment. A crowded and intense working environment could make nurses nervous and stressed, especially during COVID-19. Similarly, the lack of SP could reduce the sense of security of the nurses, hindering their recovery from the heavy workload. The sense of privacy is thought to be associated with the psychological restoration spatially. NVL is supposed to consist of daylighting and fresh air, as well as the restorative effect natural resources by enhancing the perceptions of the nurses (45). Besides, it could provide nurses' sense of bio-safety and escaping from exposure in IDNU, which is often filled with the highly contagious pathogens.

These factors are thought to have more influence on the physical fatigue than the psychological fatigue, generally. The mean value of the environmental factors on the physical fatigue is all higher than that of psychological fatigue (Table 3), especially for ND (3.92). The advantage on the physical fatigue, may attribute to the surging amount of workload due to COVID-19. In another side, NVL was not found to be significantly associated with the fatigue (Table 3), which could be different from the previous studies (26, 41). The possible reason is that, in COVID-19, nurses in IDNU were always overwhelmed by work and not able to rest for long, which discourage them to benefit from restoration from natural resources. The prior studies showed that increasing the proportion of single-bed wards would reduce the fatigue and stress of nurses (9, 26, 46). Such results are not found in this case because double-bed and triple-bed wards are still the primary configuration in the nursing unit of developing countries due to limited healthcare resources. To illustrate, increasing the proportion of single-bed wards would barely alleviate the fatigue because it would increase the nursing distance by enlarging the size of nursing unit. Anyhow, this study reveals the dilemma of the hospitals in the developing countries, where there is a large demand of healthcare service but limited resources. These studies may be different from the studies in the developed countries.



Nursing Distance and Spatial Privacy as the Main Environmental Design Factors

Nurses did not consider these environmental factors equally. ND and SP were thought to be the principal factors that influence the physical and psychological fatigue, respectively (Table 3). In accordance to the previous study, ND is found to be the main factor on the physical fatigue because it is closely associated with the daily walking distance for nurses. Cruising between patient rooms and nursing station is a large stressor for the work-related fatigue (6). For a routine, nurses need to walk on almost every step of their work from reading the instructions of doctors at the nurse station, ensuring the instructions in the wards, and entering the records after returning to the nurse station. The increasing walking distance due to COVID-19 makes nurses more likely to be physically exhausted than normal. Hence, ND is supposed to be the main factor on the physical fatigue.

SP is thought to be the most prominent factor on the psychological fatigue. The previous studies paid more attention on the patients than nurses regarding the perceptions of privacy (26). This study showed that the perceptions of nurses on the fatigue could also be affected by the sense of spatial privacy, especially for low-ranking nurses. In China, nurse assistants and practical nurses often have to share their working and resting space with others, leading to the lack of privacy. The possible reason could be the limited spatial resources of nursing unit, and the priority is always given to the needs of patients, doctors for the medical function. There is little considerations of privacy on the low-ranking nurse, as a result, they could suffer from the fatigue due to the disruptions such as noise and wrong way finding (9). Moreover, increasing SP by separating nurses away from the public could enhance their sense of safety. Owing to frequent incidents of assaulting healthcare workers in China, nurses would feel safe if their private areas are ensured with restricted access. Therefore, for the sake of their safety and well-being, the issue of privacy should be improved by environmental design such as setting up private break areas, common space, and restricted access.



Comparison of Physical and Psychological Fatigue by Environmental Factors

Nurses perceived the distinct influence of environmental factors on the fatigue. To clarify, a stronger influence on the physical fatigue than the psychological fatigue was found in this study, particularly for practical nurses and nurse assistants. Normally, they are more physically involved with the daily workload. It could also be proved by the ratings of ND, which was scored the highest on the physical fatigue by them. The possible reason is that COVID-19 makes the workload increase dramatically, and nurses have to walk more distances than normal, leading to the prevalence of physical exhaustion. Besides, the lifting and supporting activities during transferring patient could also contribute to the physical fatigue as the work becomes heavier. Report showed that the workload of nurses increased almost 1.5–2.0 times during the pandemic in some developing countries (14). Moreover, IDNU requires a complicated and rigorous infection-control protocol. There are two sanitary passes between three zones where they need to change gears (Figure 3). It could be very physically exhausting for nurses because they have to commute to wards for many times a day. Such studies are not evident for the senior nurses as they are less physically involved. Senior nurses are more vulnerable to psychological fatigue as their jobs are more about the management and instruction.



The Role of Different Nurses

Technical titles showed significant differences for nurses on their perceptions of the environmental factors. Regarding the physical fatigue, practical nurse, and nurse assistant rated higher than senior nurses did. It indicates that low-ranking nurses are more likely to be affected by these environmental factors on the physical fatigue. In IDNU, the work of low-ranking nurses is more physically oriented than senior nurses. In the pandemic, they walked longer than normal, and would not stay in one place for long because they needed to keep commuting to ensure the condition of the patients of COVID-19. As a result, they were more vulnerable to physical fatigue than senior nurses. As the low-ranking nurses account for the majority of the nurse staff (87.5%) in this case, it highlights the demand to put more attention on the low-ranking nurses when conducting environmental interventions.

Senior nurses were found to be more affected on the psychological fatigue by these environmental factors, which aligned with the previous studies that they were more likely to suffer from the psychological fatigue. Their daily work is mainly about management, instruction, and supervision; and their frequent working places are often at the nursing station and office (Figure 5). The characteristics of their work are less physical exhausting but could produce more stress. As a result, their walking range is not as large as low-ranking nurses, and they are less affected by the physical fatigue than the psychological fatigue by the environment.



Implications to the Practice of IDNU by Environmental Design

Environmental interventions and strategies should be presented to help designers and decision-makers to improve the working environment of frontline nurses. According to the findings of main environmental factors on the fatigue, the design recommendations on ND and SP would be emphasized.

Reducing ND could be the primary design advice. It is suggested to locate the nurse station in the middle of IDNU instead of in the end to reduce the maximum nursing distance for one direction. There are two types of IDNU plan: middle-mode and end-mode, depending on the location of the nursing station. The middle-mode could be more beneficial to nurses fatigue because the distance to wards would be balanced for both directions. For the large IDNU, setting up a secondary nursing station could be a solution to reduce the nursing distance (37).

As for SP, creating an independent break area for nurses could be beneficial to alleviate the fatigue. The design measures could also intensify this effect such as arranging the patio and balcony with access to nature. It could help nurses recover from the heavy workload and other disturbances. Improving privacy by setting up the independent areas could also promote their sense of safety by separating them from patients and visitors. With the access to nature, it could further provide nurses restoration and sense of escaping from the stress.



Limitation

As a survey and interview-based study, it is limited in the sample size. Nonetheless, the IDNU of this study is representative for its environmental features and nurses, one hospital could limit the scope of the findings and dynamic behind it. After the restrictions of IDNU are removed as COVID-19 gradually under control, IDNU from more hospitals of different levels could be explored to find out the dynamic behind the environment and fatigue. In the future, with the development of wearable devices, mobile app and online instruments, more objective and detailed information could be collected.




CONCLUSION

Reducing the fatigue of frontline nurses in IDNU is a prominent issue to address during COVID-19. IDNU plays an important role in fighting against this highly contagious disease in the developing countries. This study applied a mixed method to analyze the environment and the fatigue of nurses from physical design. The results suggest that the fatigue could be affected by environmental factors such as ND, SP, NVL, and SC. These factors are found to be more influential in the physical fatigue than psychological fatigue. ND is found to be the main factor in the physical fatigue, while SP is in the psychological fatigue. The technical titles could affect the perceptions of nurses on the fatigue by these environmental factors. Low-ranking nurses are more likely to suffer from physical fatigue than high-ranking nurses, who are mainly affected by the psychological fatigue. Environmental interventions such as reducing the nursing distance and improving the privacy of nurses by design are prompted to alleviate the fatigue. However, there is no one-size-fits-all blueprint due to their different conditions, and it is necessary to take adaptive interventions. Overall, this study provides preliminary evidence to the healthcare design and nursing management, in identifying environmental factors that could be utilized to mitigate the fatigue of nurses. The findings are expected to foster the safety and well-being of nurses, and allow them to deliver better service in the COVID-19.
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Previous studies have paid little attention to the spatial heterogeneity of residents' marginal willingness to pay (MWTP) for clean air at a city level. To fill this gap, this study adopts a geographically weighted regression (GWR) model to quantify the spatial heterogeneity of residents' MWTP for clean air in Shanghai. First, Shanghai was divided into 218 census tracts and each tract was the smallest research unit. Then, the impacts of air pollutants and other built environment variables on housing prices were chosen to reflect residents' MWTP and a GWR model was used to analyze the spatial heterogeneity of the MWTP. Finally, the total losses caused by air pollutants in Shanghai were estimated from the perspective of housing market value. Empirical results show that air pollutants have a negative impact on housing prices. Using the marginal rate of transformation between housing prices and air pollutants, the results show Shanghai residents, on average, are willing to pay 50 and 99 Yuan/m2 to reduce the mean concentration of PM2.5 and NO2 by 1 μg/m3, respectively. Moreover, residents' MWTP for clean air is higher in the suburbs and lower in the city center. This study can help city policymakers formulate regional air management policies and provide support for the green and sustainable development of the real estate market in China.

Keywords: air pollution, housing prices, geographically weighted regression, marginal willingness to pay, spatial heterogeneity


INTRODUCTION

In recent years, the continuous increases in energy demand, industrial expansion, and private car ownership in megacities have led to a serious deterioration of air quality (1). According to the 2019 Bulletin on the State of China's Ecology and Environment, in 2019, only 157 of 337 cities at or above the prefectural level met the air quality standard in China, while 180 cities exceeded the standard. Air pollution has serious impacts on residents' health, the development of the regional economy, housing values, and the marginal willingness to pay (MWTP) for clean air (2–6). A recent study pointed out that air pollution in Europe causes an average of 2.2 years of lost life expectancy and about 1.85 million deaths from respiratory diseases each year (7). Similarly, as northern China is dominated by coal-fired heating, the concentration of air pollutants in northern cities will be significantly higher than that in the south, which has caused the average life expectancy of residents in northern areas to decrease by 3.1 years (8).

To achieve a win-win situation between public health and economic development, quantifying the economic value of air quality is very important for the sustainable development of cities. However, previous research on the MWTP for urban clean air has mainly focused on developed countries, such as those in Europe and the United States (9–14). The purpose of this study is to use the latest data to measure residents' MWTP for clean air in different regions of the city, which can improve public health and provide scientific support for the development of region-specific air quality improvement programs and policies.

We choose the impact of air pollutants on housing prices as residents' MWTP for clean air. The MWTP for clean air cannot be directly queried or measured because it is not directly reflected in capital market transactions. However, we can infer the MWTP for clean air indirectly by discussing the relationship between air quality and housing prices (11). As early as the 1960s, some researchers began to explore the complex relationship between air pollutants and housing prices. Ridker and Henning (15) first discovered the negative impact of sulfide on housing prices by using Washington's air quality data in 1967. A few years later, in 1971, Anderson and Crocker also confirmed that air pollutants can reduce people's expectations for the housing market (16). In recent years, Bajari et al. found that housing prices in polluted areas were relatively lower than those in areas with better environmental quality by using the housing transaction data of California from 1990 to 2006 (17). Zheng et al. (18), Zou (19), and Chen and Jin (20) find the same evidence in China.

As one of the factors affecting the quality of life, air quality is considered an environmental factor affecting housing prices, together with other built environmental factors, such as transportation, shopping, entertainment, and education (21, 22). According to the spatial equilibrium model of urban economics, housing prices can reflect residents' MWTP for environmental factors, including clean air (23, 24). Improving air quality will increase the value of houses, and this increase will be passed on to the real estate market in the form of rising housing prices or rents (25–27). In addition, residents' expectations of air quality also affect current housing prices (28). If real estate owners expect the air quality around their houses to rise in the future, they will have higher estimates of current housing prices, and residents will pay more for the expected clean air. Therefore, as the research object of the MWTP for clean air, housing price is a very appropriate choice.

The hedonic method is the most representative and widely used statistical method for revealing the complex relationship between the built environment and housing prices (1, 4, 29). Rosen first adopted the hedonic method to estimate the impact of specific site facilities and clear air on the value of real estate in 1974, and then this method began to be very popular in the research of the impact of the built environment on house prices (30). The hedonic method shows that the quality difference of a commodity is a function of its own attributes, and the gradient difference of price reflects people's MWTP of the commodity (18). Because people do not actively pay for clean air, the hedonic method helps to create a virtual market to measure the hidden value of clean air (11). Therefore, many researchers have used this method to quantify people's MWTP for clean air, as shown in Table 1.


Table 1. Research about the impact of air pollution on the real estate market.

[image: Table 1]

The hedonic method is generally implemented by ordinary least squares (OLS) regression (1, 9, 10, 12, 13). The basic assumption of OLS methods is that the data on housing prices in different regions are spatially independent and static. However, due to the local interaction and spatial instability between different regions, housing prices and their influencing factors show strong spatial heterogeneity, and the OLS method is not applicable because it ignores spatial changes (31). Therefore, some scholars have proposed using spatial econometric models to explore the spatial relationship of house prices (32–35). The geographically weighted regression (GWR) model is a statistical regression model proposed by British scholars (36) to account for the spatial heterogeneity of variables, and it is a kind of spatial econometric model. It is generally believed that GWR models improve upon the traditional spatial regression method, and various studies have shown that GWR models are the best method for exploring the spatial heterogeneity of housing prices and their influencing factors (37–40). Therefore, we use a GWR model to explore the relationship between housing prices and air quality.

To sum up, most of previous studies explored residents' MWTP for clean air from a macro perspective (focusing on major cities in China) (5, 19, 20, 31, 41) and a micro perspective (focusing on communities, considering the building structure, such as the floor area and house age) (1). There is a lack of meso level research, which focuses on each census tract of a city. To fill this gap, this study explores residents' MWTP for clean air from a meso perspective. Specifically, this study makes the following three contributions: First, an empirical study was conducted in Shanghai using a GWR model to explore the spatial heterogeneity of the MWTP for clean air in each census tract. Second, the latest data were used to quantify the economic value of urban clean air and to measure residents' MWTP in different census tracts, which is conducive to achieving a win-win situation between public health and economic development. Third, the actual losses caused by air pollution in Shanghai were computed from the perspective of asset value depreciation in the entirety of the Shanghai housing market. The results of this study can provide a reference for the government to formulate regional air pollution prevention and control policies.

The remainder of this paper is structured as follows. In section Data and Variables, the datasets and initial variables used in this study are described. In section Methodology, the basic framework of our GWR model is introduced. Section Results and Discussion discusses the main results of the empirical study, quantifies the MWTP for clean air, and estimates the total losses caused by air pollution in Shanghai. Finally, section Conclusions and Recommendations provides the main conclusions and recommendations of this study.



DATA AND VARIABLES


Study Area and Background

Shanghai, the most populous urban area in China, is also China's international economic, financial, trade, shipping, and innovation center. As of 2020, the city had 16 districts under its jurisdiction, with a total area of 6,340.5 square kilometers. The built-up area covers an area of 1,237.85 square kilometers, with a permanent population of 24.2814 million and an urban population of 21.3919 million, with an urbanization rate of 88.10% (Shanghai Statistical Yearbook, 2020). In Shanghai, housing prices have been rising year after year, with the sales price of commercial housing rising from an average of 3,866 Yuan/m2 in 2001 to 23,804 Yuan/m2 in 2017 (China City Statistical Yearbook, 2001–2017). As one of the largest cities in China, the study of Shanghai can reflect the MWTP of people in the eastern and southern coastal areas of China. Thus, we choose Shanghai as the study area. In addition, to make the research more detailed, Shanghai is divided into 218 tracts based on the sixth National Population Census, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Study area.


We focus on air pollutants around residential areas. Figure 2 shows the mean daily concentrations of SO2, NO2, and PM10 in Shanghai from 2001 to 2019. Overall, air quality in Shanghai has improved over the years, which is mainly due to the active governance of the Chinese government. The daily concentration of SO2 across different monitoring sites in Shanghai in 2019 was 7 μg/m3 (attaining the Grade I national standard for air quality), that of NO2 was 42 μg/m3 (exceeding the Grade II national standard of 2 μg/m3), and that of PM10 was 45 μg/m3 (attaining the Grade II national standard for air quality) (Shanghai Municipal Bulletin on the Status of Ecological Environment, 2019).


[image: Figure 2]
FIGURE 2. The annual mean concentrations of air pollutants in Shanghai, 2001–2019.




Data Description and Processing

The data used in this study include housing price data, air quality data, and other built environment data in Shanghai. All the data used in this paper were collected in 2018 so that the time dimension can be unified.

The housing price information of 27,608 residential areas in Shanghai constituted the housing price data in this study. These data were taken from a platform for real estate transactions in Shanghai (http://cd.lianjia.com/) and included the address, average housing price, construction time, number of housing units, and latitude and longitude coordinates of each community.

The air quality data came from the Shanghai Municipal Bureau of Ecology and Environment. We collected data from 10 national controlled air quality monitoring stations of Shanghai in 2018. These data included the hourly mean concentrations of CO, O3, SO2, NO2, PM10, and PM2.5, the monitoring time, and the current air pollution levels, which can be used to calculate the annual mean concentrations of air pollutants in different census tracts of Shanghai.

Figures 3–6 show that the air pollutants in Shanghai are diverse, mainly concentrated in the outer suburbs with heavy industries and the city center with heavy traffic. For example, the areas with the highest mean concentrations of SO2 and PM10 are the Baoshan District, Jinshan District, Yangpu District, and Jiading District, where there are many polluting factories, such as power plants, steel mills, and automobile factories. Furthermore, the large trucks that travel in these areas during the day also contribute to air pollution. The areas with the highest mean concentrations of NO2 and PM2.5 are mainly located in the inner ring area because of traffic congestion.


[image: Figure 3]
FIGURE 3. Distribution of SO2 (μg/m3) in Shanghai.



[image: Figure 4]
FIGURE 4. Distribution of NO2 (μg/m3) in Shanghai.



[image: Figure 5]
FIGURE 5. Distribution of PM2.5 (μg/m3) in Shanghai.



[image: Figure 6]
FIGURE 6. Distribution of PM10 (μg/m3) in Shanghai.


The built environment variables can be measured by the “5 Ds,” namely, density, design, diversity, distance to transit, and destination accessibility (42–44). In this study, the initial environmental data were composed of population data, urban road network data, and point of interest (POI) data. The population data came from the 6th Census of China. The urban road network data of Shanghai were extracted from the Open Street Map (OSM). The POI data were obtained from Baidu.com, which is one of the largest Chinese web mapping service applications. These data provided 14 types of locations, such as schools, restaurants, hospitals, parks, supermarkets, and transportation facilities (45). The total number of POIs in this dataset is 603,085, and for each POI, the basic information includes the name, type, location, and latitude and longitude.

The smallest research unit of this study is one of the 218 census tracts in Shanghai; thus, the three types of data above need to be processed. As shown in Figure 7, this processing mainly includes data cleaning, data analyses, data extraction, and variable calculation.


[image: Figure 7]
FIGURE 7. Diagram of the data processing.




Variable Calculation

Based on the existing data and referring to relevant references, we determined the dependent and independent variables of this study and performed a descriptive statistical analysis of all the variables, as shown in Table 2. There are 6 types of air quality data, namely, CO, O3, SO2, NO2, PM10, and PM2.5 data. The other built environment variables include 18 indicators of the “5 Ds.” In particular, land-use diversity is measured by the entropy index, which ranges in value between 0 and 1, where 0 means that the land use is single and homogeneous and 1 means that all types of land use are evenly distributed (43, 46). The calculation formula of land use diversity is defined as follows:

[image: image]

where Ei is the entropy for land uses within the spatial unit i, pij is the proportion of the jth land use at spatial unit i, and N is the number of land use categories. In this study, 14 land uses (restaurants, retail, hotels, tourist attractions, medical facilities, educational buildings, residences, parks, and so on) are considered (N = 14).


Table 2. Variable definitions and statistics.

[image: Table 2]

To measure the straight-line distance from the city center, we chose the location of the Shanghai Municipal People's Government as the downtown of Shanghai, where there are more than 10 large-scale shopping malls, the headquarters of dozens of well-known corporations, and hundreds of logistics, trade, information technology, and media enterprises.

In addition, the mean-centered method is used to eliminate the dimensional influence of all variables, including house prices. The formula is as follows:

[image: image]

where xik is the input value of the model, Xik is the original value of the k-th characteristic variable at spatial unit i, [image: image] represents the original average value of the k-th variable.




METHODOLOGY

Due to the obvious differences in the spatial distribution of air pollutants and housing prices (47, 48), we speculate that residents' MWTP for clean air is also spatially heterogeneous. Therefore, we choose a GWR model, which can represent the spatial variation in independent variables (49). In addition, to compare the applicability of the GWR model, we also establish the OLS model used in many studies (1, 29).


Multicollinearity Test

Multicollinearity refers to the high linear correlation between explanatory variables, which makes a model difficult to estimate or the regression effect not ideal. To eliminate this phenomenon, we adopted the value of the variance inflation factor (VIF) to filter variables. The VIF is a measure of multicollinearity. Specifically, when the VIF value of a characteristic variable is >7.5, it has problems of multicollinearity with other independent variables and should be removed from the model (50). The VIF of the independent variables is positively associated with the coefficient of determination (r2) for the regression, which can be computed as follows:

[image: image]



Spatial Autocorrelation Test

Before using spatial regression models, the spatial autocorrelation of the variables should be tested. Moran's I test is often used to verify the spatial autocorrelation of variables (51), and Moran's I can be expressed as follows:

[image: image]

where n is the number of spatial units, wij is the spatial weight between units i and j, xi denotes the attribute value of unit i, and [image: image] represents the average value of all units.

Moran's I is a rational number, and it ranges between −1 and 1. Specifically, the larger the positive value of Moran's I, the stronger the spatial correlation. While the value of Moran's I <0 indicates a negative spatial correlation, and the smaller the value of Moran's I, the greater the spatial difference. A value near zero means a spatially random distribution. The null hypothesis of Moran's I test assumes that each explanatory variable is spatially independent, meaning that it is sufficiently close to 0. The Z-score is usually computed to verify the null hypothesis of Moran's I test and is defined as follows:

[image: image]

where E(I) and Var(I) represent the expectation and standard deviation of Moran's I, respectively. The significance level in this study is P < 0.01, and the critical Z-score values are −2.58 and +2.58 when using a 99% confidence level.



Geographically Weighted Regression Model

GWR models are based on the traditional linear regression model, which attempts to build a linear relationship between a given dependent variable and a set of independent variables (52). The GWR model tries to establish a linear regression equation for each spatial unit by considering the geographical changes among variables. As other observations are closer to the spatial unit, their influence on the coefficient estimation of this spatial unit is greater. This feature of the GWR model takes into account the local specific relationship between the dependent variable and independent variable of spatial variation during modeling. The calculation formula of the GWR model is as follows:

[image: image]

where xik is the independent variable, yi is the dependent variable, (ui, vi) are the spatial latitude and longitude coordinate points of spatial unit i, εi is the Gaussian error term, [image: image], β0 (ui, vi) is the intercept of spatial unit i (the constant term), βk (ui, vi) represents the relationship weight value of the k-th characteristic variable at spatial unit i, and n is the sample size of the spatial unit.

The implementation process of the GWR model is as follows:

Step 1: Determine the optimal bandwidth.

Bandwidth b is used to explain the functional relationship between wj (i) (spatial weight function) and dij (the distance between spatial unit i and unit j). Excessive bandwidth will generate non-significant differences in parameter estimates between different regions, which will affect the accuracy of model parameter estimation. However, a bandwidth that is too small will lead to a large variation. The Akaike information criterion (AIC) is one of the criteria used to measure the optimal fitness of statistical models (53). In this study, the corrected AIC (AICc) is used to determine the optimal bandwidth. Compared with other methods of determining bandwidth, such as the cross-validation method and designated bandwidth method, the AICc method can usually obtain a better degree of fit. Specifically, the smaller AICc value indicates that the model is better. The calculation formula of AICc is defined as follows:

[image: image]

where [image: image] is the maximum likelihood estimate of the variance in the random error term, [image: image], RSS denotes the sum of residual squares, and tr(S) is the trace of S matrix. The S matrix can be expressed as follows:

[image: image]

where [image: image]. [image: image].

Optimal bandwidth b0 corresponds to the minimum value of AICc, which is obtained as follows:

[image: image]

Step 2: Select the spatial weight function.

In general, spatial weight function wj (i) is computed by the Gaussian kernel function or the Bi-square kernel function, which are both distance-decay functions. The weight of the Gaussian kernel is continuous and gradually decreases from the center of the kernel but never reaches zero, while the bi-square kernel has a specific range with a non-zero kernel weight, which controls the k-th nearest neighbor distance of each regression position. Furthermore, bandwidth b can be constant (fixed kernel) or variable (adaptive kernel). The adaptive kernel is suitable for creating a nuclear surface based on the density of sample points. If the distribution of elements is close, the coverage of the nuclear surface will be small; otherwise, it will be large.

In this study, we selected the adaptive Gaussian kernel function for the following two reasons. (1) We choose 218 census tracts of Shanghai with different areas, leading to denser tracts in the city center and fewer tracts in the suburbs. (2) Air quality is greatly affected by the distance factor. The adaptive Gaussian kernel function can be expressed separately as follows:

[image: image]

where dij is the distance between spatial unit i and unit j, which can be obtained by calculating the distance between the centroids of unit i and unit j by the Toolbox tool in ArcGIS; b is the optimal bandwidth, which can be obtained by Step 1.

Step 3: Compute the regression coefficient

Regression coefficient βk (ui, vi) of spatial unit i can be obtained by the local weighted least square method. The calculation formula of parameter [image: image] is as follows:

[image: image]

where [image: image], [image: image].



Calculation of MWTP

MWTP represents the change speed of the current willingness to pay, that is, the coefficient of the independent variable (the slope), which means adding one unit of independent variables (such as NO2, PM2.5, the density of metro stations and road networks) and how much are residents willing to pay more for the housing price. However, to eliminate the dimensional influence of the independent variable and the dependent variable (the housing prices), the mean-centered method was adopted to normalize the variables in the GWR model. Therefore, the coefficients of the GWR model need to be transformed to calculate the MWTP. The specific formula is as follows:

[image: image]

where MWTPik is the MWTP of the k-th characteristic variable at spatial unit i, [image: image] represents the original average value of the k-th variable, and [image: image] represents the average value of the dependent variable, which is the housing price in this paper.




RESULTS AND DISCUSSION


Results Analysis

First, the Toolbox tool in ArcGIS was used to carry out multicollinearity tests on all the independent variables in Table 2, and the variables with VIF values >7.5 were removed. Then, stepwise OLS regressions were adopted to test the impact of independent variables on housing prices and select the variables with significant performance. Only 10 independent variables were left: the mean concentration of PM2.5, the mean concentration of NO2, metro station density, road network density, parking lot density, the percentage of educational service POIs, the percentage of stadium POIs, the percentage of medical institution POIs, the percentage of park POIs, and the straight-line distance from the city center.

The OLS regression results of these independent variables are shown in Table 3. The results show that PM2.5 and NO2 have a significant negative impact on housing prices, which are consistent with Chen and Chen (54) and Dong et al. (5), and the coefficients of other built environment variables are basically consistent with the theoretical and expected values. Specifically, Housing prices fall as the residential property move further away from the city center and housing prices rise with the increase of the number of subway stations, schools, and other infrastructures. Furthermore, the VIF values of these 10 independent variables are all relatively small, indicating that the collinearity among the variables is very weak.


Table 3. OLS regression results.

[image: Table 3]

The global Moran's I test was conducted to examine whether the 10 independent variables screened above had spatial autocorrelation. Table 4 shows the results, which include Moran's I, the expected index, the Z-score, and the P-value of the independent variables. All independent variables show spatial autocorrelation with a significance level of P < 0.01, and all Z-scores are >2.58. Therefore, it is necessary to use the GWR model to reveal the geographical variability of each variable.


Table 4. Results of Moran's I test.
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Figures 8, 9 show the actual housing prices and the housing prices predicted by the GWR model, indicating that the GWR model has a high degree of fitting accuracy. To further prove the superiority and feasibility of the GWR model, we compared it with the OLS model, and both models adopted the same explanatory variables mentioned above. We computed the root mean square error (RMSE), mean absolute error (MAE), mean relative error (MRE), R2, adjusted R2, and AICc values of these two models, as shown in Table 5. From these six indicators, we can find that the prediction accuracy of the GWR model is better than that of the traditional OLS model. Meanwhile, the MAE and R2 of the GWR model are 5,029 and 0.876 Yuan/m2, respectively, which further reflects the high prediction accuracy of the GWR model. Furthermore, we computed 6 eigenvalues of the estimated coefficients of different variables to describe their influence range, namely, the average value, minimum value, maximum value, lower quartile, median, and upper quartile, as shown in Table 6. From the average value of the estimated coefficient, the GWR model results are consistent with those of the OLS regression as a whole, which shows that the mean concentration of PM2.5, mean concentration of NO2, and distance from the city center have negative effects on housing prices and that the other independent variables are all positively correlated. In addition, the value symbols of the maximum and minimum values are the same, proving that there is no directional difference in the influence of different variables on housing prices in Shanghai, and all variables are either promoting or inhibiting factors.


[image: Figure 8]
FIGURE 8. Observed housing prices (Yuan/m2) in Shanghai.



[image: Figure 9]
FIGURE 9. Predicted housing prices (Yuan/m2) in Shanghai based on the GWR model.



Table 5. OLS and GWR comparison results.
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Table 6. GWR modeling results (the coefficients of different variables).
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Spatial Heterogeneity Analysis of MWTP

There are many estimates of coefficients output by the GWR model because one important characteristic of GWR models is that the estimated coefficients of each independent variable vary with each census tract, which indicates that each selected variable is affected by local characteristics (49). Therefore, the results of the GWR model can provide a reference for the government to formulate regional policies. In addition, we can calculate residents' MWTP for each variable by Equation (12). This study focuses on the analysis of residents' MWTP for clean air, as shown in Figures 10, 11, and the MWTP for other variables are shown in Figures 12–16.


[image: Figure 10]
FIGURE 10. The spatial heterogeneity of MWTP for PM2.5.



[image: Figure 11]
FIGURE 11. The spatial heterogeneity of MWTP for NO2.



[image: Figure 12]
FIGURE 12. The spatial heterogeneity of MWTP for metro station density.


Figures 10, 11 indicate that residents' MWTP for clean air has obvious spatial heterogeneity, Shanghai residents, on average, are willing to pay 50 Yuan/m2 to reduce the mean concentration of PM2.5 by 1 μg/m3, and the lowest absolute value of MWTP is 16 Yuan/m2 in the central Jing'an District and the highest absolute value of MWTP is 163 Yuan/m2 in the Pudong New Area. Shanghai residents are, on average, willing to pay 99 Yuan/m2 to reduce the mean concentration of NO2 by 1 μg/m3. The lowest absolute value appears in the Putuo District, where it is 10 Yuan/m2, while the highest absolute value appears in the Qingpu District, where it is 250 Yuan/m2. In other words, ceteris paribus, our results show that a 1 μg/m3 reduction in the mean concentrations of PM2.5 and NO2 results in a 0.1 and 0.2% increase in Shanghai property value, respectively (in 2018, the average housing price in Shanghai was 50,090 Yuan/m2, and the mean concentrations of PM2.5 and NO2 were 43.19 and 42.33 μg/m3, respectively). Meanwhile, this result is slightly lower than that in developed countries, such as the US (1 μg/m3 reduction in TSPs increases the value of housing by 0.2–0.4%) (9), and it is similar to the study of prefecture level cities in China (a 1 μg/m3 increase in the PM2.5 is associated with up to a 36 Yuan/m2 reduction in housing prices) (19, 20). We speculate that there are two possible reasons: (1) China is currently a developing country, and people pay less attention to air pollution than developed countries. (2) Housing prices in Shanghai are very high, resulting in a small proportion of clean air.

This result shows that Shanghai residents' MWTP for reducing NO2 levels is higher than that for reducing PM2.5 levels, which is similar to the OLS model results. The reason is that the effect of NO2 on Shanghai residents is more obvious. NO2 is the main pollutant that causes acid rain, and the acid rain frequency was 53.8% in 2018, up 6.2% from the previous year (Shanghai Municipal Bulletin on the Status of Ecological Environment, 2018). Moreover, NO2 can cause photochemical pollution and swelling of the human lungs (55). Furthermore, residents' MWTP for reducing levels of PM2.5 and NO2 increased from the city center to the suburbs. The possible reasons are as follows: (1) There are many factories in the suburbs that emit a lot of air pollutants, especially thermal power plants, machinery manufacturing industry, and automobile factories (Shanghai Municipal Bulletin on the Status of Ecological Environment, 2019), such as heavy machinery manufacturing in Pudong New Area, Shanghai Volkswagen in Jiading District, and petrochemical industry in Jinshan District (Shanghai Statistical Yearbook, 2020). Compared with traffic emissions, air pollutants emitted by these factories are concentrated and visible. Therefore, suburban residents living near these factories may be more disgusted with the air pollution and more willing to pay for clean air (56, 57). (2) Even though there are fewer infrastructure resources in the suburbs, more and more people move from the urban areas to the suburbs in order to enjoy a better quality of life, and these people attach great importance to the living environment (Shanghai Municipal People's Government, 2021). However, residents who live near the city center value other built environmental factors, such as convenient transportation, closer workplaces, and abundant educational and medical resources (1, 5, 24). (3) The result may be different from some previous studies on multiple cities (from a macro perspective) or multiple communities (from a micro perspective) with large economic differences (5, 9, 31). Because our study focuses on each census tract in Shanghai (from a meso perspective), where the economic gaps are relatively small. Even some rich people may prefer to move to the suburbs to enjoy better quality of life, especially in the five new towns.

The density of metro stations and road networks are both important indicators of urban traffic convenience. Figures 12, 13 show the spatial variation in residents' MWTP for the density of metro stations and road networks, respectively, with estimated MWTP ranging from 4,712 to 5,373 Yuan/m2 and from 3,136 to 4,126 Yuan/m2, respectively. Both indicators are positively correlated with housing prices. In addition, there is a decreasing trend from the suburbs to the city center of residents' MWTP for metro stations and road networks. The possible reasons are as follows: the density of metro stations in the center of Shanghai is relatively dense, with 1 subway station per km on average and 1 subway station per 5–10 km in the suburbs (Shanghai Statistical Yearbook, 2020). The density of road networks in the center of Shanghai is also relatively large, with a dense distribution of secondary trunk roads and branch roads, while it is sparse in the suburbs. Therefore, suburban residents are more eager to increase the density of metro stations and road networks. This result suggests that compared to increasing the density of metro stations and road networks in the city center, increasing these two indicators in the suburbs is more effective for improving the real value of land, especially in areas with poor traffic services.


[image: Figure 13]
FIGURE 13. The spatial heterogeneity of MWTP for road network density.


Figures 14, 15 show the spatial differences in Shanghai residents' MWTP for educational services and medical institutions, with estimated MWTP ranging from 2,133 to 2,377 Yuan/m2 and from 419 to 778 Yuan/m2, respectively. In general, educational services and medical institutions are positively correlated with housing prices. Spatially, residents' MWTP for educational services is lower in the city center and higher in the suburbs, while it is opposite for residents' MWTP for medical institutions. The reason is probably that China advocates “going to school nearby,” and Chinese residents attach great importance to school district houses, while there are fewer schools in the suburbs, and suburban residents are crazier about school district houses, even though such houses are more expensive. Regarding medical institutions, people are eager to obtain the best medical services when they are sick, and the city center has abundant medical resources. Therefore, both urban and suburban residents are more willing to go to the city center to see a doctor, so residents' MWTP for medical institutions is higher in the city center. For these reasons, it is necessary to promote the balanced development of education and medical care between the city center and the suburbs of Shanghai.


[image: Figure 14]
FIGURE 14. The spatial heterogeneity of MWTP for educational services.



[image: Figure 15]
FIGURE 15. The spatial heterogeneity of MWTP for medical institutions.


Figure 16 shows the spatial impact of the straight-line distance from the city center on housing prices. In general, the distance from the city center is negatively correlated with housing prices, and the range of the GWR model's coefficient is from −0.0896 to −1.5254. Based on Equation (12), we convert it to MWTP, which ranges from −227 to −3,863 Yuan/m2. Spatially, the absolute value of MWTP for the distance from the city center is higher in the inner suburbs, while it is lower in the downtown and outer suburbs. The reason is probably that residents in the inner suburbs are more dependent on downtown resources (such as shopping malls, parks, and stadiums), which will make them tend to buy houses as close to the city center as possible. This result indicates that residents in the inner suburbs are more sensitive to the distance from the city center, while residents in the outer suburbs are more sensitive to other built environmental factors of housing, such as air quality and traffic convenience.


[image: Figure 16]
FIGURE 16. The spatial heterogeneity of MWTP for the distance from the city center.




Actual Losses Caused by Air Pollution in Shanghai

Based on the above estimates, we attempt to compute the actual losses caused by air pollution in Shanghai from the perspective of asset value depreciation in the entirety of the Shanghai housing market. In 2018, the total building area of the housing stock in Shanghai was 594.6 million m2 (Shanghai Academy of Social Sciences, 2019). If the mean concentrations of PM2.5 and NO2 increased by 1 μg/m3, the estimated losses of the entire Shanghai real estate market would be 29.730 and 58.865 billion Yuan, respectively.

In general, our research proves that air pollution has caused great economic losses in Shanghai. Shanghai residents are very sensitive to air pollution, and residents' MWTP for clean air is lower in the city center and higher in the suburbs, especially in the outer suburbs, such as the Qingpu District, Pudong New Area, and Jinshan District.




CONCLUSIONS AND IMPLICATIONS

Under the poor air quality conditions in China, residents' demand for clean air increases as their incomes rise (58). To improve public health and formulate regionally specific air quality improvement plans and policies, we adopted a GWR model to explore the spatial heterogeneity of residents' MWTP for clean air in different areas of Shanghai. The main findings are as follows:

(1) In this case study, the GWR model performed better than the OLS model for the same variables, with significantly smaller AICc values, higher R2 values, and adjusted R2 values.

(2) At the level of Shanghai as a whole, air pollutants have a negative impact on housing prices. Using the marginal rate of transformation between housing prices and air pollutants, Shanghai residents, on average, are willing to pay 50 and 99 Yuan/m2 to reduce the mean concentration of PM2.5 and NO2 by 1 μg/m3, respectively.

(3) From the perspective of Shanghai census tracts, residents' MWTP for clean air has obvious spatial heterogeneity. Suburban residents pay more attention to air quality, which indicates that they have a higher MWTP for clean air, especially in the southeast, such as Pudong New Area, and southwest, such as Jinshan District and Songjiang District. In contrast, residents in the city center value other built environment factors, such as convenient traffic and abundant educational resources.

(4) We also measured the actual losses caused by air pollution in Shanghai from the perspective of housing market value. The results show that if the mean concentrations of PM2.5 and NO2 increased by 1 μg/m3, the estimated losses of the entire Shanghai real estate market would be 29.730 and 58.865 billion Yuan, respectively.

The view that air quality can be capitalized by housing prices is fully confirmed in this study. Based on the conclusions above, several policy recommendations are proposed:

(1) Air pollutants seriously endanger people's health and can lead to cancer, respiratory diseases, and low immunity of humans (55, 59). The intensification of air pollution will also lead to an increase in the cost paid by residents. The measurement of MWTP can evaluate the value of air quality, a public good that is difficult to be priced through the market mechanism. This study can provide a scientific and empirical basis for evaluating the economic benefits of environmental protection projects and environmental governance policies. Relevant government departments can conduct a preliminary benefit-cost analysis of pollution control.

(2) NO2 can cause photochemical pollution and swelling of the human lungs (60). Compared with PM2.5, Shanghai residents have higher MWTP for reducing NO2, which is mainly related to congested traffic and the boiler waste gas. The government should promote the development of the new energy vehicle industry and encourage citizens to take public transportation or carpool to go out. City policymakers should design scientific and reasonable air pollution control measures and improve the relevant regulations and policy system of atmospheric environment control.

(3) Regionally targeted air governance policies contribute to the rapid improvements in public health and land value. City policymakers can use differential taxation and government intervention to improve the energy structure and reduce industrial emissions. The areas with higher MWTP for clean air should be considered as key areas for air pollution control, such as Jinshan District, Pudong New Area, and Jiading District. Boiler retrofitting, urban sprinkling and dust suppression can be strengthened by charging air taxes and enterprise sewage tax.

(4) Air quality control requires a lot of funds, and the source of funds is the practical difficulties faced by local governments. The results of MWTP can provide a possible reference for the financing of related public health governance projects (61). In policy practice, the government can adopt a value slightly lower than Equation (12) based on housing price to levy environmental tax, which can be used to increase investment in environmental renovation on the one hand and improve the overall welfare of homebuyers on the other hand.

This study computes residents' MWTP for clean air in different census tracts of Shanghai, and it can help Shanghai and other cities achieve a win-win situation of economic development and public health. However, this study has some limitations. In this study, the GWR model is linear and cannot reflect the non-linear relationship between the independent variables and housing prices. In the future, we can develop non-linear machine learning algorithms based on spatial and temporal dimensions. Furthermore, more variables affecting housing prices (per capita income, the demographic structure, land policy, etc.) should be considered in the model development of future studies.
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The suitability and feasibility of public-private partnership (PPP) patterns in a rural context have not been well-documented and understood. To address this research gap and practical plight, this study aims to analyze the rural resident's willingness to pay for and participate in the improvement of rural sanitation facilities, and further explore the drivers and barriers affecting their decisions. This study was performed in rural areas of three western provinces, including Shaanxi, Ningxia, and Inner Mongolia, of western China's rural areas by conducting a survey on 1,248 rural residents. In Inner Mongolia, the proportion of respondents who were willing to pay was highest, while the proportion of respondents who may provide labor was lowest among the three provinces. Respondents from Ningxia had the least willing to pay, and respondents from Shaanxi had the highest willingness to participate. Overall, respondents' rural (living) duration time, personal interest in local government notice, and the latest time when the sanitation facilities were improved could significantly affect their willingness. In Inner Mongolia, occupation and water availability could significantly influence respondents' willingness, and both gender and health conditions had significant impacts. In Ningxia, respondents' personal interest in local government notice had a notable impact on willingness, and low-income respondents showed a more notable willingness to pay and participate. In Shaanxi, occupation and water availability could significantly influence respondents' willingness. Respondents' personal interest in local government notice had a notable impact on their willingness. This study is of significant importance to understand rural resident's participation in sanitation infrastructure improvement to support relevant PPP projects, and is important to solve poverty-caused dilemmas.

Keywords: sustainable development, rural area, willingness to pay, willingness to participate, sanitation improvement, motivations


INTRODUCTION

Poor sanitation quality has been a critical problem for many countries, with severe impacts on underground water quality, public health, and well-being. It is more prominent in poor and rural areas of developing countries because of the lack of sanitation infrastructure and services. Such a problem impedes the achievement of the Sustainable Development Goals in aspects of No poverty, Good health and well-being, Clear water and sanitation, Industry, innovation and infrastructure, Reduced inequalities, and Sustainable cities and communities. A report from the World Health Organization asserted that 9% of the rural population worldwide has sewer connections. In the least developed countries, 56% of the population does not even have limited sanitation services, and a larger part of this population are rural residents (1). Existing studies have reported that inadequacy of sanitation is the cause of diseases, leading to about 502,000 deaths annually (2–4). The absence of sanitation could further bring damages to underground water and public health (5). Moreover, sanitation is also one of the drivers to rural-urban inequality, where there was an alarming situation in the sanitation facilities in India, and the rural-urban inequality damaged sustainable human development (6). It is further pointed out that inadequate maintenance of sanitation facilities imposes a considerable burden on the resilience of cities (7). Sanitation, therefore, is regarded as the fundament of creating employment and reducing poverty (8). Groundwater pollution and health threats are caused by poor sanitation facilities in China's vast rural areas (9). Although accompanied by economic development, the Chinese government has also made great efforts to upgrade sanitation facilities. Because of the imbalance in regional development, sanitation facilities in western China are still inadequate (10). In western China, there is an urban-rural gap in the development of sanitation (11). As a result, western rural China is a developing region in urgent need of sanitation upgrades.

The improvement of rural sanitation has been an urgent task, and governments in both developed and developing countries have made multiple attempts. However, the demand for funds to improve rural sanitation is so high that government finances usually cannot fully support the cost. As a result, the progress of improving sanitation in rural areas is slow globally. Many local governments, fortunately, are seeking solutions to such problems. For instance, the government of Peru improved sanitation after approving the funding support from the United States Agency for International Development, and technical support from the Centers for Disease Control and Prevention United states (12). In the slums of Kisumu, Kenya, a nongovernment organization (NGO) initiated a sustainable holistic sanitation project. Through capacity-building and the creation of organizational structures, the Dutch NGO improved local sanitation with limited funding (13). In Tanzania, the government received support from the World Health Organization and United Nations Children's Emergency Funds to implement the improvement of sanitation technologies (14). In Mandalay, Myanmar, the local government introduced constituency funds and large-scale international funds to upgrade sanitation. Under multilateral donors, the government used technologies to obtain the city's resilience (15).

Nevertheless, a donation is not the solution to sanitation problems. Because of limitations in national budgets and funds, many local governments have to collect funds by themselves. The PPP approach has been considered an efficient means to procure infrastructure and has been widely adopted in various national projects in developed and developing countries (16–19). In particular, the PPP mode has been invited by the water sector to reduce the economic pressures of desalination and drainage projects in Saudi Arabia (20). In Ghana, the government tried to use PPP to support public investment priorities and develop water infrastructure (21). In Sweden, the PPP project was used in large and complex projects to support the development of water infrastructures (water and sewage) in cities (22). Existing literature has further concluded that the success of PPP schemes is affected by the following critical factors: (i) financial: stability of the economic environment, the profitability of the project, cost effectiveness and financial attractiveness, reliable contractual arrangements, project preparation, and resource availability; (ii) political: stability of the political environment, government guarantee on the sound financial package, transparent regulatory framework, the experience of government in PPP schemes; (iii) technical: project complexity, reliable private sector with great technical strength and experience; and (iv) Social: long-term demand of service need, and public and community support (23–27).

Overall, the PPP mode provides an innovative and practical way for local governments to upgrade rural sanitation. Rural governments can potentially raise a part of the funds from rural residents, and, alternatively, residents can possibly cooperate with local governments to build sanitation facilities in their villages by performing a part of the labor during construction. Accordingly, improvement in sanitation could be more efficient and cheaper. However, attitudes of local residents toward payment and participation, namely, willingness to pay (WTP) and willingness to participate (WTPP), are critical questions for understanding (28–31). However, there are only few studies focused on PPP in rural areas. Harvey et al. (32) found the PPP schemes effectiveness promotes sanitation development in 155 rural communities of Uganda. Josphat and Kimathi (33) focused on a PPP project funded by the Dutch government to upgrade sanitation technologies in rural Kenya and found that enthusiasm facilitators could significantly accelerate the implementation of the PPP project. Josphat et al. (34) further suggested that PPP schemes could provide financial inclusion, having a positive impact on market and demand, and resulting in the promotion of the development of sanitation in rural Kenya.

However, the attitude of rural residents has merely been study in the majority of these literature. The literature on the attitude of rural residents who participated in the PPP program is limited to be able to show progress and sanitation improvements. The mechanism behind rural residents' WTP and WTP in sanitation improvement is still unknown, especially when rural residents are generally poor. To build effective and appropriate sanitation facilities in rural areas of China, therefore, it is essential to focus on the attitude of rural residents on PPP programs to upgrade sanitation. Accordingly, this article aims to assess rural residents' WTP for improving sanitation and their WTPP by providing labor during improvements. Furthermore, this article will explore factors that can impact rural residents' willingness to improve sanitation by improving sewage treatment equipment and collection systems. Using surveys and binary logistical regression, we examined the factors affecting subjects' willingness with the PPP approach in Ningxia, Inner Mongolia, and Shaanxi. The results of this study could support residents to improve rural infrastructure to solve a poverty-caused dilemma and improve the quality of their lives. It could further provide critical information and insights for poor countries and regions.



STUDY AREA

The study was conducted in rural areas of three provinces, namely, Ningxia, Shaanxi, and Inner Mongolia, in the western part of China. The three provinces have a large rural population and they suffer water shortage problems because of their uniform climate and elevation (35, 36). As a result of drought, the local ecology is fragile and difficult to repair, and wastewater can bring lasting impacts on the local ecology. To make matters worse, the water shortage is aggravated by the absence of sanitation (37). In 2016, the total sewage discharge in Inner Mongolia had reached 1.05 billion tons/year. The municipal sewage treatment capacity of Inner Mongolia was 2.44 million m3/day in 2019 (38). By 2016, the total sewage discharge in Ningxia had reached.34 billion tons/year. The municipal sewage treatment capacity of Ningxia was 1.09 million m3/day in 2019 (39). By 2016, the total sewage discharge in Shaanxi had reached 1.67 billion tons/year. The municipal sewage treatment capacity of Shaanxi was 3.97 million m3/day in 2019 (40). According to these data, the sewage treatment capacity of the three provinces cannot meet their own needs. To make matters worse, the wastewater produced in many rural areas is not counted in the total sewage discharge in the provinces. A report from NBOs asserts that only 15% or less of villages could have proper sewage treatment (41), and that more than 85% are under challenges. Therefore, sanitation in these areas need to be improved urgently.

Local governments of the three provinces expressed a strong interest in improving rural sanitation and implemented the “Beautiful Countryside” policy for improving the environment, roads, water, sanitation, and toilets. The local governments prioritized sanitation because the construction of sanitation facilities in these provinces is far behind other types of infrastructure, and poor sanitation poses terrible hazards to public health and the environment. Inner Mongolia contains the largest pastoral area of China. In Inner Mongolia, 38% of the population resides in rural areas, 76% of the population is aged between 15 and 64 years, and less than 5% of the population is illiterate. The economy of Inner Mongolia is dominated by cattle production and tourism. In 2019, the per capita disposable income was USD 4,430, and per capita consumption expenditure was USD 3,008 in Inner Mongolia (42). Ningxia, with a rural population of 3 million, where rural residents account for 42% of the population in this region, 73% of the population is aged between 15 and 64, and 7% of the population is illiterate. The economy of Ningxia is dominated by agriculture and tourism. The per capita disposable income was USD 3,540, and per capita consumption expenditure was USD 2,653 in Ningxia in 2019 (42). Shaanxi has a rural population of 17 million. It is the cultural and scientific research center of west China. In Shaanxi, 73% of the population is aged between 15 and 64 years, less than 6% of the population is illiterate, and 43% of the population are rural residents. Shaanxi's economy is dominated by agriculture and tourism. The per capita disposable income was USD3,577, and per capita consumption expenditure was USD 2,532 in 2019 (42).



RESEARCH METHOD


Questionnaire

The characteristics of local residents and sanitation were investigated in the survey. The survey questionnaire included four main sections based on a contingent valuation method (CVM) (43, 44). The first section focused on the rural residents' socioeconomic characteristics, the second considered personal activity characteristics, the third was about the characteristics of services and infrastructure, and the fourth focused on rural residents' WTP and WTPP, affordable cost, and the main reason for being willing or unwilling to pay.

The questionnaire focused on the payment for sanitation improvement in building a collection system and purchasing miniature sewage treatment equipment. Labor included installing miniature sewage treatment equipment and building a collection system in a respondent's house and villages. Costs of improving sanitation did not include the cost of maintenance and operations. The open-ended approach was simple but rarely resulted in usable responses, so our approach allowed objections to avoid selection bias (45).

It should be noted that there was no ethics committee working particularly for questionnaire approval in our affiliations. However, during the questionnaire design, to respect the privacy of possible respondents, we invited eight experts to test the questionnaire if the questions were appropriate. Moreover, to conduct and understand group reactions to particular problems for an accurate survey (46), we invited four target groups with 20 participants in total to explore the questionnaire design and assess the income and affordability level. Each target group, consisting of five members, was comprised of local rural residents, government officials, and academic experts, and the duration of each group discussion was 1.5 h. Based on the opinions and suggestions generated from the four target group discussions, the questionnaire was revised and upgraded. To guarantee the WTP bid range for the CVM and validate the survey, the questionnaire was pre-tested on 30 rural residents and amended based on feedback. Overall, the group discussion and pre-test allowed for the questionnaire to be well understood by rural residents.

The study was conducted from May to December 2019, and stratified random sampling was adopted. According to the population size of each province, one city from Ningxia, three cities from Inner Mongolia, and four cities from Shaanxi were chosen for the survey. According to the population size of each city, four villages from Yinchuan, six villages from the Ordos, seven villages from Baotou, two villages from Wuhai, seven villages from Xianyang, six villages from Baoji, five villages from Hanzhong, and four villages from Ankang were chosen for the survey. The level of economic development of the survey villages varies, as does the condition of sanitation. Generally, sanitation facilities in the survey villages need to be upgraded. Overall, the survey villages are a good representation of the condition of sanitation in local rural areas. The spatial distribution of the study area is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Study area.


In each village, we randomly selected 10% of the population. During the questionnaire survey, the interviewees were informed that they could quit the survey at any time if they felt uncomfortable and that the results would be anonymous and only for research. This procedure guaranteed that the questionnaire study was conducted on a voluntary basis. The respondents were encouraged to ask questions and request clarification during the survey. If the respondents were illiterate, we provided the questionnaires orally. We received 1,402 questionnaires, and 154 were excluded, as they were incomplete or contradictory. Finally, the response rate was 89%, with 1,248 valid questionnaires.



Model Description

Logistic regression has been widely used in studies that focus on WTP and WTPP (47–49). Since the dependent variable was a two-category variable in the WTP and WTPP in this study, binary logistic regression was adopted to explore the relationship between the dependent variable and influential factors (50, 51). The two possible outcomes are represented by response variable 1 if the respondent is willing to pay or participate, and 0 if the respondent is unwilling to pay or participate. We estimated binary logistical regressions of the following type (50–52):

[image: image]

where Pn(i) is the probability that a rural resident is willing to pay or participate, [image: image] is a vector of estimated parameters, and X is a vector of explanatory variables used to determine the outcome probability of Pn(i) being equal to 1. For each group, an alpha of 0.05 was used to screen the significance of variables. Odds ratios (ORs) were computed for the variables, and a confidence interval of 95% was used.




RESULTS


Socioeconomic, Pollution, and Sanitation Characteristics

Table 1 presents the demographic characteristics of the respondents. There were more female respondents than male respondents in both Inner Mongolia and Ningxia, while there were more male respondents in Shaanxi. About 8.05–17.65% of the respondents were unhealthy, following an increasing order of Shaanxi, Inner Mongolia, and Ningxia. Regarding education level, 21.76–25.74% of the respondents received high school education without large differences among the three provinces, while Ningxia had the highest proportion of University education receivers (36.76%), followed by Inner Mongolia (16.33%), and Shaanxi (9.24%). Additionally, Ningxia had the highest proportion of farmers (50.74%), Shaanxi had the highest proportion of service personnel (32.04%) and self-employed (46.05%), and Inner Mongolia had the highest proportion of migrant workers (22.68%). Only a minority of respondents' family size was larger than six in all the provinces (10.29–26.38%). In Shaanxi, 43.67% of the respondents' annual household income was lower than USD 1,510. The annual household income of 66.21% of the respondents from Inner Mongolia and 69.85% of the respondents from Ningxia was higher than USD 4,532.


Table 1. Descriptive statistics of demographic characteristics.

[image: Table 1]

Table 2 presents the personal activities of the respondents. Regarding time spent in the villages, the majority of the respondents (52.94–76.60%) could spend over 10 months in the villages annually. However, about 42.65% of the Ningxia respondents only lived in the villages for less than 3 months annually, and the proportion in Inner Mongolia was about 27.21%. About 9.24–22.06% of the respondents thought they frequently checked the notices of village government. Learning policy of upgrading sanitation was a common activity among 57.37%, 46.32%, and 80.03% of the Inner Mongolia, Ningxia, and Shaanxi respondents, respectively. However, more respondents (53.68%) in Ningxia were reluctant to learn the policies.


Table 2. Descriptive statistics of personal activity characteristics.
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Table 3 presents the relevant services, infrastructure, and willingness characteristics. About 11.76–25.78% of the respondents had suffered different levels of difficulties in getting safe drinking water, following a decreasing order from Shaanxi (25.78%), Inner Mongolia (19.50%), and Ningxia (11.76%). Most of the sanitation facilities have not been upgraded in the past 5 years, especially in Inner Mongolia (78%) and Ningxia (62.5%). About 21.76% of the sanitation facilities have not been upgraded in the last 10 years in Shaanxi. Most of the toilets had not been connected with sanitation facilities to treat feces (91.84% in Inner Mongolia, 91.91% in Ningxia, and 188.97% in Shaanxi). About 30.15–57.82% of the respondents were willing to pay for sanitation, with the highest proportion in Inner Mongolia (57.82%), followed by Shaanxi (50.67%), and lowest in Ningxia (30.15%). About 66.74–70.96% of the respondents were willing to provide labor to improve sanitation, with the highest proportion in Shaanxi (74.96%), followed by Ningxia (66.44%), and Inner Mongolia (66.91%). Overall, the respondents in Inner Mongolia were the most positive on WTP, while the respondents in Shaanxi were the most positive on WTPP. The lowest proportion of WTP of Ningxia may be due to Ningxia having the lowest per capita disposable income and the second highest per capita consumption expenditure among the three provinces. The residents in Ningxia are more nervous about their money than those in the other two provinces. As a result, the Ningxia residents are more sensitive to spending money.


Table 3. Descriptive statistics of services, infrastructure, and willingness.
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Figure 2 shows the details of the affordable cost of rural respondents (willing) in three provinces. Overall, the proportion of affordable cost decreased with an increase in expenditure in all the three provinces. Namely, the respondents' WTP for sanitation improvement would decline as payment increased. This finding is consistent with the economic theory of demand (53). Furthermore, the results indicate that the mean fixed payment of rural residents was USD 55.75 in Inner Mongolia, USD 59.82 in Ningxia, and USD 45.2 in Shaanxi per household.


[image: Figure 2]
FIGURE 2. Fixed-amount quota and proportion of rural household payment.




Factors Shaping Attitudes

Motivations behind respondents' decisions on WTP and WTPP were further investigated, as shown in Figure 3. In Inner Mongolia, the main motivations to pay were hygiene (40%), convenience (31%), and health (26%). In addition, only 1% of the respondents who were willing to pay indicated their support for the government policy, and other motivations accounted for 2%. Such results indicate that respondents' support was driven by essential demands in their daily life rather than a governmental slogan. Nevertheless, the opposition to WTP was caused by unnecessary living requirements (49%), extra money (20%), and anxieties about failing to achieve expected performance (19%). About 8% of respondents were worried about unexpected consequences such as danger and inconvenience.


[image: Figure 3]
FIGURE 3. Reasons for the choices.


In Ningxia, 51% of the respondents who were willing to pay thought that convenience was their main motivation, much higher than health-related motivations (24%). About 15% of the willing respondents thought sanitation improvement could benefit environmental hygiene. In comparison, reasons for the unwillingness to pay included unnecessary living requirements (67%), doubt on expected performance (19%), extra money (5%), and unexpected consequences (5%).

In Shaanxi, 50% of the willing respondents thought sanitation improvements might benefit their health, 33% said convenience was their major concern, and 13% wanted to enjoy improved environmental hygiene. Only 2% mentioned government policy and 2% thought of other reasons as motivators. About 47% of the unwilling respondents said sanitation improvement was unnecessary, 32% thought upgrading could not improve their current sanitation sufficiently, and 12% said their most troubling concern was money.



Influence Factors for the WTP and WTPP

Binary logistic regression was used to explore the impact of different factors on WTP and WTPP regarding sanitation improvement in Western China's rural areas. Prior to this, both the likelihood test and Hosmer–Lemeshow test were conducted to examine if the observed WTP and WTPP could match the expected WTP and WTPP (Appendix Table A1). The results indicate that there was sound goodness-of-fit (p > 0.1) under the logistic model and that the binary logistic regression model was applicable for subsequent analysis. Table 4 presents the variability of WTP and WTPP with demographic characteristics among the respondents.


Table 4. Relationships between demographic characteristics and WTP and WTPP in rural areas of the three provinces.
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In Inner Mongolia, the male respondents had a lower WTP level than the female respondents, about 0.59 times less. Healthy respondents were more likely to pay compared with unhealthy respondents, about 2.93 times. Meanwhile, the healthy group had a higher level of intention to provide labor, about 3.44 times that of an unhealthy group. Service personnel showed a higher WTP level, about 3.46 times that of farmers. In Ningxia, respondents with the lowest income level were more likely to pay and provide labor for improving sanitation, about 12.17 and 13.57 times that of the wealthiest group, in WTP and WTPP respectively. In Shaanxi, both service personnel and migrant workers had a higher level of WTPP, compared with farmers, about 2.34 and 2.76 times that of farmers. Moreover, in Shaanxi, the migrant workers had a higher level of WTP, about 3.48 times that of farmers.

Table 5 shows the variability of WTP and WTPP with the time living in villages, interest in notice checking, and activities of learning policies. The results indicate that in Inner Mongolia, rural residents who spent less than 3 months in the village showed stronger WTP and WTPP, about 4.03 and 4.57 times that of people who stayed in rural areas for more than 10 months. The results were different in the case of Shaanxi, where the WTP and WTPP levels of respondents who lived for less than 3 months were only 0.29 and 0.37 times that of respondents who lived for more than 10 months. In comparison, in Ningxia, the respondents who lived in villages for 4–9 months annually had a higher level of WTP (18.71 times) than those who lived in villages for 10–12 months.


Table 5. Relationships between personal activities and WTP and WTPP.
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The respondents (least frequently checked the notices) showed less interest in paying and participating in all three provinces (0.02–0.48 times) than the respondents (most frequently checked the notices), apart from the case of WTPP in Shaanxi. In both Inner Mongolia and Ningxia, respondents who checked the notices less frequently also had a lower level (0.03–0.17 times) of WTP and WTPP than the respondents who checked the notices most frequently. The rural respondents who did not learn the policy had a lower level of WTP and WTPP in Shaanxi than the respondents who learned, about 0.47 and 0.39 times, respectively. In Ningxia, the WTP level among the respondents who did not learn was also lower, about 0.18 times that of respondents who learned.

Table 6 shows the variability of WTP and WTPP with sanitation services and infrastructure in villages. In Inner Mongolia, respondents who did not suffer difficulties in getting safe drinking water showed higher interests in paying and participating, about 2.23 and 3.18 times that of suffering difficulties. In Inner Mongolia, respondents who did not suffer difficulties in getting safe drinking water showed higher interests in upgrading sanitation than respondents who suffered difficulties in getting safe drinking water. Sanitation quality could also affect respondents' WTP and WTPP. Respondents could have a higher level of WTP and WTPP if no sanitation improvement was taken in the past 10 years, especially in Ningxia, reaching 30.42 and 67.09 times for WTPP and WTP, respectively. Moreover, a 5-year gap led to a higher level of WTPP (4.24 times) in Ningxia and WTP (1.72 times) in Shaanxi. However, the willingness of residents was not affected by whether the sanitation was connected with toilet.


Table 6. Relationships between sanitation service and infrastructure and WTP and WTPP.
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DISCUSSION

This article explored rural residents' support for sanitation improvement, economically and physically, in rural areas of Inner Mongolia, Ningxia, and Shaanxi. The study used a binary logit model to analyze the explanatory factors for WTP and WTPP variations. This study generated not only new findings, presented in Section Results, but also have theoretical and practical implications.


Exploratory Factors of Willingness to Pay and Participate
 
Gender Difference in Willingness

Gender was a factor that affected WTP in Inner Mongolia, and women had a higher level of WTP for sanitation improvement. The results are in tandem with previous studies that demonstrated eco-friendly actions are impacted by gender (54, 55). In other words, women are more positive regarding pro-environmental behavior. Moreover, the higher level of WTP among women might be relevant to more household works performed by women rather than men in the study areas, implying that upgrading sanitation could result in more benefits to women than men. In comparison, gender did not affect WTPP in Inner Mongolia, which might be because of the great requirement in physical strength, making both men and women reluctant to contribute. Moreover, there are insignificant differences in the WTP and WTPP with gender in both Shaanxi and Ningxia. This result may be because of the higher social status of female Mongols (56). Women with higher social status may strengthen their bargaining power in the household and own greater participation in community activities (57). Inner Mongolia is the Mongolian Autonomous Region. Thus, females in Inner Mongolia show more willingness to express their opinions about improving sanitation. In other provinces, this willingness may disappear when the social status of female declines. Thus, we observed no significant connection between gender and willingness in other provinces.



Health Concerns Behind the Choice

Health status could arouse respondents' WTP, but only in Inner Mongolia. The healthy group could have a higher level of WTP and WTPP than the unhealthy group, which is consistent with the view of Khan et al. and Wang et al. (58, 59). They stated that health status could significantly influence respondents' attitudes. The result was understandable, because illnesses could result in a financial burden on unhealthy respondents, and at the same time, decrease their ability to provide labor to improve sanitation. However, significant impacts of health were not observed in both Ningxia and Shaanxi; this might be because Ningxia and Shaanxi had an integrated urban-rural household health insurance system (60, 61). As a result, the rural residents could obtain higher compensation payouts. In comparison, the urban and rural household health insurance system was not fully integrated into Inner Mongolia, which meant that unhealthy rural residents had to shoulder a large part of expenses. However, the results should be further explored.



Knowledge Differences in Willingness

Education in relevant subjects has been considered a factor that affects respondents' attitudes (62). The results of our study indicated that respondents who learned about sanitation policies had a higher level of WTP and WTPP than rural residents who did not in Shaanxi (Table 6). The results were consistent with previous studies that knowledge is a driver to respondents' attitudes (63). Furthermore, the respondents who learned about sanitation policies had a high level of WTP in Ningxia, indicating that respondents' attitude was affected. Such results imply the significance of policy propaganda that could not only convey the policy but also deliver basic knowledge of sanitation improvement (64). However, sanitation policy did not affect respondents' WTP in Inner Mongolia, and WTPP in both Inner Mongolia and Ningxia, where the cause might interact with other factors, and more studies should be conducted to explore this.



Willingness Among Occupations

Yang et al. argued that occupations could influence respondents' willingness (65). In this study, we found that service personnel in Inner Mongolia and migrant workers in Shaanxi were more active in WTP compared with farmers. Service personnel and migrant workers were active in WTPP compared with farmers in Shaanxi. Such results may be because the service personnel and migrant workers had different lifestyles than the farmers. The farmers spend lots of time in the village, while the service personnel and migrant workers could have higher levels of living requirements after getting in touch with high quality of life. However, the occupation did not have a significant impact on WTP and WTPP in Ningxia. This result may be relevant to the reluctance of rural residents in Shaanxi and Inner Mongolia to migrate, and their willingness to stay in their hometowns; even if they must leave, they prefer to stay close to their hometown. Accordingly, the migrant workers and service personnel in Shaanxi and Inner Mongolia would be more likely to settle in towns and cities near their villages and maintain a close connection with the villages.




Implications for Sanitation Improvement


Living Demands of Rural Residence

The WTP and WTPP were significant and related to the time spent in their villages. The respondents who spent less than 3 months in villages showed a higher level of WTP and WTPP in Inner Mongolia, less WTP in Ningxia, and a lower level of WTP and WTPP in Shaanxi. The respondents who spent 4–9 months in villages had a higher level of WTP in Ningxia. This result complies with early studies that indicate that length of stay could have a statistically significant impact on respondents' WTP (66). Overall, the results indicate that respondents who were not fully living in villages would be more active. Such results might be because once people live in cities and towns with qualified sanitation services and infrastructure, they would have a higher level of quality of life. As a result, sanitation improvement became essential for them (47). Tuan et al. argue that respondents whose lifestyles were more dependent on the subject were more willing to provide contributions (67). For some rural residents, a long time of living in environments without sanitation services and infrastructure made them used to the quality of living, even though the quality was low. As a result, upgrading sanitation would be less attractive for these rural residents. From this perspective, the government propaganda pilot projects to enable rural residents to understand sanitation performance. Basic knowledge of sanitation benefits and relevant policies can be delivered to rural residents to overcome the barriers of old ideas and lifestyles.



Insufficient Concerns of Rural Government Notices

The frequency of notice-checking was associated with respondents' WTP in all provinces and the WTPP in Inner Mongolia and Ningxia. Such results indicate that an improved concern of notices of village government could allow rural residents to understand the latest policies and information on sanitation improvement. There might be an improvement in the likelihood of trusting village government and the expected performance. This finding is identical to the suggestion of Liu et al., who stated that altruistic individuals were observed to be more positive regarding eco-friendly technology (68). However, notice-checking did not have a significant effect on WTPP, which might be because of the interactions among other factors in Shaanxi. Nevertheless, the positive relationships in other provinces were the evidence for the importance of their notices. Accordingly, village government notices should be presented in a positive way, where the notices could be not only shown on a bulletin board and in village broadcasting stations but also can be delivered on a website and social networking software or application to break the barriers constraining information dissemination.



Failure and Disorder of Old Sanitation

The latest upgrading time was another factor strongly affecting rural residents' WTP and WTPP. The longer the sanitation was not upgraded, the more respondents were willing to pay. This result is identical to a related study conducted by Kumie et al. who argued that insufficient demand would be the main barrier to improvement (69). The fact that the longer sanitation was not upgraded, means that the old sanitation services and infrastructure cannot meet the basic requirements because of failure and disorder. At that time, the payment for the repair, replacement, and maintenance increased, and the repair fee would increase with time. Moreover, with improvement in living quality, old sanitation services and infrastructure could be out of date to meet emerging requirements, especially satisfaction, which could be a driver to improvement (70–72).



Neglected Water Quality

Rural residents who lived in arid regions or areas with poor-quality water resources could be less active in upgrading sanitation than respondents who could easily get safe drinking water in Inner Mongolia and Shaanxi. The findings of relevant studies are in accordance with our results, as Chatterjee et al. and Lera-López et al. argue that rural respondents would show a positive attitude toward upgrading sanitation to upgrade water quality (73, 74). Based on our second-round field work, it was found that safe drinking water was obtained from nearby areas through the local government. In some arid regions, rural residents even need to build a cellar to collect and contain rainwater as their drinking water (75). Some rural residents who suffered poor water quality and did not get safe drinking water from the government, however, chose to purchase bottled water. This means that rural residents who could not easily get safe drinking water did not drink the water in their villages, and that they were less impacted by insanitary water locally. In general, the respondents' (with no difficulties in water availability) active attitudes toward WTP and WTPP were an action to protect the water resources they were dependent on.




Limitations

This study had a few limitations. First, it used a questionnaire structure; thus, other factors might impact rural residents' WTP and WTPP in improving sanitation that was not included in the questionnaire. Second, the limited number of respondents might cause bias and variability. Although the options on the questionnaire were revised based on the opinions from three focus group discussions, using a validated instrument to confirm our results in further research is required.




CONCLUSIONS

The support of rural residents is indispensable to sanitation improvements in rural areas. This study investigated the WTP and WTPP of rural residents regarding sanitation improvement. The results indicate that the respondents of Inner Mongolia had the highest level of WTP and the lowest level of WTPP. In comparison, the respondents in Ningxia had the lowest level of WTP, and those in Shaanxi had the highest level of WTPP. Moreover, there was a mean fixed payment of USD 55.75 in Inner Mongolia, USD 59.82 in Ningxia, and USD 45.20 in Shaanxi per rural household.

It is noteworthy to notice that time spent in the village had a statistically significant association with willingness. The respondents who actively check notices from the government were more positive about promoting sanitation. The latest upgrading time has a significant impact on rural residents' WTP and WTPP. The respondents who learned about sanitation policies would have greater willingness for sanitation improvements in Inner Mongolia and Ningxia. Service personnel in Inner Mongolia and Migrant workers in Shaanxi would show more interest in upgrading sanitation compared with farmers. In Inner Mongolia and Shaanxi, the rural residents who suffered from difficulty in getting safe drinking water could have a lower level of willingness to upgrade sanitation than other rural residents. In Inner Mongolia, females showed a more positive attitude to improve sanitation. The healthy group showed more WTP and WTPP than the unhealthy group, but only in Inner Mongolia. The results were complicatedly affected by demographic characteristics, personal activities, and sanitation services and infrastructure in villages. However, the impacts of such factors varied significantly with provinces, indicating that the policy and actions for improving people's willingness should be tailored to a local context. Overall, the survey could serve as a useful reference for conducting sanitation studies and creating rural sanitation policies.
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APPENDIX

Table A1 presents the results of the likelihood test and Hosmer–Lemeshow test. The Nagelkerke R square is the revised Cox and Snell R Square. Coefficients of the Nagelkerke R square and Cox and Snell R square indicated that all the groups could match the expected results well (76). The Hosmer–Lemeshow test provided an analysis of the overall fit of the models (77). The Chi-square coefficients of the Hosmer–Lemeshow test were all greater than 0.05, so the expected results could be fit well.


Table A1. Model fitting information.
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As urban traffic pollution continues to increase, there is an urgent need to build traffic emission monitoring and forecasting system for the urban traffic construction. The traffic emission monitoring and forecasting system's core is the prediction of traffic emission's evolution. And the traffic flow prediction on the urban road network contributes greatly to the prediction of traffic emission's evolution. Due to the complex non-Euclidean topological structure of traffic networks and dynamic heterogeneous spatial-temporal correlations of traffic conditions, it is difficult to obtain satisfactory prediction results with less computation cost. To figure these issues out, a novel deep learning traffic flow forecasting framework is proposed in this paper, termed as Ensemble Attention based Graph Time Convolutional Networks (EAGTCN). More specifically, each component of our model contains two major blocks: (1) the global spatial patterns are captured by the spatial blocks which are fused by the Graph Convolution Network (GCN) and spatial ensemble attention layer; (2) the temporal patterns are captured by the temporal blocks which are composed by the Time Convolution Net (TCN) and temporal ensemble attention layers. Experiments on two real-world datasets demonstrate that our model obtains more accurate prediction results than the state-of-the-art baselines at less computation expense especially in the long-term prediction situation.

Keywords: urban traffic construction, traffic flow analysis, deep learning, graph, prediction model


INTRODUCTION

With the rapid development of urban traffic construction, traffic emission has attracted more and more attention from public. The traffic emission contains carbon monoxide, nitrogen oxides and particulate matter, which are the main causes of smog and photochemical smog pollution (1, 2). Public's health pays much price for the traffic emission (2–5).

As a result, there is a need for urban traffic construction to establish an effective environmental monitoring and early warning system (2), whose core is the accurate prediction of the evolution of traffic emission. The trend of traffic emission evolution is mainly affected by traffic conditions including traffic flow, traffic velocity and road occupancy (6). Predicting the emission of traffic road networks means predicting trends of those traffic condition variables (7). Therefore, the accurate and efficient predictions of traffic condition variables' trends can provide scientific foundation for predicting the evolution of urban traffic emission. The task of traffic condition variables' predictions is to provide punctual, continuous and precise traffic condition variables prediction information based on the past measurements of traffic and the underlying road networks. Among those traffic condition variables, traffic flow is harder to predict (8). The challenges of traffic flow prediction can be summarized into the following two parts: accuracy and efficiency (9).

First, the accuracy problem origins from non-Euclidean topological structure of traffic networks, the stochastic characteristics of the non-stationary traffic patterns and inherent difficulties in multiple steps ahead prediction (10). The key to improve the accuracy of prediction is to capture simultaneously the dynamic heterogeneous spatial-temporal correlations of traffic conditions. On the one hand, the spatial correlations can not only be found at a local scale but also in a wide range of the traffic networks. Two distant roads in a traffic network might have high correlations, too (11). And different locations have different impacts on the study location (12). Moreover, since traffic is constantly evolving, the spatial correlations are dynamic (10). For instance, in the morning, the correlations between a residential area and a business center could be strong; whereas in late evening, the correlations between those might be very weak (13). On the other hand, traffic observations exhibit autocorrelations at the adjacent time intervals and show cyclical patterns. Traffic observation variations are affected by vehicular traffic lights, changes in weather, and other factors (9). Some of these factors play a long-term decisive role, making the variations show specific trends and certain regularities, while others play a short-term role, introducing some uncertainty into the variations. And the temporal correlations and periodicity vary in different time-of-day (10), which brings great difficulties to the prediction of traffic flow. Secondly, The efficiency problems of predictions origin from the scale of traffic flow predictions. On the spatial parts, the large size of traffic networks requires more sensors to detect traffic status. On the temporal parts, the application of traffic flow predictions needs longer forecasting steps. Both two parts increase the scale of predictions, which will cost more time.

Historically, related field researchers have exploited statistical methods, machine learning and deep learning approaches for modeling the complex temporal-spatial patterns of traffic flow forecasting problems. The widely used statistical methods include autoregressive integrated moving average (ARIMA) (14–16), Kalman filtering (17), Markov chain (18), and exponential smoothing methods (19–21). Those classical statistical models were purely inductive methods, which placed strong stationary assumptions on the traffic flow sequence. However, it was difficult to satisfy these assumptions in the real world due to the inherent complexity of traffic data. Therefore, those classical statistical methods did not have enough capability to capture dynamic patterns of traffic flow. And each step prediction was based on the prior predictions, which led to the propagation and accumulation of errors.

Along with the development of the computing device and information explosion, machine learning models have caused wide public concerns, including k-nearest neighbors (22), support vector regression (23) and random forest (24). Complex nonlinear traffic data can be regressed by those ML methods, but the premises were to conduct detailed feature engineering, which was critical but difficult. Furthermore, the power of capturing the complex non-stationary temporal patterns was limited by ML models' shallow architectures, especially for long-term forecasting (10).

Deep Learning (DL) network is an effective tool for regression problems like the traffic flow forecasting. This method aims to automatically identify patterns and extract features from the historical information by constructing an appropriate parameter space. The DL models have made breakthroughs in many domains, such as speech recognition and image processing. Those progress made by DL has drawn substantial interests among transportation researchers and they have been trying to apply deep learning models in many traffic prediction problems. Initially, the traffic status data was simply treated as normal temporal sequence and was predicted by classical Recurrent Neural Networks (RNNs) like Long Short Term Memory (LSTM) and Gated Recurrent Unit neural networks (GRU) (25, 26). Those networks neglected the modeling of traffic data's spatial attributes. Subsequently, some related researchers began to take both the spatial patterns and temporal patterns into consideration. Convolutional Neural Networks (CNN) which took charge of extracting spatial dependencies from traffic data was introduced into RNNs. Du et al. proposed a hybrid deep learning framework which consists of CNN and RNNs for short-term traffic flow forecasting (27). The Fusion Convolutional Long Short Term Memory Network (FCL-Net) (28) proposed by Ke et al. stacked and fused multiple LSTM layers, standard LSTM layers and CNN layers to capture the spatial-temporal characteristics of explanatory variables. Shi et al. constructed the convolutional LSTM model by combining the normal fully-connected LSTM and convolutional layers (29). Those models just treated the traffic status data at a certain time slice as an image. CNN as a typical deep neural network can effectively capture the spatial features of grid data. However, due to the non-Euclidean topology of the traffic networks, CNN actually does not have enough ability to extract the spatial patterns of the road networks. Recently, the Graph Convolution Network (GCN) has been widely used because this network can generalize the traditional convolution operations to non-Euclidean graph structure data (30). Many forecasting models based on GCN were proposed. Li et al. proposed graph and attention-based long short-term memory network (GLA) which was composed of GCN and LSTM (31). Zhu et al. proposed a new traffic flow prediction method based on RNN-GCN and the Belief Rule Base (BRB) (32). Spatial Temporal Graph Convolutional Networks (STGCN) was proposed by Yu et al., which combined GCN and 1D-CNN to capture spatial-temporal patterns (5). Attention Based Spatial Temporal Graph Convolutional Networks (ASTGCN) (12) presented by Guo et al. confused STGCN with attention layers which were used to capture the dynamic spatial correlations among nodes relying only on traffic flow data. However, these GCN based methods still have many problems. On the one hand, those methods could not comprehensively capture spatial-temporal dynamic heterogeneous features of traffic data which have significant influence on the traffic forecasting issues. On the other hand, the parts of those models which were responsible to capture temporal patterns were constructed by either RNNs or normal 1D CNN. The models constructed by RNNs did well in long-term dependencies' capturing but required too much computing time and suffered from gradient exploding or vanishing (33). The models constructed by 1D CNN were able to decrease the computation expense but needed more stacked layers to capture long-term temporal dependencies. DL models with too deep convolution layers might lose some key information in long-term forecasting, which results in the decline of forecasting accuracy.

In the paper, a novel deep learning model named Ensemble Attention Graph Time Convolutional Networks (EAGTCN) is proposed to predict traffic flow in the road network dimension. This model can capture more comprehensive dynamic heterogeneous spatial-temporal features of traffic data effectively and efficiently. Significantly, the model is applicable to the other traffic condition variables' forecasting and provides the solid foundation for traffic emission's prediction and monitoring. The main contributions of this paper are summarized as follows:

(1) We propose an ensemble attention mechanism which is able to dig out the global dynamic heterogeneous spatial-temporal correlations from traffic sequence.

(2) TCN is applied to capture basic temporal dependencies. The TCN has much longer effective memory while can be trained fast.

(3) Our model is evaluated with the real-world traffic data, showing that our model outperforms than the state-of-art, especially in the long-term prediction situation.



PROBLEM DESCRIPTION


Traffic Network Based on Graph

Normally, a spatial-temporal graph is composed of nodes and edges which connect those nodes. Spatial-temporal graph is defined as [image: image], where τ denotes the time slice τ. [image: image] represents all the nodes of the graph at time slice τ. [image: image] denotes the whole edges of the graph at time slice τ. ek = vij represents the edge k between node i and node j. rk, sk denote the edge k's receiving node and sending node respectively. [image: image] represents the features of all nodes at time slice τ, where n = |V(τ)| denotes the number of nodes and c denotes the dimension of a node feature vector. [image: image] represents the features of all edges at time sliceτ, where u = |E(τ)| denotes the number of edges, and d denotes the dimension of a edge feature vector. The structure of graph G(τ) can be represented by (V(τ), E(τ)). The adjacency matrix [image: image] can be transferred from (V(τ), E(τ)), in which Aij = 1 if there is an edge between node i and node j and Aij = 0 otherwise (Aii = 0 ).

As is shown by (Figure 1), the sensors deployed on the traffic network which collected traffic data at fixed time intervals form a non-Euclidean topological graph naturally (34). We use nodes to represent the locations of traffic sensors, and the road segments connecting traffic sensors are treated as edges in graph. After that, the traffic network can be abstracted into a topology graph. Due to the traffic network structure's stability (35), we can keep the structure of its topology graph fixed, which means that V(τ) and E(τ) do not change over time. We define the traffic network at time slice τ as an undirected spatial-temporal graph G(τ) = (X(τ), V, E). Then the traffic spatial-temporal sequence G can be defined as {X(1), X(2), X(3), ⋯ , X(τ), ⋯ , X(t); V, E}, where X(τ) ∈ Rn×c denotes the values of all the features of traffic sensors at time slice τ.


[image: Figure 1]
FIGURE 1. An example of topology graph of traffic network.




Traffic Flow Forecasting Problem

Based on the above analysis, the traffic flow forecasting problem can be defined as a temporal-spatial sequence prediction problem based on graphs, which is shown by (Figure 2).


[image: Figure 2]
FIGURE 2. Traffic temporal-spatial graph sequence.


Given the previous t time slices traffic status X = (X(1), X(2), X(3), ⋯ , X(τ), ⋯ , X(t)) ∈ Rn×c×t and the graph structure V, E, our task is to predict the future q time slices which can be denoted as:

[image: image]




METHODOLOGY

In this section, we elaborate the framework of our model and its basic modules (the spatial patterns modeling part and the temporal patterns modeling part).


Network Architecture

The model presented here is an end-to-end framework which is showed by (Figure 3). It has N units and a final-output layer. The final-output layer can generate the final prediction results by integrating comprehensive features. Each unit consists of a spatial block, a temporal block, a fully connected layer and a confuse layer. There is a GCN module and a spatial ensemble attention module in the spatial block. Each temporal block contains two temporal ensemble attention modules and a TCN module in the middle. In the confuse layer, residual connection is applied to optimize the training efficiency and reshape the output of this unit. The dynamic heterogeneous spatial-temporal patterns of the traffic flow are going to be captured elaborately by the overall framework. The main parts of this architecture will be described in details as following sections.


[image: Figure 3]
FIGURE 3. The framework of our model.




Spatial Patterns Modeling


Graph Convolution

Traffic prediction is a typical task where data are generated from non-Euclidean domains, and the traffic network can be represented as graphs naturally where nodes have complex spatial correlations. Those frequently-used deep learning methods such as CNNs which are born to deal with Euclidean data cannot solve graph-based problems nicely. Hence, in order to model basic spatial dependencies between nodes per time slice of the sequence better, we apply the GCN method.

The GCN method applied here defines convolution filters from the view of signal processing (36) where the convolution operation is treated as removing noises from graph signals. We use the normalized graph Laplacian matrix to represent the graph (36, 37), defined as [image: image], where In is a n-dimension identity matrix, A ∈ Rn×n is the adjacent matrix and D is a diagonal matrix of node degrees ([image: image]). Due to normalized graph Laplacian matrix's real symmetric positive semidefinite property, it could be decomposed asL = UΛUT, where eigenvectors matrix [image: image] forms an orthonormal space and Λis the matrix of eigenvalues (Λii = λi). On the other hand, [image: image] represents all the signals of the graph in time slice τ, where x(i) is the signal value of ith node. Based on U from the decomposition of L, we can define the graph Fourier transformation to X:, :, τ:τ+1 as [image: image] and the inverse graph Fourier transformation can be defined as [image: image], where [image: image] is the signal after graph Fourier transformation. The graph Fourier transformation is able to reflect the graph signal X:, :, τ:τ+1 to an orthonormal space built by eigenvectors matrix U.

Based on this, we can define the graph convolution operation as:

[image: image]

where [image: image] is the graph convolution operation, and ⊙ denotes the element-wise product. We usually treat diag(UTg) as the graph convolution filter gθ which is made up of some learnable parameters. Then the formula (1) could be simplified as below:

[image: image]

However, the eigen-decomposition of the Laplacian matrix requires O(n3) computational complexity, which brings too much computation cost. Therefore, Chebyshev polynomials are applied to reduce the computation expense of the graph convolution operations (38). We use the Chebyshev polynomials of the diagonal matrix of eigenvalues (30) to approximate the filter [image: image], where [image: image], [image: image] denotes the co-efficient and λmax is the maximum eigenvalue of the Laplacian matrix. The Chebyshev polynomials are defined recursively by Ti(φ) = 2φTi−1(φ) − Ti−2(φ) with T0(φ) = 1 and T1(φ) = φ. As a result, the graph convolution of signal X:, :, τ:τ+1 with the defined filter gθ can finally be defined as:

[image: image]

where [image: image].



Spatial Ensemble Attention

In the traffic networks, the traffic conditions of one node exert significant but different influence on others'. This kind of traffic heterogeneous spatial correlations can be reflected in the traffic speed, the traffic flow and the traffic density. According to the traffic flow theory, there is a complex relation among them (39), and a multitude of models describing relationships between traffic flow and the other two variables have been developed over the years (40–43). We are supposed to ensemble those factors together to get more comprehensive spatial correlations among nodes, rather than relying solely on the traffic flow.

Considering of that, a spatial ensemble attention mechanism is proposed which aims to dig out richer dynamic heterogeneous relationships between nodes by packing each factor's attention matrix together.

[image: image]

[image: image]

[image: image]

where [image: image] denotes one feature slice from the spatial ensemble attention module's input [image: image], where n is the number of nodes, three is the number of input graph signal's features (the traffic flow, the traffic speed and the traffic density), and L is the length of the time length. [image: image], [image: image], [image: image] and [image: image] are the learnable parameters. We construct the spatial ensemble attention matrix Q ∈ Rn×n by multiplying the three factors' attention matrix Q(c). After the ensemble operation, the softmax function is used to make sure the spatial ensemble attention matrix's elements sum to one. The spatial ensemble attention operation is presented by (Figure 4).


[image: Figure 4]
FIGURE 4. The structure of spatial ensemble attention layer.


After this, we accompany the Chebyshev polynomials filters with the spatial ensemble attention matrix Q′. Then the sth spatial block's output can be obtained by:

[image: image]

where s is the index of the spatial block and the σ function is Rectified Linear Unit (ReLU). [image: image] is the traffic flow slice of the sth spatial block's input [image: image], and [image: image] denotes the sth spatial block's output signal.




Temporal Patterns Modeling


Time Convolution

In the temporal trend analysis, the RNN-based methods are applied extensively. However, the recurrent networks are still stuck in some problems, such as exploding/vanishing gradients and time-consuming iterations (44). On the other hand, the traditional 1D convolution method does not have enough ability to memorize long historical information.

Considering the issues above, the TCN frame (45), a simple but highly effective network, is employed to capture the basic temporal dependencies of traffic flow. As is showed in Figure 5, this special designed network supports parallel training procedures to improve training efficiency. Meanwhile, this simple but effective network has ability to look far enough into the past to improve prediction accuracy.


[image: Figure 5]
FIGURE 5. Time convolution net with kernel size three and dilation factor d = 1, 2, 4.


The convolution operation in TCN is dilated causal convolution, which is a variant of causal convolution. Suppose input Xv:(v+1), :, : is a traffic flow temporal sequence at the node v and there is a filter f:{0, 1, 2, ⋯ , k − 1}. The dilated causal convolution operation on the u element of the sequence can be defined as:

[image: image]

where u − id accounts for the direction of the past and d is the dilation factor. The dilation factor d is the key parameter to control the distance between every two adjacent filter taps. When the dilation factor is set to one, the dilation causal convolution reduces to the casual convolution. We increase the dilation factor d exponentially with the depth of the network, and the receptive field of the model grows exponentially. This ensures that the long effective historical information can always be captured by some filters.



Temporal Ensemble Attention

In the temporal dimension, the previous traffic conditions have significant but different influence on the following conditions, too. And the correlations among different time slices are complex. Motivated by the transformer framework's multi-head attention (46), we designed a temporal ensemble attention mechanism which is showed by (Figure 6). The temporal ensemble attention operation can capture more comprehensive heterogeneous temporal correlations by expanding bigger feature space at a less computation cost.


[image: Figure 6]
FIGURE 6. The structure of temporal ensemble attention layer.


The temporal ensemble attention operation is designed based on the self-attention mechanism.

[image: image]

where the Q ∈ Rn×L×c is the query matrix, the K ∈ Rn×L×c is the key matrix and the V ∈ Rn×L×c is the value matrix. The matrixes Q, K, V correspond with the input of the temporal ensemble attention module. The output SA is computed as a weight sum of the value matrix, where the weight assigned to each element is obtained by computing the compatibility of the query with the corresponding key.

Due to the complex relationships among the time slices, there is a need to expand the feature space to represent the traffic status. But too many features would increase computational expense. Learning from the multi-head attention (46), we linearly project the query, key and value h times. On each of these projected versions of query, key and value, the self-attention operation is applied in parallel. We contact those outputs and project it linearly to get the final outcome.

[image: image]
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[image: image]

where [image: image], [image: image], [image: image], CK = c/h, Wo ∈ Rc×c. The temporal ensemble attention can not only confuse information from subspace but also balance the conflicts between model's express ability and the computation cost.





EXPERIMENTS

In this section, in order to evaluate the performance of our model, we verify it on two publicly-available traffic datasets, showing that our model outperforms the baselines, especially in the long-term forecasting situation.


Datasets and Preprocessing

We validate our model on two highway traffic datasets: PeMSD-08 and PeMSD-04 (12). The datasets were collected by a system called Caltrans Performance Measurement System (PeMS). On the highways of major metropolitan areas in California, more than 39,000 detectors were applied in this system to collect geographic and traffic information about the sensor locations. PeMSD-08 was collected in San Bernardino from July to August in 2016. This dataset contains 170 detectors on eight roads where the distance between any adjacent detectors is longer than 3.5 miles. The traffic data were aggregated every 5 min, so each detector contains 288 data points per day. PeMSD-04 is the traffic dataset collected by 307 detectors on 29 roads in San Francisco Bay Area. In this dataset, the time range is from January to February in 2018, and the time interval between two data points is 5 min, too.

To improve the model's efficiency and performance, it is necessary to normalize the input data and map their attribute values between[0, 1]. Min–max normalization was used to preprocess the datasets.

[image: image]

where xmin denotes the minimum value of the input data, xmax denotes the maximum value of the input data, x is the observed data and x′ is the normalized data.

We build the weighted adjacency matrix by road network distance:

[image: image]

where Aij represents the edge between node i and node j, dist(Vi, Vj) represents the distance between node i and node j, and is the threshold to control the distribution and sparsity of matrix A.



Settings

We split the datasets in chronological order with the first 60% for training, next 20% for testing and the remaining 20% for validation. The proposed architecture is implemented by PyTorch (1.3.1 version) and trained on a computer with NVIDIA GeForce GTX 1050 GPU and Intel(R) i5-6500 CPU. The data input length is set to 24. Adam optimizer is chosen to optimize the parameters of our deep learning framework.

In our model, we set Chebyshev polynomial K = 3. As K continues to increase, the model's performance improves slightly with a much higher computational cost. The feature of GCN network's output is set to 64. The number of TCN's layers is set to four. The kernel size in TCN is set to three. We set the dilation d = 2l, where l ∈ {0, 1, 2} is the index number of layers in TCN. The number of the sub-attention block in temporal ensemble attention module is set to four. During the training phase, the batch size is eight and the learning rate is 0.001.

Two commonly used metrics: Mean Absolute Errors (MAE) and Root Mean Squared Errors (RMSE) were selected to evaluate the performance of different models.

[image: image]

[image: image]

where Q denotes the size of the testing dataset, y denotes the ground truth and [image: image] denotes the predicted value.



Baselines

We compare our model with several baseline models, including traditional machine learning methods (SVR, RF) and recently published state-of-the-art deep learning models (GRU, LSTM, Seq2Seq, ASTGCN) in traffic forecasting domains.

➢ SVR: Support Vector Regression, which uses support vector machine for the regression task. The model was implemented based on scikit-learn python package. The penalty term was set as 0.1, kernel type was set as “rbf,” and the number of historical observation was set as 24.

➢ RF: Random Forest, which is made of many decision trees. The model was implemented based on scikit-learn python package. Estimators were set as 100, random state was set as 42, and the number of max features was set as six.

➢ GRU: Gated Recurrent Unit network, which is a special RNN model (47). The hidden size of GRU is set as 64.

➢ LSTM: Long Short Term Memory network, which is a special RNN model (48). The hidden size of LSTM is set as 64.

➢ Seq2Seq: Sequence to Sequence model, which is composed of the encoder and the decoder. The hidden size of both encoder and decoder GRUs are set as 64.

➢ ASTGCN: Attention Based Spatial-Temporal Graph Convolutional Network, which is composed of graph convolutional layers and normal 1-D convolutional (12).



Performance Comparisons and Analysis

Table 1 shows the performance of our model and other baselines for the traffic flow predictions in the next 15, 30, and 60 min on PeMSD-08 dataset.


Table 1. Traffic flow forecasting comparison in the next 15, 30 and 60 min on PeMSD08.

[image: Table 1]

It's obvious that our model obtains the best results in terms of all evaluation metrics. Specially, it is worth noting that the improvement of our model's performance than the second-best model (ASTGCN) increase as the forecasting horizon grows longer, which is shown in the last row of Table 1.

To further verify the superiority of our model in the long horizon forecasting situation, we compared the performances of our model and the other baselines for the next 60 min traffic flow prediction on both PeMSD-08 and PeMSD-04 datasets, which is shown by (Table 2). Obviously in the long-term traffic flow prediction situation, our model does perform better. We think this is because the TCN network in our model has stronger ability to capture long historical information. And the normal 1-D time convolution in ASTGCN model cannot get enough information from the past. On the other hand, Table 3 shows two models' computation cost in the training. Our model costs less training time than the ASTGCN model. Figure 7 shows the 60-min-ahead predicted values and the ground truth of a certain sensor in 2 days.


Table 2. Traffic flow forecasting comparison in the next 60 min on PeMSD04 and PeMSD08.

[image: Table 2]


Table 3. Training efficiency comparison.

[image: Table 3]


[image: Figure 7]
FIGURE 7. Traffic flow prediction and the corresponding ground truth of a sensor during 2 days.


In order to verify the effectiveness of our model's ensemble-attention mechanism, we construct a new model by getting rid of the ensemble attention operation from our model. The reconstructed version of our model can be treated as a simple model stacked of the GCN layer and the TCN layer. We evaluated our model and the reconstructed version for the traffic flow predictions in the next 15, 30, 45, and 60 min on PeMSD-08 dataset. Figure 8 shows the RMSE results of the comparison, and the model with the ensemble-attention mechanism outperforms the reconstructed version especially in the long-term forecasting situation. This means that the ensemble-attention mechanism does play a role in the traffic flow prediction.


[image: Figure 8]
FIGURE 8. Average performance comparison of models with or without attention mechanism on PeMSD8.


Furthermore, we plot a series of heat maps with different color depth to visualize the learned ensemble-attention matrixes. Both the spatial ensemble attention and the temporal ensemble attention are obtained from the last unit of our model.

On the one hand, the first 50 nodes are picked out to show the spatial correlations among those nodes at four different time slices. Figure 9 shows the heat maps of spatial ensemble attention matrixes at four different time slices. The X-axis and Y-axis denote the 50 detectors. The value of the pixel at point (x, y) is the coefficient of detector y to detector x. The color depth of pixel at point (x, y) indicates the degree of influence that the detector y exerts to the detector x. The pixel with a deep color indicates that the detector x is affected strongly by the detector y. From Figure 9, we can observe that the spatial ensemble attention mechanism does capture dynamic heterogeneous spatial correlations among nodes to a certain extent.


[image: Figure 9]
FIGURE 9. (A–D) The heat maps of adjacency matrixes for the first 50 sensors at four different time slices.


On the other hand, the heat map of temporal ensemble attention is shown by (Figure 10), and the temporal sub-attention blocks' heat maps are represented by (Figure 11). The X-axis and Y-axis denote the 24 time slices at a sensor node. The value of the pixel at point (x, y) is the coefficient of time slice y to time slice x. The pixel with a deep color indicates that time slice x is affected strongly by the time slice y. From Figures 10, 11, we can observe that the temporal ensemble attention mechanism do capture some heterogeneous temporal correlations.


[image: Figure 10]
FIGURE 10. Temporal ensemble attention coefficients of a certain sensor are visualized as a heat map.



[image: Figure 11]
FIGURE 11. Temporal sub-attention coefficients of time slices are visualized as heat maps.


Based on the above analysis, the ensemble attention mechanism including the spatial part and temporal part do learn some beneficial information which enables the model to exploit the dynamic heterogeneous traffic patterns for traffic forecasting.




CONCLUSIONS AND FUTURE WORK

In this paper, a novel end-to-end deep learning framework is proposed for traffic flow predicting. The knowledge gained from our research can provide many valuable applications for vehicle emission warnings, improving urban traffic construction and studying the sources of air pollution. Each unit of the models mainly is composed by a spatial block and a temporal block. In the spatial block, we fuse GCN and spatial ensemble attention mechanism to capture global dynamic heterogeneous spatial patterns. In the temporal block, TCN and temporal ensemble attention mechanism are combined to capture non-stationary temporal patterns. The model is fed with a variety of explanatory variables including the historical traffic speed, the historical traffic density, the historical traffic flow and the graph of sensor network. Experiment results show that the forecasting accuracy of the proposed model is superior to existing models especially in the long-term predicting situation and the model can be trained faster than the main DL baselines. The ensemble attention mechanism is shown to be capable of capturing comprehensive dynamic heterogeneous spatial-temporal correlations of traffic series.

Actually, the urban traffic flow is affected by many external factors, such as weather and social events. In the future, we will fuse more external factors into our model to make the predictions of attributes related to traffic emissions more accurate.
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The outbreak of the COVID-19 pandemic in late 2019 has meant an uphill battle for city management. However, due to deficiencies in facilities and management experience, many megacities are less resilient when faced with such major public health events. Therefore, we chose Wuhan for a case study to examine five essential modules of urban management relevant to addressing the pandemic: (1) the medical and health system, (2) lifeline engineering and infrastructure, (3) community and urban management, (4) urban ecology and (5) economic development. The experience and deficiencies of each module in fighting the pandemic are analyzed, and strategies for revitalization and sustainable development in the future are proposed. The results show that in response to large-scale public health events, a comprehensive and coordinated medical system and good urban ecology can prevent the rapid spread of the epidemic. Additionally, good infrastructure and community management can maintain the operation of the city under the pandemic, and appropriate support policies are conducive to the recovery and development of the urban economy. These precedents provide insights and can serve as a reference for how to change the course of the pandemic in megacities that are still at risk, and they provide experience for responding to other pandemics.

Keywords: COVID-19, epidemic disease, Chinese experience, urban management, response strategies


INTRODUCTION

On December 8, 2019, pneumonia of unknown cause appeared in Wuhan, and indications pointed to a novel coronavirus, SARS-CoV-2 (1). Facing the rampant spread of the disease and with increased awareness of the virus (2), Wuhan moved to close all transportation access into and out of the city on January 23, 2020, to prevent further spread of the virus (3). Two specialized hospitals, the Huoshen Mountain and Leishen Mountain Hospitals, were quickly built to receive and treat severe COVID-19 patients, and several public buildings were modified and furnished to serve as temporary hospitals with numerous beds for patients with mild symptoms (4, 5). The complete lockdown stopped the increase in confirmed cases, and centralized treatment led to a rapid decline in the number of infected people. After only 76 days, there were no remaining or additional confirmed cases for several consecutive weeks, and on April 8, 2020, Wuhan reopened for business and life, meaning that it had successfully contained the pandemic (6, 7). That the pandemic was curbed quickly demonstrates the resilience of Wuhan (8).

However, as a megacity of more than 10 million people, Wuhan needs to take various effective measures to address the problems that arose during the COVID-19 pandemic (9). Its experience holds great value to other megacities that are still in crisis due to the pandemic. The problems can be categorized into five key dimensions of urban issues as follows (10). (1) The first is medical treatment: Although Wuhan has a number of well-known hospitals, there are shortcomings in the public health system and facilities at the grassroots level that make it difficult to cope with the outbreak of a pandemic. (2) The second dimension is lifeline engineering and infrastructure: Municipal infrastructure sustained normal city operations during the pandemic period, but the spare capacity of lifeline engineering and infrastructure is insufficient, and the city's disaster control and mitigation capability still needs to be improved overall. (3) The third dimension is urban and community management: Inadequate community service resources and facilities made the workload of local community workers too heavy, making community management and life inconvenient during the pandemic. (4) The fourth dimension is urban ecology and the urban environment: Due to the high building density and floor area ratio of urban space, there is insufficient open public space with vegetation. (5) Finally, the fifth dimension is economic development: The pandemic-induced lockdown has had a considerable impact due to serious disruption of the supply chains of cities, and employment and business operations are facing severe challenges. In the postpandemic era, the most urgent task for megacities is to propose a set of scientific strategies for revitalization to compensate for shortcomings and to enhance urban disaster resilience (11).



COVID-19 AND URBAN GOVERNANCE

Many studies on the pandemic and cities have been conducted, focusing on multiple topics, and these studies provide valuable ideas regarding management and urban revitalization in the context of the COVID-19 pandemic. (1) Regarding medical treatment, the data show that the mortality rate of COVID-19 patients is related to whether treatment is timely and appropriate, which requires updating the information on beds and tiered treatment resources in a timely manner (12, 13). (2) With respect to lifeline engineering and infrastructure, the electrical supply capacity, water, materials and communication determine the efficiency of disaster relief activities, and a certain spare capacity of lifeline engineering and infrastructure is needed (14, 15). (3) Concerning urban and community management, the deployment and mobilization of community workers are fundamental for pandemic control, and community work should become the focus of urban management (16, 17). (4) In regard to urban ecology and the urban environment, the density of buildings and residents is positively correlated with the infection rate, which indicates that urban areas need more open spaces, such as parks and green spaces (18, 19). (5) Finally, regarding economic development, a good economy is an important underpinning for responding to the crisis caused by a pandemic, and government policies are needed to revive the economy after the pandemic (20, 21). In short, the COVID-19 outbreak has had a consequential impact on all aspects of urban life, and it has also pointed out how to establish more stable and reliable cities.

In this study, Wuhan, a typical megacity in China, is studied as an example to identify and analyze the problems that may arise as megacities face the COVID-19 crisis. Additionally, targeted development strategies are proposed to comprehensively improve the resilience of megacities. First, the impacts of the pandemic on all aspects of Wuhan's operations are assessed to identify the key issues in preventing the spread of the pandemic and in pandemic prevention and control. Then, the lessons learned from Wuhan's experience in eliminating the pandemic are summarized. Finally, considering the current situation of the city, potential strategies and measures to revitalize the city from the devastating pandemic are proposed. The findings can be used as a reference for similar megacities, suggesting strategies and measures to better respond when exposed to the impact of a pandemic disaster and to achieve sustainable urban development in the future.



PROBLEMS FACED BY MEGACITIES DURING A PANDEMIC

The sudden outbreak of COVID-19 was a test for any megacity (22, 23). Taking Wuhan as an example, although it controlled the pandemic due to strong policies and national assistance, the city's medical system nearly collapsed during the early period of the outbreak due to the lack of experience in responding to a sudden outbreak such as that of COVID-19. During the pandemic lockdown, community management and people's livelihoods were compromised by many difficulties. Thus, there are still problems and inadequacies in the public health system, emergency response system, smart city development, urban ecological management and socioeconomic development of Wuhan.


Public Health System

The public health system is flawed. Wuhan hosts several of the country's leading hospitals, but there are still shortcomings in its medical system, described as follows. (1) General hospitals are insufficient and unevenly distributed. Sixty percent of the general hospitals (including the nationally renowned Tongji, Xiehe, and Zhongnan Hospitals) are located in the core region, which accounts for only 1.6% of Wuhan's area. There are no general hospitals in three major urban areas and five newly built urban areas. Additionally, only five out of the 14 municipal districts have more than 7.5 beds per thousand residents. (2) The public health system is not sound, and there are insufficient medical resources for the treatment of infectious diseases. As a megacity with a permanent population of more than 11 million, Wuhan has two hospitals specializing in infectious diseases, with only 1,400 certified beds at the time of the pandemic. The number of beds per capita is 22% short of the national standard, making it difficult to withstand the severe impact of a major infectious disease (24). (3) The hierarchical diagnosis and treatment system has not been fully implemented, and the development of community-based primary medical facilities is lagging. In 2019, the number of visits to general hospitals reached 55.71 million, and the bed occupancy rate reached 94.2%, while the usage rate of primary medical facilities was less than half of that of general hospitals. Poor execution of graded treatment has further exacerbated the pressure on general hospitals during the pandemic and reduced efficiency in curbing the pandemic (25).



Lifeline Engineering and Infrastructure

The resilience of lifeline engineering and infrastructure to emergencies is insufficient. During the rapid spread of the pandemic, municipal infrastructure in Wuhan sustained normal operations, but there is room for improvement to make the infrastructure and facilities resilient in a disaster. (1) Lifeline engineering needs more capacity for secure service. Power supply, municipal water supply and wastewater collection/treatment are lifeline engineering projects that are essential for emergency responsiveness. However, the power supply facilities are overloaded by up to 26%, and there are still six districts in Wuhan that are not fully covered by sewage utilities. (2) A comprehensive emergency response plan is lacking. During the pandemic, all public transportation services were suspended in Wuhan (2), with no timely provision of transit services to essential workers. Given the lack of commuting and logistics support, some medical staff had to spend hours walking home after working for many hours in a hospital, and a serious shortage of domestic and medical supplies occurred (26). (3) The capacity of hazardous waste treatment is inadequate. There is only one nonhazardous incineration center for the disposal of medical waste in Wuhan, with a capacity of 50 tons/day. However, the daily generation of medical waste peaked at 247 tons during the pandemic period (27). There is an enormous gap in the capacity for medical waste management.



Community Management

The community management ability is insufficient. At the lowest level of urban management, community organizations play a crucial role in pandemic prevention and control (8). These local community organizations in Wuhan still need to be strengthened in terms of assistance and management capacity, as follows. (1) The divisions used for community units are irrational. There are presently some problems in the formation of organized communities, such as unclear boundaries, frequent changes in the constituent neighborhoods, and too many residents under one community unit (the average population of a community unit is 7,000–9,000 people), creating difficulties for community management. (2) There is a human resource shortage. The ratio of residents to community workers in certain communities exceeds 1,000:1, and the quality of the staff does not meet the requirements. In these circumstances, it is difficult to achieve good management. (3) The execution of smart community and smart city ideas is poor. The lack of smart management tools to respond to emergencies made daily life difficult during the pandemic period.



Green and Open Space

Green and open space is scarce. The data show that high-density streets and communities with larger populations and high gross floor area ratios have higher levels of confirmed cases (28), which points to the problem of the lack of available open space in Wuhan. (1) There is insufficient urban green space. Wuhan is dotted with many mountains and lakes, but there are only a few parks, wetlands and other green spaces in the city, and only approximately 30% of neighborhoods have easy access to a park or other green space. (2) The level of open urban space is low. Due to the high density of buildings, there is not enough open space (29). With a high building density and low openness, the urban fabric is not conducive to the formation of a healthy natural ecology and will promote the spread of COVID-19 (30).



Urban Economy

The urban economy suffered a major blow. During the pandemic, due to traffic blockades inside and outside the city, economic activities could not be carried out normally, or they were even stagnant for several days, bringing heavy losses to the economic development of Wuhan. These losses are described as follows. (1) The industrial supply chain was greatly affected. During the lockdown period, all economic activities in Wuhan were suspended. Closure measures cut off all kinds of “economic flows” (flows of people, logistics, capital, and information). (2) Employment and business operations were confronted with severe challenges. Global pandemic prevention and control led to an “oppressed consumption disaster”, and Wuhan's GDP showed negative growth in the first quarter of 2020, especially for the three demand categories of domestic consumption, capital investment, and imports and exports, which declined by more than 30% (31, 32).




KEY STRATEGIES FOR URBAN REVITALIZATION AFTER THE PANDEMIC

A strategy that allows a megacity to revitalize itself after a pandemic should consider the city's existing physical and management systems and aim for a comprehensively higher level of urban resilience and sustainable development (33). Taking Wuhan as an example, to compensate for the shortcomings exposed by the epidemic, this study proposes overall goals and improvement measures for the five aspects of urban development, i.e., medical treatment, urban construction, community, ecology and the economy, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Goals of and specific measures for a megacity plan for postpandemic revitalization.



Improving Medical Services

In regard to improving medical services, a healthy city is a focus of public attention and a goal for sustainable development after the pandemic, and it is also the key for a megacity to restore public confidence and its image. Wuhan will focus on building its medical capacities and establishing a hierarchical diagnosis and treatment system for disease prevention and control to improve its medical treatment services and public health level.

A holistic system of medical facilities will be built to meet the needs during peacetime and wartime. Medical facilities in the city will be optimized in terms of geographical location through development by adding 20 hospitals to cover “blind spots” that lack medical services and by building two new hospitals dedicated to infectious diseases and 9 other specialized hospitals. Doing so will add as many as 20,000 beds for the treatment of infectious diseases, and the level of availability will exceed the upper limit of the national standards at 1.5 beds per 10,000 residents. The system of public health facilities will be improved by increasing the standardized medical and health facilities to 205 community facilities and building eight municipal subcenters for disease control and four first aid centers. In addition to this development program, Wuhan will have space reserved at large general hospital sites and will require both existing buildings and planned developments for public use to have associated supporting infrastructure built into them to facilitate their conversion for use in an emergency, which follows the principle of accommodating the demands of both pandemic and nonpandemic periods (34).

A coordinated, sensitive, reliable and comprehensive public health prevention system will be established. The key to curbing the spread of viruses and preventing and controlling a pandemic lies in “early detection, immediate reporting, isolation and treatment”. Wuhan will apply big data and artificial intelligence technologies to develop an “inclusive health information integration platform” for the tracking and early warning of infectious and contagious diseases. Functions such as a message service for the efficient provision of pandemic information, expert consultation and analysis, and response plans for prevention and control will be incorporated into the platform to develop a professional and modernized disease prevention and control network and to thus establish a system of prevention and control for public health events via dynamic monitoring and precision prevention and control.

A high-level national general medical science center will be built. Given its advantages in biomedicine and health services, Wuhan may compete for national medical research projects. Wuhan built one advanced P4 laboratory after the severe acute respiratory syndrome (SARS) epidemic and will develop a P3 laboratory for emergency services and prevention and control in the future. Teaming up with university medical schools, medical research forces will be formed to apply for state-financed medical research grants. There are also numerous biomedical and medical instrument manufacturers in Wuhan, and there is the potential to form a complete industrial chain together with scientific research institutions and hospitals in the future. Integrating these resources will sharpen Wuhan's edge across the supply chain, covering both the upper and lower streams, which will contribute to achieving its aim of becoming a national medical and health service center.



Upgrading Lifeline Engineering and Infrastructure

Having a higher level of protection against an emergency is conducive to improving the overall capabilities of a city with regard to comprehensive disaster prevention and mitigation. For megacities, building resilience should be the focus of postpandemic development. Wuhan will establish and implement a comprehensive and effective program to increase the carrying capacity of various infrastructures and to achieve emergency responsive resilience in its lifeline engineering and infrastructure.

A secure and resilient infrastructure system will be created. All lifeline engineering will be fully accounted for and preserve redundancy to enable operational flexibility under disaster conditions. For the electricity and water supply, availability in case of an emergency should be considered. Wuhan will add four high-standard substations for power supply and three water treatment plants for emergency service to increase the power supply by 60% and to provide an additional emergency water supply of 1 million m3, creating high-level redundancy in the power and water supply for emergency use. Wuhan will also accelerate the construction of 12 large sewage treatment plants to increase the daily sewage treatment capacity by 1.143 m2 or 40% (35). Based on 100% harmless treatment of municipal solid waste, Wuhan will build a batch of new waste treatment facilities to comprehensively improve the capacity to dispose of household waste, construction waste, hazardous waste and medical waste. In addition, 16,000 5G base stations will be deployed to provide infrastructure for the development of smart cities and related industries (36).

A comprehensive emergency system will be established to respond to emergencies in a timely manner. Holistic emergency response plans for various kinds of disasters will be developed, with three stages: a pre-event stage in which preparation is made, an in-event stage in which interventions to sustain services are implemented, and a postevent stage in which disrupted operations are restored. The plans for the pre-event preparation stage will address the spatial layout and activation sequence of the facilities for disaster prevention and mitigation based on risk assessment, and they will include associated development requirements. Those for the in-event and intervention stages will define the requirements for emergency use facilities to be converted from normal operations and to wartime operations to withstand the disaster and offer services. The plans for the postevent and recovery stages will clarify the schedule of restoration and associated requirements regarding the replacement and repair of various emergency facilities. In addition, plans to restore various systems for domestic life, business operations, transportation, and other services will be prepared.

A multimodal transport system will be established. Wuhan will proactively push regional transport infrastructure development, including six high-speed rail lines, one freight airport and 10 waterway facilities for shipping along the Yangtze River, to consolidate its position as a transportation hub in Central China. In addition, 600 kilometers of intercity expressways will be built to connect Wuhan with surrounding cities and towns, and nine new logistics centers will be built. Wuhan will have a metropolitan high-speed logistics network and will seek to become a center of logistics in Central China. Wuhan will also extend its urban rail transit network by another 400 kilometers and build nine river-crossing passages and 45 km of urban arterial roads. It will comb through and regulate the logistics system and shared transportation sector and address delivery and “last mile” problems. By further improving both local and regional transport facilities and services, a national-level multimodal transportation hub will be developed.



Enhancing Urban and Community Management

Grid-oriented community management methods have played an important role in fighting the pandemic (37), and the development of a sound and intelligent community service and urban management system is a key aspect of megacity governance for the postpandemic era. Wuhan will normalize and standardize community development and management and develop a smart community and city management platform to improve the level of community and city management.

Supporting resources will be improved, and community grid boundaries will be optimized. The size of communities will be adjusted and optimized, and the population will be maintained at approximately 3,500–5,000. Considering road separation and functional integrity, the boundaries of communities should be reasonably demarcated. The assignment of management staff and the provision of facilities will be improved. In addition to population registration, functions such as urban management and economic surveys will be incorporated into a community grid-based integrated information platform, one of the key projects to be implemented, for the comprehensive management of information on residents, land area, properties and industries to realize fully functional community grid management over the entire jurisdiction.

A complete community will be developed to improve living circles within a 15-min walking radius. A reasonable comprehensive community development index system will be established as the basis and standard for the construction of new and old communities. Based on the norm that for every 20,000 square meter floor area of housing, senior homes and services, sports facilities, medical services, cultural facilities, grocery stores and community management operations are essential and required, living circles within a 15-min walking radius will be developed. On this basis, a program for improvement and rehabilitation projects in 340 ordinary urban communities and at 114 historic street sites will be carried out.

The development of smart communities and smart cities will be further promoted (38). A public information service platform supporting data unification and sharing with access to multiple institutional levels of government authorities, street offices and community organizations will be developed to support social services, urban operations and government administration. Artificial intelligence will be used to refine and standardize the data acquired by front-end smart detectors to generate big data that can be used for efficient correlation analysis as well as granulated data for different application scenarios to digitize and virtualize all urban elements and thus provide real-time and all-status visualization for synergy and smart operation management.



Promoting the Quality of Healthy Public Spaces in Cities

Spatial representations of the spread of the virus during the pandemic show that open and vegetated public spaces can effectively slow and flatten the curve of confirmed cases. Megacities should make more effort to improve the ecology and natural environment in urban areas after the pandemic to create high-quality and healthy public spaces in cities (39, 40). Wuhan will build new parks and rehabilitate old parks, and it will create green spaces with associated facilities to establish more high-quality, open and green urban spaces, contributing to a culture of healthy life habits and improving the urban ecology and urban environment.

Green and healthy spaces will be created to improve the natural ecology in the city. Relying on the city's unique landscape resources, efforts will be made to continue the development of 14.2 km2 of river-view parks along the Yangtze River and 20 km of ecological corridors in the hilly areas of the municipality, and a large theme park will be built to enhance the attractiveness of the city to tourists. Ninety countryside parks will be built where local conditions are appropriate to provide healthy leisure places and a better urban ecology and urban environment. In addition, the development of mini-parks and greenways in the city will be accelerated for higher coverage by a network of green spaces in the central urban areas. Specifically, 954 parks and 530 km of greenways are being planned and will provide a full range of healthy and diversified natural spaces to people in Wuhan. As a result, the negative effects of high-density buildings can be alleviated, and reserves for emergency evacuation and disaster prevention can also be created.

Large markets will be comprehensively overhauled to remove potential public health hazards. In accordance with the principle of distributing markets in three towns in a balanced manner and equipping them with complete utilities and service functions, Wuhan will work proactively to develop a layout system for large markets in the city. Existing large markets for groceries and food products and various specialized markets in the main urban districts and other densely populated areas will be systematically checked to identify those violating hygiene and health codes to promote risk reduction in grocery/food markets and specialized markets. Efforts will also be made to relocate and rehabilitate markets with hidden hygiene and/or safety hazards to achieve an overall improvement in the context surrounding existing large markets with respect to urban functions, transportation, facilities and the environment.



Economic Reconstruction and Industrial Revitalization

Economic reconstruction is the main driver for improving overall urban strength, and it lays the foundation for a megacity to restore its competitiveness and attractiveness. In full alignment with the postpandemic policy direction, Wuhan will vigorously promote high-end and innovative industries to form a high-quality, sustainable economic structure that contributes to the national center city development strategy (41).

Industrial upgrading and transformation will be pushed forward to achieve long-term sustainable economic development. In the postpandemic period, Wuhan will make a greater effort to develop an extensive health system of industries integrating medical care, testing, rehabilitation, and laboratory services. Additionally, it will cultivate an emergency industrial park that integrates emergency-related functions such as technology research and development, emergency product manufacturing, warehouse services for materials, and exercises and training for emergency response, and it will develop a smart logistics industry linking the industries that offer unmanned warehousing, unmanned sorting, logistics robots and drone delivery. Wuhan will also accelerate the development of five national bases for the chip manufacturing, cloud service, new energy vehicle, aerospace, and medicine and health sectors. It will drive the economy with new types of investment and consumption, with a focus on overall economic sustainability and development in the intermediate term and the long term.

The development of new infrastructure will be promoted, and consumer demand will be stimulated across the board. Wuhan plans to create a digital twin by promoting investment in “new infrastructure” and the development of related industries and supply chains, fostering 5G industries and the industrial Internet of Things. In addition, assistance programs will be implemented to support emerging businesses and boost employment and consumption.

The status of urban economic centers will be improved, and high-tech innovation resources will be introduced. Other tasks to be completed include comprehensively expanding the economic influence of the Wuhan metropolitan area, attracting financial institutions and large enterprises to set up headquarters in Wuhan, and establishing a comprehensive national industrial innovation center as well as national laboratories for medicine, new energy and other purposes.




DISCUSSION

The COVID-19 outbreak represents an extreme challenge to the public health and disease prevention and control system of any megacity. Considering the evolution of the global pandemic, many megacities still fall far short of achieving the goals of being healthy, smart and sustainable with respect to public health, emergency response facilities and systems, economic industries, municipal infrastructure management and ecology and the environment. Taking Wuhan as an example, this study reviews the weaknesses of this megacity in dealing with the pandemic to propose sustainable development strategies and measures for implementation by any megacity in the postpandemic period, with insights regarding the necessary actions for a megacity to build its resilience.

The strategies and technical routes proposed in this paper might be far from sufficient to strengthen the global fight against the pandemic, but they are nevertheless significant for changing the tragic trajectory of the pandemic in megacities. Given that curbing COVID-19 is likely to be a protracted battle, it is important for managers to take certain steps to improve the hygiene and health conditions of their cities to make them more flexible and effective in addressing COVID-19 or other pandemics in an unpredictable future.
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In New York City, the population of Chinese Americans has grown faster than that of any other minority racial/ethnic group, and now this community constitutes almost half of all Chinese Americans living in the northeastern United States. Nonetheless, scant research attention has been given to Chinese American ethnic enclaves and little is known about the health status of their residents. This study aims to help address this gap in the literature by: (1) improving our understanding of the spatial settlement of Chinese Americans living in New York City from 2000 to 2016; and (2) assessing associations between a New York City resident's likelihood of living in a Chinese American enclave and their access to health care and perceived health status, two measures of community health. In support of this aim, this study establishes a robust criterion for defining ethnic enclaves at the Census tract level in New York City as the communities of interest in this paper. An ethnic enclave is defined as an area at the Census tract level with high dissimilarity and a spatial cluster of Chinese Americans. The spatial findings were that Chinese Americans in New York City were least segregated from other Asian American residents, somewhat segregated from White residents, and most segregated from Black residents. Also, the population density of Chinese Americans increased since 2000, as reflected by their declining exposure index with other Asian Americans. Results from logistic regression indicated that the probability of living in a Chinese American enclave was negatively associated with positive self-perception of general health and positively associated with delays in receiving health care. For Chinese American residents of New York City, living in an ethnic enclave was also associated with both lower socioeconomic status and poorer community health.

Keywords: ethnic enclaves, Chinese Americans, New York City, community health, residential segregation


INTRODUCTION

Since 2000, the United States Census reported Asian American population grew faster than any other racial minority group and the Chinese population is the largest ethnic Asian subgroup, comprising 25.9% of the Asian American population as of 2010. This study examines whether patterns of residential settlement are associated with health-related factors for Chinese American communities in New York City. New York City is home to the largest Chinese American population outside of Asia (1), representing almost half (47%) of Chinese Americans living in the Northeastern United States (2). This population is not only large but rapidly growing relative to other racial/ethnic minority groups. According to the U.S. Census Bureau (3–8), Chinese Americans living in New York City increased by 63 percent from 2000 to 2016 (from 361,531 to 590,340 people).

Previous research on immigration and assimilation has suggested that the ethnic enclaves that often emerge from immigrant settlement are sustained over time when they function to support access to affordable housing, strengthen family ties and cultural identity, and help with finding job opportunities (9, 10). The term “ethnic enclave” refers to a geographical area where a particular minority ethnic group is spatially clustered in such a way that the group is socially and economically distinct from the majority group (11). These enclaves refer not only to physical settings, but also to established neighborhoods in locations desirable to the minority group where multiple generations reside. One early study, for example, found that residential self-segregation was typical of “middleman” minorities that effectively resist assimilation by forming highly organized communities (12). This self-segregation process is reflected in the concept of “ethnic community,” a term that has been applied to characterize the satellite Chinatowns that have arisen in Flushing and other outlying parts of the New York City metropolitan region (13).

A large body of social science and public health research has documented links between racial/ethnic residential segregation and health-related factors among racial/ethnic minority populations in the US (14–18). In addition, previous research has surveyed the health concerns and needs of Asian Americans in New York City, such as the community's perceived health status, health-seeking behaviors, barriers to care, and level of available health resources (19). Analysis of the CHNRA data found that a large plurality (48%) of Chinese American respondents described their health status as “fair or poor” compared to 30% of New York City Asian Americans overall and with 23% of all New York City residents (19). Similarly, many Asian Americans experience barriers to healthcare such as language differences, financial limitations, cultural factors that influence access and choice, and more limited transportation options (19–21). Little is known, however, about potential associations between ethnic enclaves and the health of Chinese Americans. This gap in knowledge arises from the unclear boundaries for ethnic enclaves and the limited availability of individual health data for the many different Asian American minority groups.

Previous research has examined Asian American enclaves in New York City based on analysis at the community district level and found that enclave residence was associated with positive self-perceptions of health (11). However, associations between enclave residence and health-related behaviors, such as smoking, were harder to identify. Due to the cultural and economic diversity that exists within the Asian American population cohort, especially evident in differences between East Asians and South Asians, a binary distinction for Asian ethnicity is insufficient to properly capture such a wide range of potential associations with health behavior factors (11). Another concern about this research design is that the community district may be too large of a spatial unit, where the level of aggregation is too high to sufficiently distinguish among Asian American enclaves for the purpose of identifying differences in health status and care. This concern is generally expressed as the modifiable areal unit problem (MAUP), referring to limitations that arise from failing to take into account the effect of spatial scale and the zoning scheme in determining the unit of analysis (22–25). The MAUP concern indicates that as the size and shape of areal units change, so do the relationships that can be observed, such as the size and direction of observed regression and correlation coefficients (23, 26).

When considering the contextual determinants of health behaviors and outcomes, one solution to the MAUP is to minimize the modifiability of the geographic unit of analysis (27–29). Using spatially aggregated Census data to evaluate segregation in residential areas of a region or a city has been a standard approach (30). Some studies have shown how segregation level varies by neighborhoods using local measures (14, 31, 32). Other studies have demonstrated how racial/ethnic residential segregation may have impacts on health outcomes in New York City (33–35).

The present study addresses these methodological issues by improving the specification of ethnic enclaves and then estimates the association between the probability of living in a Chinese American enclave and factors related to the health of community residents, that is, community health. Two research questions in particular motivated this study:

1) How did patterns of residential settlement change for Chinese Americans living in New York City from 1980 to 2016? We hypothesized that spatio-temporal patterns of Chinese American settlement in New York City were concentrated in ethnic enclaves. Answering this question required establishment of a criterion for defining Chinese American ethnic enclaves at the Census tract level.

2) What kind of associations exist between the probability of living in a Chinese American enclave and community health? The answer to this question depends in part upon which health factors are considered. We expect that residents of these Chinese American enclaves experience barriers to achieving positive health outcomes, resulting in negative associations overall, i.e., poorer community health. However, we recognize that enclaves also have the potential to provide protective health benefits through social support, so the associations for some health factors could be weak or even positive, resulting in improved community health.

Geospatial information was combined with population attribute data using Geographic Information Systems (GIS) to answer these research questions, as detailed in the next section.



DATA AND METHODS

Spatial statistical analysis was performed to examine residential settlement patterns of Chinese Americans living in New York City from 1980 to 2016. Data from the U.S. Census Bureau Decennial Census (DEC 1980, 1990, 2000, 2010) and the American Community Survey (ACS 2010, 2016) were used to conduct this analysis (3, 4, 8). To assess associations between ethnic enclaves and community health indicators, data were obtained from local health surveys such as the New York City Department of Health and Mental Hygiene Community Health Survey (CHS 2011-2013) (36). See Appendix for a full listing of the variables used in this study and their sources.

Figure 1 provides an overview of the methods and process flow for this study, in 3 main steps: measuring patterns of residential settlement, defining Chinese American ethnic enclaves, and using this information to conduct correlation analyses of statistical associations. These steps are described in the sections that follow.


[image: Figure 1]
FIGURE 1. The methods and process flow for this study.



Data Collection

In order to understand patterns of Chinese American residential settlement and define the boundaries of Chinese American enclaves in New York City, the spatially explicit data derive mainly from the U.S. Census Bureau American Community Survey (ACS) and Decennial (DEC) from 1980 to 2016 (3–8). Due to data limitations precluding analysis of Chinese American data in earlier years, this study uses Asian American population data instead of Chinese American population data for the years prior to 2000. For analyzing associations between Chinese American enclaves and community health indicators, the data derive mainly from the U.S. Census Bureau 2012-2016 ACS 5-Year Estimates and the 2011-13 NYC Department of Health and Mental Hygiene (DOHMH) Community Health Survey (CHS) (4, 36). All variables used in this study were standardized to a proportion from 0 to 1, where 1 corresponds to 100% of the population. A full description of the variables used in this study is provided in the Appendix.

The community health indicators used in this study were obtained from the 2011-2013 NYC DOHMH data, as follows: Perception of Health, Smoking, Sugary Drink, and Delay in Receiving Healthcare (36). Values for other variables were obtained from 2016 ACS data (4), including population, the proportion of Chinese Americans and Whites in the population, age-related variables, and the proportion of the population in poverty, with full time employment, and with limited English. Additional independent variables were generated from modifications to the ACS data as detailed in the Appendix.

The study area of New York City includes 2167 Census Tracts and 59 residential Community Districts (see Figure 2). The map in Figure 2 illustrates Chinese American population density by Census tract as distributed across the five boroughs (Manhattan, The Bronx, Queens, Brooklyn and State Island) of New York City. Census tracts are the finest resolution of spatial unit analyzed in this study.


[image: Figure 2]
FIGURE 2. Distribution of Chinese Americans in New York City in 2016. Source: U.S. Census Bureau (6).




Measurements of Residential Settlement

Statistical indicators, including the similarity index and the modified exposure index, were applied in this study to U.S. Census tract-level data to compare different population groups living in New York City over time. A time series analysis was conducted using U.S. Census estimates from 1980, 1990, 2000, and 2010 (8). The similarity index (S) ranges from 0 (complete segregation) to 1 (no segregation) and is used to reflect the level of segregation of Chinese Americans from mainstream U.S. society. A higher value for the similarity index may be interpreted as meaning that there are more potential interactions with members of other ethnic groups (37, 38). The similarity index, S, can be defined in terms of the dissimilarity index, D, as follows: S = 1 – D.

Studies of residential settlement often use the dissimilarity index (39) to measure the level of segregation among population groups and the exposure/isolation index (40) to measure the level of interaction among population groups. For assessing segregation between Chinese Americans and White Americans in New York City, the dissimilarity index D is given by equation 1 below:
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where wi = population of White Americans in Census tract i

ci = population of Chinese Americans in Census tract i

W = total population of White Americans in New York City

C = total population of Chinese Americans in New York City

The exposure index ECW measures the degree of exposure of Chinese Americans to White Americans at the US Census tract level, relative to the New York City-wide level of exposure of Chinese Americans to White Americans. ECW refers to segregation from a sociological perspective, i.e., the probability of contact of one ethnic group with another ethnic group within a spatial context (38, 41). When there are only two ethnic groups, its theoretical range is from 0 to 1, where 0 indicates complete balance or no segregation, e.g., Chinese Americans would encounter White Americans in their Census tract at a rate equal to that at the New York City-wide level. At the other extreme, 1 indicates complete isolation or segregation, e.g., Chinese Americans would come into contact with only other Chinese Americans (37).

Exposure of Chinese Americans to White Americans, ECW, is given by the expression in Equation 2 and is calculated in the same manner for exposure of Chinese Americans to other ethnic groups:
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where wi' = proportion of the White American population in Census tract i;

ci = number of Chinese Americans in Census tract i;

W'= proportion of the White American population in New York City;

C = number of Chinese Americans in New York City.

In a multiethnic setting such as New York City, however, the theoretical minimum of E for any pair of ethnic groups is 1 – 1/(p1 + p2) where p1 and p2 are the proportions of the city population in ethnic groups 1 and 2, respectively. This minimum will be less than 0, since (p1 + p2) <1 when there are more than 2 ethnic groups, and becomes more negative as p1 + p2 gets smaller, e.g., in 2016 New York City, it is −1.011 when E is calculated for White and Chinese Americans compared to −6.296 when calculated for Chinese and other Asian Americans. For this reason, a modified exposure index (E') is used to ensure that all values are positive (37). This index is related to the exposure term, E', as per the expression in Equation 3:
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Given this relationship, E' = 0 indicates complete segregation of the two ethnic groups from each other, E' = 1 depicts when the Census tract exposure level is equal to the New York City-wide level of exposure, and E' > 1 can occur if the Census tract exposure level is greater such that the two ethnic groups are segregated together away from other ethnic groups in New York City. As with the similarity index, the modified exposure index may be interpreted as meaning that higher values of the index indicate more potential interactions with members of another ethnic group.



Spatial Clusters and Outlier Analysis

The Census tract-based residential settlement measures described above are regarded as spatial either because they explicitly utilize geographical information in their formulations, such that the results will change if the locations of population groups have changed, or because the spatial interaction among population groups across areal unit boundaries is accounted for in determining the level of segregation (42). An advantage of using a geographic information system (GIS) is the spatial analytical capability that it provides. GIS supports analysis of spatial features by combining geographical information and attribute data. In this study, the Global Moran's I and Anselin (43) Local Moran's I were used to detect spatial clusters and outliers for the population density of Chinese Americans. To do this, the ArcGIS software tool was used to calculate global and local Moran's I values, z-scores, pseudo p-values for those index variables, and summary coding (“High-High” or “Low-Low”) denoting the cluster type for each statistically significant feature (44).

Through the spatial analysis, algorithms were designed to construct the residential settlement measures. These algorithms consisted of the general procedures to extract spatial information from Census data and to combine this spatial information with attribute (population) data in order to derive the indices. Chinese American enclaves were defined as areas with high dissimilarity, high population density, and spatial clusters of Chinese American residents.



Correlation Analysis of Statistical Associations
 
Spearman Correlation

Analysis of the patterns of residential settlement was used to reveal which Census tracts have higher concentrations of Chinese Americans. Given that New York City is a multiethnic setting, these Chinese American enclaves were compared to Census tracts with large White majority populations. The Spearman rank correlation method measures the strength of the linear relationship between variables (45). It is an apt non-parametric test to determine whether there are correlations between the percent of Chinese Americans in a community and the residents' health and healthcare-related factors (such as insurance coverage, self-reported health conditions, consumption of sugary beverages, smoking behaviors, and need for medical care), and a series of demographic and socioeconomic factors (such as highest education level attained, poverty status, limited English proficiency, and foreign-born status). All the variables were bounded between 0 and 1, representing the proportion of the population in each category at the Census tract level.



Regression Model

As a means of focusing the analysis on what distinguishes Chinese American enclaves while allowing for multivariate correlation, regression models were developed to compare the characteristics of Census tracts with higher Chinese American concentrations to those with large White majority populations. The dependent variable was coded “1” if the Census tract is a Chinese American ethnic enclave and “0” if it is a non-ethnic enclave. The independent variables were the socio-demographic and health-related characteristics of the Census tract's population. The traditional method for a binary dependent variable is the binomial logistic model, which often fits the data better than the linear model, and the logistic model assumes that the natural log of the odds ratio is a linear function of the regressors. So, the binomial logistic model was applied in this study.





RESULTS


Residential Settlement of Chinese Americans

Based on analysis of the US Census data presented in Figure 3, the population of Chinese Americans in New York City increased by 19% (89,309 people) from 2010 to 2016. The two boroughs that experienced the greatest increases in Chinese American residents were Queens and Brooklyn, which increased 22% (42,139 people) and 23% (37,636 people), respectively. This analysis indicated growth of Chinese American enclaves in Brooklyn and Queens rather than in the historic Manhattan Chinatown neighborhoods, which experienced a decline in Chinese American residents over this time period.


[image: Figure 3]
FIGURE 3. Change in the Chinese American population from 2010 to 2016. Source: U.S. Census Bureau ACS 2010, 2016 (3, 4, 6).


A study hypothesis is that there is a high level of residential segregation among Chinese Americans living in New York City. To test this hypothesis, the similarity index and the modified exposure index were applied to Census tract level data for 1980, 1990, 2000, 2010 and 2016 (6, 8). Analysis of these metrics revealed that Chinese American segregation was most severe relative to the population of Black / African Americans, followed by that of Whites, and least severe in comparison with other Asian Americans (see Table 1). From 1980 (DEC) to 1990 (DEC), Asian Americans as a group were most segregated from Black / African Americans and least segregated from Whites. From 2000 (DEC) to 2010 (DEC), the similarity indices declined for Whites and other Asian Americans but remained stable with Black / African Americans, indicating increases in residential segregation of Chinese Americans. From 2010 (ACS) to 2016 (ACS), the similarity indices increased for Whites and Blacks but remained stable for other Asian Americans, indicating decreases in residential segregation of Chinese Americans relative to these populations.


Table 1. Similarity and modified exposure indices for Chinese Americans and Other Racial/Ethnic Groups in New York City, 1980 - 2016.
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The modified exposure indices for Chinese Americans relative to Whites are ~1, indicating that the exposure of Chinese Americans to Whites at the Census tract level is equal to the citywide level of exposure of Chinese Americans to Whites. Lower values of the modified exposure indices may be interpreted as lower levels of exposure of Chinese Americans to a given racial/ethnic group at the Census tract level, as compared to the citywide level of exposure. The results (see Table 1) indicate that Chinese Americans in New York City have the most exposure to other Asian Americans, moderate exposure to Whites, and least exposure to Blacks.



Pattern Analysis of Ethnic Enclaves

In order to test whether Chinese American residents were randomly distributed among Census tracts in New York City, the global Moran's I was applied to assess the overall clustering pattern and trend in the data from 2000 to 2016 (see Table 2). Findings were that values for the index increased significantly (p = 0.01) over the time period, indicating an increased spatial autocorrelation for Chinese Americans.


Table 2. The overall pattern of Chinese American population density in New York City, 2000 - 2016.
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The Anselin (39) Local Moran's I was applied to assess the specific spatial distributions of Chinese American residents (see Figure 4). High-High and Low-Low tracts indicate statistically significant cluster of high and low population density, respectively. If a feature has a high value and is surrounded by features with low values, it is termed a High-Low outlier. If a feature has a low value and is surrounded by features with high values, it is termed a Low-High outlier. The pink shaded areas in Figure 4 indicate Census tracts with high Chinese American population density surrounded by other areas with high Chinese American population density. These are potential locations of Chinese American enclaves, but our definition also takes into account the level of dissimilarity.


[image: Figure 4]
FIGURE 4. The spatial distribution of Chinese American outliers and clusters, 2016.


The value of the dissimilarity index is statistically independent from the relative sizes of the groups used in its computation. Figure 5 illustrates the dissimilarity indices for Chinese Americans relative to Whites at the Census tract level in New York City.


[image: Figure 5]
FIGURE 5. The dissimilarity index map of Chinese Americans to Whites at the Census tract level, New York City.


High-High cluster areas (n=317) with relatively high dissimilarity and high percentages of Chinese Americans were chosen to define ethnic enclave areas (Dissimilarity to White > 0.0133 AND Dissimilarity to Black > 0.0246 AND Dissimilarity to Other Asian > 0.0094 AND COType = 'HH' AND % Chinese Americans > 36). This definition of ethnic enclave represents a two-dimensional approach that combines social (dissimilarity index) and physical (spatial clustering, population density) components. The threshold of each dissimilarity index was set to the median value, and the threshold for the percent of Chinese Americans was set to the 95th quantile value (see the bold values in Table 3).


Table 3. Descriptive statistics used in defining ethnic enclaves, 2016.
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After filtering the dataset using these rules, 90 of 2167 Census tracts representing 5 of 59 community districts were defined as ethnic enclaves of Chinese Americans living in New York City (see Figure 6, left panel).


[image: Figure 6]
FIGURE 6. Maps of Chinese American ethnic enclaves (left panel) and non-ethnic enclave areas (right panel), New York City.


The map in the left panel of Figure 6 indicates that both Sunset Park East in Brooklyn and Flushing in Queens have greater proportions of Chinese American residents than the Chinatown neighborhood in Manhattan. Neighborhoods nearby in Brooklyn and Queens have also grown rapidly, possibly due to an influx of new immigrants and Chinese Americans relocating from Manhattan to these outer boroughs due to lower housing costs.

For comparision (see Figure 6, right panel), and in order to avoid the influence of other minority population groups, this study selected 91 of 2167 Census tracts as non-ethnic enclave areas with large proportions of the White majority population (% White > 80; Total population > 5000). In total, 181 Census tracts were included in the following analysis: 90 Chinese American ethnic enclaves and 91 non-ethnic enclaves. The community health survey data at the community district level were assigned to each Census tract. In total, 63% of Census tracts were located within a single community distrct, 30% of Census tracts were located within two community distrcts, and 7% of Census tracts were located within three or more community distrcts. For the latter two conditions, the average value across the covered community districts was assigned to each Census tract.



Correlation Analysis

Table 4 presents Spearman correlation coefficients for sociodemographic characteristics correlated with the percentage of Chinese American adults in the 181 selected Census tracts. Comparing Chinese American ethnic enclaves with non-ethnic enclaves, the percentage of foreign-born (0.796) and the percentage of limited English speakers (0.795) indicated a strong positive correlation with the percentage of Chinese Americans. It is indeed reasonable to expect that Chinese Americans are mostly foreign born with limited English proficiency. Findings also indicate that the percentage of Chinese Americans was associated with low socioeconomic status measures, including a positive correlation with poverty (0.551) and a negative correlation with working full-time (−0.368), both of which were statistically significant (p < 0.01).


Table 4. Spearman correlation coefficients for sociodemographic characteristics and community health indicators correlated with the proportion of Chinese Americans in ethnic-enclave Census tracts.
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For both age groups (25–64 years old; 65 years and older), the percentage of the population with low educational attainment (less than high school) exhibited a strong positive correlation with the percentage of Chinese American adults. Further, the percentage of the low educational attainment population with private insurance coverage demonstrated a negative correlation, for both age groups, with the percentage of Chinese Americans. Similarly, the percentage of the low educational attainment population with no insurance coverage exhibited a positive correlation with the percentage of Chinese Americans.

As the Chinese American population with low educational attainment ages, such that the community has a smaller percentage 25–64 years old (group 1) relative to the percentage 65 years and older (group 2), the more relevant correlation with the percentage of residents with public insurance shifts from a very weak positive (0.110) to a weak negative (−0.294). This pattern suggests a worsening health-coverage situation for Chinese Americans with low educational attainment as they age, where their likelihood of having public insurance is no different than that for the residents of non-ethnic enclaves when they are middle aged but is lower when they are oldest.

The percentage of the population with a positive self-perception of general health demonstrated a negative correlation (−0.346) with the percentage of Chinese Americans. The percentage of residents who consume sugary drinks and the percentage of residents who smoke, however, exhibited no statistically significant correlations with the percentage of Chinese Americans. Finally, the percentage of the population experiencing delays in receiving medical care demonstrated a weak positive correlation (0.184) with the percentage of Chinese Americans.

Table 5 reports the results for a logistic regression model of Chinese American ethnic enclaves. Given that the independent variables are bounded from 0–1, a one-unit change is the entire range of the variable, so the odds-ratio interpretation of the logit coefficients, Exp(B), is not particularly intuitive, especially given that the analyzed Census tracts are a selected subset so the odds in the ratio are not population rates. A more intuitive but less direct approach is to use the coefficients to calculate probability changes relative to a representative baseline probability of Y = 1. The logit coefficients can be used to calculate the change in the predicted probability of Y = 1 from a change in an independent variable holding all of the other regressors constant, which is equivalent to setting the Pr(Y = 1) prior to the change in the independent variable equal to a representative baseline probability. Given that 90 of the 181 Census tracts included in the analysis are Chinese American enclaves, Pr(Y = 1) = 0.50 was used as the baseline (prior) probability for calculating predicted probability changes.


Table 5. Results of binary logistic regression model (Pseudo R-square = 0.414, n = 181).
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Overall, the results identify the factors that are significantly correlated with the Census tract being a Chinese American enclave. Relative to non-ethnic enclaves, Chinese American enclaves have populations with a lower percent who hold positive (good or better) perceptions of health, a higher percent experiencing delays in receiving health care, and a lower percent with full-time employment. All of these regressors in the logistic model have coefficients that are highly significant statistically (p < 0.01).

When assessing the relative substantive significance of the regressors (with coefficients with p < 0.10), differences in their sample distributions should be taken into account by comparing the estimated effects of one-standard-deviation (one-SD) changes rather than fixed-unit changes. Taking that approach, full time employment has the largest substantive impact, accounting for more of the differences between Chinese American enclaves and non-ethnic enclaves, and specifically reducing the predicted probability of a Census tract being a Chinese American enclave by 0.229, from a one-SD (0.113 unit) increase. In comparison, one-SD increases in the proportions of the Census tract population who experienced delays in receiving health care (+0.022 units), have a positive self-perception of health (+0.132), and are over 65 years old (+0.072), produced changes in the predicted probability of a Chinese American enclave of +0.169, −0.144, and −0.097, respectively. Note though that these probability changes are relative to the baseline Pr(Y = 1) = 0.50, so they are (by definition) the maximum effects on Pr(Y = 1) even if they are representative in the current application due to the near even split of Census tracts between Chinese American enclaves and non-ethnic enclaves.




DISCUSSION

This research provides a novel way to define ethnic enclaves, unique communities that maintain a strong sense of ethnic or national identity within another country, that are hypothesized to possess health profiles that differ from those of more assimilated communities and may be transferrable to diverse ethnic groups. In this study, the similarity of residents living in Chinese American ethnic enclaves and non-ethnic enclaves in New York City were assessed, and the degree of exposure of Chinese Americans to Whites, Blacks, and other Asian Americans were measured. Results indicate that Chinese Americans living in New York City are most segregated from Blacks, somewhat segregated from Whites, and least segregated from other Asian Americans (to the extent that they are segregated with them and away from other minority ethnic groups). Compared to estimates of the similarity and modified exposure indices for Los Angeles County in 2000 (37), Chinese Americans in New York City were less segregated from Whites and less geographically clustered with other Asian Americans but more segregated from Blacks.

The analyses performed in this study using statistical indicators calculated with Census tract data confirmed that the Chinese American population density increased in New York City from 2000 to 2016, as signified by the declining exposure index of Chinese Americans relative to other Asian Americans. These findings may reflect a preference for proximity to other Chinese Americans (given that the exposure index with Whites also declines), ease of transportation access to the ethnic enclaves, and reliance on family and kinship networks to obtain housing and other resources.

From a geographic perspective, this study identified both spatial clusters and outlier areas with concentrations of Chinese American residents. An ethnic enclave was defined in this study as an area with a high percentage of Chinese American population, a high dissimilarity index, and high spatial clustering of Chinese Americans relative to other groups living in New York City. Using this definition, 90 of 2047 census tracts (5 of 59 community districts) were identified as Chinese American enclaves.

For Chinese American adults, living in ethnic enclaves was associated with more negative perceptions of general health, greater likelihood of experiencing delays in receiving health care, lower socioeconomic status, less private insurance coverage for those with low educational attainment (less than high school), and less public insurance coverage among older Chinese Americans with low educational attainment. Similarly, a logistic regression model found that relative to non-ethnic enclaves, Chinese American enclaves have populations with a lower percent holding positive perceptions of health, a higher percent experiencing delays in receiving health care, and a lower percent with full-time employment.

These findings contrast with those of a recent report where Asian Pacific Islander (API) women residing in ethnic enclaves had better pregnancy outcomes than API women residing in non-enclave areas (46). Culturally appropriate resources and reduced exposure to discrimination may promote health for pregnant API women living in ethnic enclaves (46). Similarly, a study of older Chinese Americans in Chicago found evidence for a protective effect on oral health from living in areas with high neighborhood cohesion, particularly in ethnic enclaves such as Chinatown (47). Another study found that nativity and length of time living in the U.S. could be a mediating factor in determining whether ethnic enclaves alleviate or amplify experiences of stress and discrimination for Asian American women (48).

There were several limitations in this study. First, the data from community health surveys were only available at the community district level. Although we downscaled the health data from the community district level to the Census tract level (a smaller spatial unit), this process could lead to misaligned data and information loss. Second, counter to expectations, the study found only weak evidence of associations between living in a Chinese American ethnic enclave and health-related behaviors such as smoking and consumption of sugary beverages. This finding might be attributable to the limited number of demographic control variables and the measurement error from the health behaviors being measured at a different level of aggregation than the demographic and population data. Since the influence of ethnic enclaves on health is complex, understanding nuanced distinctions between demographic groups is critical to ascertaining whether ethnic enclaves are associated with positive or negative health outcomes for a given community context.



CONCLUSION

This study examined changes in residential settlement patterns for Chinese Americans living in New York City using spatial and temporal analyses. This process involved the development of a two-dimensional method, using both sociodemographic and geographic characteristics, to identify ethnic enclaves. Correlation analysis indicated that living in a Chinese American ethnic enclave was associated with more negative self-perception of health, longer delays in receiving health care, less full-time employment, higher poverty rate, and less educational attainment. Results of the time series analysis indicated that Chinese Americans were strongly clustered in New York City in a manner where they were segregated with other Asian Americans away from other minority (non-White) ethnic groups, even though the extent of this segregation decreased from 2000-2016. Fundamentally, the findings of this study reveal that Chinese Americans living in ethnic enclaves face substantial barriers to achieving health equity when compared with the majority (White) population.
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APPENDIX


The table below provides a full description of the variables used in this study.
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Environmental deterioration in urbanizing areas increases the risks of sudden death as well as chronic, infectious, and psychological diseases. Quantifying health-related physical environment can assess the health risk of urban residents. This study uses an integrated evaluation method to simulate the health-related physical environment in the four dimensions of acoustic, wind, thermal, and landscape. According to the case study of one university campus in an urbanizing area in China, results show that (1) areas with unqualified equivalent A sound levels are generally the sports area, green square 1 and laboratory areas, and residents who stay in these areas for a long time suffer the risks of hearing loss and mental stress. (2) The windless area ratio of teaching area 1 and dormitory area 4 is larger than 20%, and respiratory health risks increase because these areas relate to relatively wind discomfort. (3) The high-temperature zone ratio of sports area and green square 2 is larger than 50%, and heatstroke risks increase since these areas relate with low thermal comfort. (4) The overall landscape perception level of dormitories and dining areas is lower than that of the teaching area, and it can cause anxiety and irritability. (5) The sports area has the lowest average overall score of the health-related physical environment among all functional areas, followed by laboratory areas. These findings indicate that the proposed model and method can be valuable tools for the pre-evaluation and optimization of urban planning. It can reduce the health risks of residents in urbanizing areas and can benefit residents' health and urban sustainable development.

Keywords: health-related physical environment, integrated evaluation, priority intervention area, university campus, China


INTRODUCTION

Rapid urbanization directly affects and changes the physical environment of urbanizing areas, leading to a series of outstanding environmental problems, such as the heat island effect, noise pollution, and air pollution. Environmental deterioration increases the risks of sudden death, chronic diseases, infectious diseases, and psychological diseases. An arduous and important task faced by urban planners is to find ways to optimize the urban form, create urban space and provide people with a high-quality life. The urban physical environment includes wind, thermal, acoustic, landscape, and other elements. The state of the health-related physical environment directly affects the overall well-being of the city and its residents. Previous research revealed that a low-quality acoustic environment can result in tinnitus and hearing loss (1); ventilation environment affects the characteristics of urban air flow and also indirectly affects people's respiratory health; the deterioration of urban thermal environment not only reduces people's thermal comfort (2) but also increase the risks of sunburn and heatstroke (3, 4); landscape results in different emotions, such as happiness, relaxation, excitement, depression, anxiety, sadness, etc. Providing good comfort is considered an important path to deal with the environmental health problem. Therefore, various environmental factors that affect public health in urbanizing areas should be comprehensively analyzed.

Existing studies on the physical environment in urban planning and design generally include post-use evaluation and in-design evaluation (5). The post-occupancy evaluation examines the effectiveness of the residential environment in use (6), including evaluation of building energy consumption (7), residential environment satisfaction (8), and physical environmental impact (9, 10). This method measures the data collected to evaluate part of or the whole city after it is in use. In-design evaluation quantifies and predicts the performance of the design-based physical environment through calculation and simulation models. The obtained results and evaluations are often used to guide design optimization and adjustment. Previous research focused on the post-fact evaluation of the physical environment, but in-design evaluation also should be analyzed to predict the performance of the physical environment that has an important impact on public health. Therefore, pre-evaluation is designed to evaluate the health-related physical environment in urbanizing areas in this study.

Extensive research has been carried out to determine the influence of the thermal environment. Le Corbusier pioneered the use of shading and ventilation as the basic strategy of urban architectural design (11). This method incorporates climate into the scope of urban planning and design. Olgyay (12) argued that sustainable design should systematically integrate design, location, climate, and human comfort. In recent years, the use of numerical simulation to explore the thermal comfort of the urban thermal environment has attracted extensive attention (13, 14). Thermal comfort relates to temperature, wind speed, relative humidity, and thermal radiation (15–17). Indices for measuring the comfort degree of thermal environment include predicted mean vote (PMV) (18), physiological equivalent temperature (PET) (19), and universal thermal comfort index (UTCI) (20). Research of the acoustic environment focuses on the influence of noise on human hearing health (21, 22), methods of reducing noise influence (23), and application of noise reduction measures (24). The equivalent A sound level (LAeq) and the peak traffic noise (L10) are often used as the evaluation indices of the noise prediction model (25, 26). Previous studies revealed that green landscape has a positive effect on human health (27). Research on health-related physical environment focuses on the thermal environment and air quality. However, the health-related physical environment tightly relates with acoustic, wind, thermal, and landscape (28, 29). Meanwhile, few researchers have paid attention to the subjective perception of the health-related physical environment, especially visual quality (30).

This research mainly aims to use the in-design evaluation method to identify priority intervention areas where the health-related physical environment can be optimized and improved and provide a new approach for pre-evaluation and optimization in urban planning and design. Specifically, this study is divided into the following parts. (1) The technical protocol and research method are determined. The wind, thermal and acoustic environment are calculated and simulated using software, the level of landscape perception is determined through questionnaire surveys, the simulation results are analyzed based on evaluation indices, the environment of different dimensions is quantified and graded based on evaluation standards and spatial raster analysis is conducted with GIS technology. (2) The health-related physical environment of Zhejiang University of Technology Zhaohui campus is simulated using the combination of subjective and objective methods. The four types of the health-related physical environment of wind, thermal, acoustic, and landscape at the pedestrian level are studied and comprehensively evaluated through the combination of objective simulation results and subjective quantitative grading. (3) The key conclusions of this research, the applicability of the method and the possible future research interests are provided.



RESEARCH FRAMEWORK


Study Area

The Zhaohui campus of Zhejiang University of Technology is located in Hangzhou City in China and covers an area of 597,000 m2. The summer is hot and humid with prevailing southeast wind, and the climate is typical humid subtropical. The whole area, which is surrounded by roads (elevated roads to the west and the north), contains nearly all factors that affect the health-related physical environment of campus, including elevated roads, trees, rivers, and high-rise buildings outside the school.

A functional area identifier is used to represent the function of each of the different functional areas (Figure 1A). Areas are divided according to the types of activities, and spatial forms in this area and are divided into 20 areas, including dormitories, sports area, laboratory areas, dining areas, riverside green belt, green squares and teaching areas. Although some activities are generated outside the boundary of an area, a subjective impact is still exerted on people in the area. Therefore, the environment outside the boundary is also included in the simulation, and a typical affected area will be described by a specific method. However, the principle of functional area division evaluation is to be within walking distance.


[image: Figure 1]
FIGURE 1. Zhaohui Campus of Zhejiang University of Technology: (A) map of functional zones, (B) acceptance point layout and current situation.




Technology Route

The physical environment can be perceived through physical and mental sensations. The physical and mental sensation includes hearing, touch, sight, and mentality (31). The physical and mental sensation can obtain information about the acoustic, wind, thermal, and landscape environments. The multidimensional environment tightly relates to human health and well-being because it impacts acoustic comfort, wind comfort, thermal comfort, and comfort. Therefore, the conceptual framework for the health-related physical environment is shown in Figure 2A.


[image: Figure 2]
FIGURE 2. Research framework: (A) conceptual framework for health-related physical environment, (B) technology route.


The technical route is shown in Figure 2B. This work studies the four types of the health-related physical environment of acoustic, wind, thermal, and landscape. First, the wind, thermal and acoustic environments are modeled using simulation methods, and the subjective evaluation method is built for the landscape environment by using questionnaire surveys. Second, the simulation results of acoustic, wind, and thermal environments are analyzed using different evaluation indices. In addition, the equivalent A sound level, wind speed, PMV value, and landscape preference value of the receiving stations are measured, and the health-related physical environment of each dimension is quantified into scores according to different evaluation standards. Finally, the spatial raster analysis is performed with ArcGIS software to determine priority intervention areas, where the health-related physical environment can be improved.




METHODS


Numerical Simulation

This study uses the calculation model of outdoor sound propagation attenuation in the Chinese standard Technical Guidelines for Environmental Impact Assessment-Acoustic Environment (HJ2.4-2009) for acoustic environment simulation and NoiseSystem software developed by Huan'an Technology Co., Ltd. The specific model calculation method is introduced in the study of Wu et al. (32). This study will not go into details. The software considers the comprehensive effect of all sound sources, attenuators, and meteorological elements during sound propagation in the prediction area and uses the output equivalent A sound level (LA), octave band sound pressure level (LP), and other data to evaluate the sound environment.

The ENVI-met model developed by Professor Michael Bruse of Germany is used to establish the microscale ENVI-met model for wind and thermal environment simulation (33). It can be used to study the microscale numerical simulation of the interaction of the surface, vegetation and air in the urban area. It can also be used to analyze the impact of small-scale changes on the microclimate in urban design. ENVI-met usually calculates and outputs meteorological data, such as air temperature, humidity, wind speed and average radiation temperature. At the same time, the BioMet module can be used to calculate PMV. The setting of PMV parameters is based on general Hangzhou residents, with the walking speed set to 3.6 km/h (1 m/s) and the insulation coefficient of summer clothes set to 0.5 clo. The selected input parameters for ENVI-met base simulation are shown in Table 1.


Table 1. Selected input parameters for ENVI-met base simulation.

[image: Table 1]

A simulation model is established based on the current situation of the Zhaohui campus of Zhejiang University of Technology (Figure 3). The physical environment in the pedestrian layer is assessed in models. The height of the pedestrian layer is 1.5 m. The NoiseSystem model and ENVI-met model set the height of the buildings, trees, and rivers in the two models as actual heights. Meanwhile, receiving stations at the same location are set for the evaluation of the simulation results (Figure 1B). A total of 133 receiving stations are laid out, with 119 evenly laid out on the campus and 14 off the campus, to have a more accurate understanding of the health-related physical environment of the campus. The date being simulated in this study is August 3, 2020, and the simulation starts at 10 am and lasts for 12 h. The horizontal section (with a height of 1.5) of the health-related physical environment at the pedestrian level is selected as the basis for simulation evaluation. Given that Hangzhou is dominated by the subtropical monsoon climate, the temperature at 2:00 p.m. is the daily high temperature in summer in Hangzhou. The daily high temperature has a significant influence on human comfort. Therefore, the data from 2:00 p.m. are used for each simulation.


[image: Figure 3]
FIGURE 3. Simulation models: (A) NoiseSystem model, (B) ENVI-met model.




Evaluation Method

The health-related physical environment evaluation standards of different dimensions are selected, and evaluation indices are determined by referring to national standards and previous research results. The study also considers the probability values and types of the variables and quantifies the simulation and survey results of the health-related physical environment in the four dimensions of wind, thermal, acoustic and landscape to indicate the comfort level that the environment of different qualities brings to people. An 11-class linear scale is used for conversion to realize the normalization and dimensionless treatment of the indices (32). The scores are on a scale of 0 to 10.



Acoustic Environment Evaluation

According to the category 0 indices in the Acoustic Environmental Quality Standards (GB3096-2008) (Supplementary Table 1), the simulation results of the acoustic environment at receiving stations in the study area are evaluated. The selected index is defined as the pass rate, that is, the area ratio of areas where the equivalent sound level meets the category 0 standard to the total area.

The UK's Planning Policy Guidance Note 24 divides Noise Exposure Categories (NEC) into four levels (34): A, B, C, and D (Supplementary Table 2). Level A indicates nearly no complaint about the impact of environmental noise, levels B and C indicate a certain degree of acceptance of the noise and Level D means that the noise is unacceptable. This guideline will be used to quantify the evaluation standard for the acoustic environment.

According to the four levels of Noise Exposure Categories (NEC), the disturbance of sound pressure levels is divided into four levels in the form of acceptance, and the level of acceptance is scored. In general, the levels of noise exposure in the university campus are mainly distributed in levels B and C. The levels of noise exposure correspond to the level of acceptance. Interpolation is used to determine the scores of acceptance levels 2 and 3 and distinguish the scores of the degree of annoyance caused by different sound pressure levels. We design wide ranges of scores of acceptance levels 2 and 3 to reveal the difference in the degree of annoyance caused by the slight difference among noise values. The quantitative evaluation of the acoustic environment is shown in Table 2A.


Table 2. Quantitative evaluation of different environment: (A) Acoustic Environment, (B) Wind Environment, (C) Thermal Environment.
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Wind Environment Evaluation

Simiu et al. (35) proposed a more specific relationship between pedestrian comfort and wind speed (Supplementary Table 3). Ng et al. (36) further subdivided the wind speed. Drawing on their 5-class wind speed classification standards, this study selects the area ratio of the windless zone as the basis for the wind environment evaluation. A wind speed of <0.6 m/s is used as the standard of the windless zone to evaluate the results of wind environment simulation in the study area.

The wind force scale devised by the British Francis Beaufort in 1805 is also known as the International Beaufort Wind Force Scale. According to this standard, China promulgated the national standard “Wind scale” (GB/T 28591-2012) (Supplementary Table 4). It further subdivides the wind force and wind speed ranges, with class 0 as calm, 1 as light air, 2 as a light breeze, 3 as a gentle breeze, 4 as a moderate breeze, and 5 as a fresh breeze. Starting from class 5, when the wind speed is >10 m/s, people will feel uncomfortable. Different wind forces and speeds have different effects on the human body. This scale will be used as an evaluation standard to quantify and grade the wind environment.

According to the Beaufort Wind Force Scale, the impact of wind speed on the human body is divided into six levels in terms of how much the wind affects the human body. The wind speed that is between 1.6 and 3.3 m/s provides the most comfortable wind environment for people, so the assigned score is the highest. We design the wide ranges of scores of acceptance levels 0, 1 3 and 4 to reveal the difference in the degree of the influence of wind power level on the human body caused by the slight difference in wind speed. The impact is graded as follows: calm, level 1, 0–4 points; light air, level 2, 4–8 points; the light breeze, level 3, 8–10 points; gentle breeze, level 4, 4–8 points; the moderate breeze, level 5, 0–4 points; and strong breeze and above, level 6, 0 points. Interpolation is used to determine the score for impact levels 1 to 5 (Table 2B).



Thermal Environment Evaluation

China's Green Building Evaluation Standards (GB 50378-2006) propose that the daily average outdoor heat island intensity of residential areas should not be higher than 1.5°C. The selected index is the area ratio of the high-temperature zone. According to the standard of measured average heat island intensity in summer ≤ 1.5°C, this study regards the area ratio of the area where the Mean Radiant Temp. (MRT) exceeds the average of receiving stations by 1.5°C as the area ratio of the high-temperature zone and evaluates the simulation results of the thermal environment at receiving stations in the study area.

Compared with the other thermal comfort indices, the PMV index proposed by Fanger considers factors such as human body parameters, body metabolic rate, and clothing insulation coefficient in detail (18). The thermal sensation of the human body can generally be rated using the ASHRAE 7-point scale and its extended 9-point scale (37). The two scales are symmetrical. Point 0 on the scale indicates that people feel neither too hot nor too cold, which is defined as thermal neutrality. The three points in the middle of the scale, namely, −1, 0, and 1, are considered satisfactory. The PMV evaluation model in this work is built according to the ASHRAE extended 9-point scale (Supplementary Table 5). For the PMV values between −0.5 and 0.5, the outdoor thermal environment is the most favorable. Therefore, it will be used as the evaluation standard to quantify the thermal environment.

Given that this study simulates a day in summer, all PMV values are positive. Considering the points greater than 0 on the ASHRAE 9-point scale, the PMV value is divided into five levels in the form of thermal comfort, which is graded (Table 2C). This method of assignment for PMV is similar to the method of assignment for the acoustic environment.



Landscape Environment Evaluation

Different types of landscape spatial forms, including riverside space, buildings, greening and squares, are present in the study area. This study uses questionnaire surveys to obtain data for evaluating the visual satisfaction of different forms of landscape environment and determining the level of landscape perception in each area. Sampling units in this study are individuals over 18 years old. All teachers and students on the Zhaohui campus of Zhejiang University of Technology are included in the sample population. The questionnaire consists of two parts: the first part is the socio-demographic characteristics of the respondents, and the second part is their spatial perception and preference scores for landscape elements. The questionnaire for landscape perception evaluation is shown in Table 3. The evaluative dimension includes spatial characteristics, environment greening, and psychological perception, and an 11-class linear scale is used for conversion (38, 39).


Table 3. The questionnaire for Landscape perception evaluation.

[image: Table 3]



Overall Evaluation of the Area

The final step of the analysis is to estimate the score based on the weighted sum of the four categories of environment. The equal weight method for calculating the overall score is widely used in comprehensive assessment (40, 41). It assumes that different influencing factors have the same impact on the evaluation object. Therefore, the equal weight method is used in this study, and a weight of 25% is given to each type of environment since the importance of the impact of each environment on the human body is similar.

[image: image]

where OSA is the overall score of the whole area, Pi is the score of each type; and Wi is the weight of each type (25%).




RESULTS


Performance Evaluation

We compare the simulated data against the observed in situ data to test the model performance. The differences between simulated and observed values of equivalent A sound level, wind speed, and average radiation temperature in the whole campus and control points of different functional zones are assessed. Figure 4 reveals that the values of R2 of linear fitting equations for the values of equivalent A sound level and average radiation temperature are larger than 0.95, and the values of R2 of the linear fitting equation for wind speed are near 0.90. The model performance implies that the model can be applied to simulate the health-related physical environment.


[image: Figure 4]
FIGURE 4. Curves of simulated value and observed value: (A) Performance tests of acoustic environment in whole area, (B) Performance tests of acoustic environment in separated areas, (C) Performance tests of wind environment in whole area, (D) Performance tests of wind environment in separated areas, (E) Performance tests of thermal environment in whole areas, (F) Performance tests of thermal environment in separated areas.




Health-Related Physical Environment Simulation

Based on the simulation results of the three types of the health-related physical environment (wind, thermal and acoustic), wind speed, temperature, humidity, and equivalent A sound level were measured at the 133 receiving stations in the study area. Moreover, spatial raster analysis was performed on the wind speed, temperature, and equivalent A sound level values of the receiving stations by using ArcGIS software. A 100 × 100 grid was created for the study area, and the resulting space obtained was linked to different functional areas. The area ratio of the windless zone, the area ratio of the high-temperature zone and the equivalent A sound level pass rate of each area were calculated.



Acoustic Environment

The acoustic environment simulation results (Figure 5) show that the equivalent A sound level in the entire area falls within 41–67 db, indicating a generally good acoustic environment on the campus. However, a distinct difference is observed between areas with a good and poor acoustic environment. The equivalent A sound level value is higher near the elevated roads to the north and the west, in the sports courts, and along the river. The reason is that most of these places are in the exposed area. By contrast, the acoustic environment of other areas protected by buildings and plants is relatively better, especially in areas in the east and southeast, which are sheltered by high-rise buildings outside the boundary and have rich greenery in the area. Thus, the equivalent sound level is low at under 50 db.


[image: Figure 5]
FIGURE 5. Zhaohui Campus of Zhejiang University of Technology: Numerical simulation diagram of equivalent A sound level at 14:00.


In terms of each functional area, Table 4 shows that the overall equivalent A sound level of each area is relatively high, with the pass rate of most areas over 50%. Figure 5 shows that areas with unqualified equivalent A sound levels are the sports area, green square 1, and laboratory areas. The pass rates of the three areas are 11.44, 14.02, and 28.92%, respectively.


Table 4. Pass rate of Average Equivalent Sound Level (AESL) in each zone.
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Wind Environment

The wind environment simulation results (Figure 6) show that the wind speed in the area is generally lower than 5 m/s, and the overall wind environment is comfortable. Dense buildings will create a light breeze/air and windless zone of the considerable area with a wind speed lower than 2 m/s, especially when the areas are surrounded and enclosed by buildings. However, the wind speed in a small number of areas, mainly in the sports area, exceeds 5 m/s.


[image: Figure 6]
FIGURE 6. Zhaohui Campus of Zhejiang University of Technology: Numerical simulation diagram of wind speed at 14:00.


According to the evaluation standard of the windless zone with wind speed lower than 0.6 m/s, the area ratio of the windless zone for each area is calculated based on the simulation results (Table 5). The results show that the area ratio of the windless zone falls within 1.4–28.31%. Figure 6 shows that a windless zone, including teaching areas 1 and 2, the library, and dormitories 3 and 4, will be formed around buildings. The windless area ratios of teaching area 1 and dormitory area 4 are larger than 20%. Teaching area 1 has the largest windless area ratio of 28.31%. The thermal comfort in these areas is poor.


Table 5. Area ratio of Windless Zone (WZ) in each zone.
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Thermal Environment

Thermal comfort is considered to be directly related to health and work efficiency and is closely related to climatic conditions such as temperature and humidity, which are important factors affecting the thermal environment. The average radiant temperature and relative humidity obtained from the simulation are selected for analysis. The summer Mean Radiant Temp (MRT) range to achieve thermal comfort is 17–26°C. However, the simulation results (Figure 7A) show that the Mean Radiant Temp. (MRT) is >26°C for most places in the study area. Therefore, the temperature in the whole area is generally high, and high-temperature zones may be formed (close to rivers and the sports area). Given that the lowest relative humidity is 49.65% and the highest is 61.29% (Figure 7B), the overall humidity is relatively high. Accordingly, the human body cannot lose heat and people will feel hot and suffocating.


[image: Figure 7]
FIGURE 7. Zhaohui Campus of Zhejiang University of Technology: Numerical simulation diagram at 14:00: (A) Mean Radiant Temp. (MRT), (B) Relative Humidity.


In terms of the thermal environment of each area, the results show (Table 6) that the sports area has the greatest high-temperature zone ratio of 87.44%, followed by green square 2 of 54.69%. The high-temperature zone ratio of the sports area and green square 2 is larger than 50%. High-temperature zones are easily formed in the two areas due to their large proportion of hard-surfaced pavements that lack water permeability and air permeability.


Table 6. Area ratio of High-temperature Zone (HTZ) in each zone.
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Subjective Evaluation of Landscape Environment

This study uses a random sampling method and randomly selects five people from each of the 20 areas to collect data. The questionnaire survey was performed face-to-face on campus from August 1 to 3, 2020. The survey first investigated the socio-demographic characteristics of the interviewees, and then the interviewees were asked to compare the subjective visual perception of the existing landscape environment in each area and assign a score from 0 to 10 to determine the level of landscape perception. The participant took about 10 min to complete the questionnaire. Most of the respondents are male, aged 21 to 35 years, and 39% of them are faculty and staff. Data from 108 interviewees were collected, and the effective rate of the survey was 92.6%. It will be used for the study of the quantitative evaluation of landscape environment perception.

The results show that a great number of green belts and areas are adjacent to the river in the study area, such as riverside green belts and green squares. These areas usually give people a better visual perception of the landscape, and the corresponding perception level of the landscape is also high. However, the landscape perception level of laboratory areas and the sports area is lower. The overall landscape perception level of dormitories and dining areas is generally lower than that of the teaching area.



Integrated Evaluation of Health-Related Physical Environment

The four dimensions of the health-related physical environment are quantified and graded according to the given evaluation standards, and the scores are then visualized. ArcGIS software is used to perform spatial raster analysis on the evaluation values of the receiving stations to obtain the spatial perception distribution of the health-related physical environment in each dimension. The integrated score of the whole area is obtained by the weighted sum of the four types of health-related physical environments by using a raster. The result is shown in Figure 8. Similarly, a 100 × 100 grid for the study area is created, and the resulting space is linked after rasterization to different functional areas. The average scores of the noise exposure level, Beaufort wind force scale, thermal comfort PMV and landscape perception level are calculated, as shown in Figure 9.


[image: Figure 8]
FIGURE 8. Spatial visualization of quantified scoring results in health-related physical environment.



[image: Figure 9]
FIGURE 9. Quantitative scoring results of the health-related physical environment in each zone.


The average scores of each area (Figure 9) show that the thermal environment is the worst among the four types of the health-related physical environment. The PMV score of thermal comfort is relatively low. The acoustic environment is the best, followed by the wind environment. The score of the landscape perception level fluctuates greatly, and distinct differences are observed among the areas. Hence, thermal comfort is the worst in the four types of environments in summer. The bother caused by noise is slight. Wind comfort and visual acceptance of landscape are different in different regions. Combining the visualization results in Figure 8 and the acoustic environment results (Figure 8A) shows that the acoustic environment of the entire area is satisfactory with the average score of the noise exposure level above 8 except for the sports area and green square 1. The score of the sports area is lower than 7. Figure 8B shows that the distribution of areas with a low comfort score in terms of the wind environment conforms with that of windless zones mentioned in the previous section. Figure 9 shows that the average score of the wind environment falls within 6.027–8.154, indicating an overall satisfactory environment. Figure 8C shows that the areas with high thermal sensation scores are the two large dormitories in the north and teaching area 3 in the west. Figure 9 shows that the sports area has the lowest average score of only 3.375 in terms of the thermal environment. The PMV score of sports area and green squares 2 is lower than 4. The average scores of the other areas are around 5, which means that the thermal environment is unsatisfactory. The sports area and green squares 2 and 3 have higher scores in terms of the wind environment, while the opposite is observed for the thermal environment. The landscape perception scores and spatial visualization (Figures 8D, 9) show that areas with low landscape environment scores are the sports area (5.878), the laboratory area in the north (4.365), and dining area 1 (5.163). The levels of landscape perception in these areas are low.

The broken line graph in Figure 9 shows that the sports area has the lowest average overall score among all functional areas, followed by laboratory areas. The visualization results of the scores of all areas on campus in Figure 8 show that the library and the areas located within a certain range along both sides of the river have higher scores. Meanwhile, the areas close to roads in the west and north (sports area and south of teaching area 2) and laboratory areas and surrounding areas under their influence (green square 1) have lower scores.




DISCUSSION

The acoustic environment relates to human health. Noise has an impact on hearing health (22). Most of the sports areas and laboratory areas are in the exposed area and are affected by the types of activities happening inside them and noise originating from outside highways. Residents who stay in these areas for a long time suffer the risks of hearing loss and mental stress. Okokon et al. (1) found that road-traffic noise can induce stress, which may contribute to mental health disorders. Excessive noise in the physical environment in urbanizing areas is related to mental illness, heart disease, stress, sleep quality, and cognitive impairment (21). Alleviating the noise influence in the physical environment should improve the acoustic environment.

Wind environment relates to human health. A windless zone in this study, such as teaching areas, library, and dormitories, will be formed around buildings. The windless zones formed in these areas are not conducive to the dispersion of air pollutants and increase respiratory health risks (42). Meanwhile, the relative thermal discomfort of these windless zones due to the enclosed space created by buildings and small ventilation corridors resulting from dense buildings may lead to the heat island effects in part of the campus (5). Therefore, these areas should be the key areas in the improvement of the wind environment quality. Possible improvement measures include adjusting the architectural layout at air passages, adding ventilation corridors and connecting to surrounding open spaces (e.g., squares and rivers) and peripheral air flow channels (e.g., roads) for introducing airflow into the building complex and promoting the internal air flow. It can reduce the accumulation of pollutants and reduce health risks, such as respiratory diseases caused by insufficient ventilation.

The thermal environment relates to human health. A significant correlation exists between temperature and thermal comfort (43). Higher temperature corresponds to a lower PMV score. Shadow areas that can be formed by buildings or plants are inadequate because of the exposed areas, such as sport areas, lack projection of buildings and plants. The water and air impermeability of the hard-surfaced pavements results in a low score in terms of the thermal environment. It is prone to skin diseases or heatstroke and other diseases in summer, and its thermal comfort is poor. Liu et al. (44) found that heat index and air pollution index are significantly associated with mortality. The combination adjustment of temperature, humidity, and wind speed can improve thermal comfort (45). Thus, the improvement of the quality of the wind and thermal environment and cooling measures should be proposed to increase the human comfort level and reduce the risks of heat stroke.

The landscape environment relates to human health. The landscape has a significant impact on human health. The overall landscape perception level of dormitories and dining areas is generally lower than that of the teaching area because hard-surfaced roads and dilapidated buildings can cause anxiety and irritability. Thus, the improved visual quality caused by landscape can improve physiological and mental comfort (46, 47).

Integrated evaluation of the health-related physical environment can determine the most unsatisfactory environment in a certain area. From the perspective of improving public health, this study helps to design an optimization strategy to improve the health-related physical environment (48, 49). The strategy needs to focus on the sports area in the south and the northernmost laboratory area considering the thermal environment scores. This method can also be used to determine the type of health-related physical environment with the lowest score for revealing the improvement strategy. For example, when attention is paid to the improvement of thermal environment quality for laboratory areas, the visual quality of the landscape should also be considered. For teaching area 2, the improvement of wind and thermal comfort and the visual quality of the landscape should be conducted simultaneously. Laboratory areas have an overall low score. Thus, improvement should be performed comprehensively on the four types of environment. Improvement for the sports area should include installing noise barriers to improve the quality of the acoustic environment and partial greening or adding rest corridors to enhance the quality of the thermal environment and landscape environment perception.



CONCLUSIONS


Major Conclusions and Optimization Suggestions

This study proposes a method for investigating health-related physical environment in urbanizing areas. The method integrates subjective and objective evaluation to comprehensively assess the multi-dimensional physical environment. This method combines health-related physical environment simulation technology with GIS spatial analysis to identify priority intervention areas, which can be used to support spatial optimization decision-making in urban planning and design. The method also serves as a pre-evaluation work for the early stages of urban design and provides action plans for optimizing the urban form and improving the poor comfort and high incidence of health diseases caused by environmental degradation. This method is applied to a case study of an urbanizing area (Zhaohui Campus of Zhejiang University of Technology). The results highlight the five major optimization suggestions for the area. (1) The implementation of ventilation corridors needs to be strengthened, especially in the teaching area, the library, and the dormitory area on the east side to reduce the area of windless zones for improving the wind environment. This strategy should improve wind comfort, promote air flow in enclosed spaces and reduce the high risk of respiratory diseases. (2) Cooling measures are proposed to mitigate the heat island effect in high-temperature areas such as the sports area and the two green squares in the south for improving the thermal environment. This method should improve thermal comfort and reduce health risks associated with skin diseases, heatstroke, and cardiovascular and cerebrovascular diseases. (3) Noise barriers should be installed, especially in the sports area and laboratory areas, to improve the acoustic environment. This proposal should reduce the annoyance of noise and prevent mental health, hearing health, sleep disorder, and other diseases caused by noise. (4) Attention should be paid to improving the landscape visual quality of the sports area, laboratory areas, and dormitories in the north to enhance the landscape environment. Attention should be paid to the design of a healthy landscape and improving the visual perception of landscape to promote residents' psychological, emotional and physiological health. (5) The sports area, laboratory areas, and green square 1 should be regarded as key areas for the multi-dimensional comprehensive improvement of the environment. All the four dimensions of the health-related physical environment need to be strengthened.



Innovation and Limitations

This study is innovative mainly in three aspects. (1) It performs the multi-dimensional evaluation of the four types of the health-related physical environment of acoustic, wind, thermal, and landscape under multi-factor action mechanisms of wind speed, temperature, noise, and landscape perception to examine and simulate the health-related physical environment. (2) It introduces subjective indices, which can more accurately reflect human feelings, and conduct a comprehensive survey of the physical environment's influence on human comfort level and health risk through the combination of subjective and objective evaluations. (3) It performs pre-evaluation on the health-related physical environment, proposes spatial optimization strategies, and provides action plans for the next steps of urban design.

However, the limitations must be acknowledged. First, the indices used in the evaluation of simulation results are the equivalent sound pressure level, wind speed, and average radiation temperature. The maximum and minimum sound pressure levels are ignored in the simulation analysis. Second, errors exist in the model construction and the quantity and quality of data measured at receiving stations, thereby affecting planning and decision making. For future research, an increase in the number of input variables or evaluation categories for larger data sets will be considered. In addition, establishing cooperation with institutions from complementary research fields may be considered in the future to overcome data limitations. Finally, we cannot run the models again to assess and ascertain the potential improvements of the suggestions, which are difficult to be quantified. Meanwhile, this study pays more attention to the present situation evaluation, and the optimization simulation is considered in future research.
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At present, the doctor–patient relationships in Chinese medical and health institutions (MHI) are increasingly tense, and the reputation crisis challenges are being faced by MHI more frequently. However, the reputation crisis management level of the MHI is directly related to the future development and construction of the MHI and is an important management link that cannot be ignored. Therefore, how to quantify the impact of the relevant crisis on hospitals has become a major problem. First of all, this paper uses the situational crisis communication theory (SCCT) to combine the characteristics of hospital reputation crisis with the theory and classification of MHI reputation crisis from three perspectives: victim crisis, accidental crisis, and preventable crisis. Second, a more comprehensive analysis of MHI reputation crisis management model is conducted in the research cases, based on the relevant data of Union Hospital, Tongji Medical College Huazhong University of Science and Technology (UH), Tongji Hospital, Tongji Medical College Huazhong University of Science and Technology (TJ), Zhongnan Hospital of Wuhan University (ZN), Renmin Hospital of Wuhan University (RM), and Maternal and Child Hospital of Hubei Province (MC). Third, we divide MHI reputation positioning into four types, namely robust, growth, fragile, and sensitive, and innovate SCCT to build a new MHI crisis classification type. Finally, this paper provides appropriate crisis management strategies for sample MHI based on the above examples and theories. Furthermore, we realize the lifecycle management of MHI reputation by identifying, evaluating and responding to reputation issues. This study provides a theoretical reference for the MHI reputation crisis management level and the adjustment of future management strategies.

Keywords: coping ability, promotion countermeasures, situational crisis communication theory, medical and health institutions, reputation crisis


INTRODUCTION

Medical and Health Institution (MHI) reputation is the rational cognition and emotional evaluation of the past and current behavior and results of a MHI through personal experience or through internet and word-of-mouth communication. For the 2019 China Hospital Rankings that were released by the Hospital Management Institute of Fudan University (1), the total score of each MHI is calculated based on two factors: reputation and scientific research. Peking Union Medical College Hospital has been ranked first for 10 consecutive years. This ranking has become a reference standard and guideline for major MHI and patients in China. Patients' trust in a MHI is based on the MHI reputation, and patients also prefer to go to general MHI with higher average reputation values for medical treatment (2). With the advancement of the reform of the medical system, China's medical and health services have undergone rapid development, and public MHI also occupy an important position in patient care and social development (3). Among them, doctor–patient relationship is a sensitive point in the medical field, and various medical disputes and medical incidents have greatly affected and impacted the doctor–patient relationship, which is the main part of the MHI reputation management (4–6). Research on MHI reputation and quantitative monitoring and evaluation can visually display the key elements of MHI reputation, which is essential for accurate management of MHI reputation (7, 8). Taking UH, TJ, ZN, RM, and MC as the research samples, this study establishes the MHI reputation crisis management index model and uses the situational crisis communication theory (SCCT) to explain the response strategies to the MHI reputation crisis (9). This paper makes innovations based on the SCCT and adopts a more subdivided crisis classification, and a relatively modest response to the crisis.



MEDICAL AND HEALTH INSTITUTIONS REPUTATION DEFINITION

Nowadays, there are mainly two perspectives on reputation research. One is from the perspective of economics, which regards reputation as an important mechanism to ensure the honest execution of contracts (10). The other is a management perspective, which treats reputation as an intangible resource and asset (11). Although there is no uniform definition of corporate reputation, it mainly has the following characteristics (12). One is the overall evaluation and impression of many aspects of the company. The second is that the evaluator of corporate reputation can be a single subject or multiple subjects. The third is that the source of corporate reputation is all past behaviors of the company. Fourth, the relevant entities evaluate the corporate reputation based on direct experience and indirect information. Fifth, the core of corporate reputation is trust.

MHI reputation refers to the reputation and reputation of the MHI in the public, which is an intangible asset and potential and important resource. MHI reputation management is the development and utilization of such intangible resources (13). The MHI is born with the public welfare nature of rescuing the dying. Although the MHI reputation is based on the reputation and enterprise reputation research, it has its special attributes, which is different from ordinary enterprises with profit as the first goal (14).

The existing research on MHI reputation is mainly reflected in the discussion of MHI reputation definition and reputation management. Asenjo et al. (15) proposed a method to analyze the reputation parameters of Spanish MHI, which shows that scientific production and reputation index are positively correlated. Triemstra et al. (7) found that MHI reputation may be affected by its social media presence, or the MHI reputation or ranking may drive social media followers. Ziemba et al. (16) believed that consumers associate the construction of MHI reputation with objective medical quality. This behavioral pattern is worthy of attention, especially when the reputation is inconsistent with objective data. MHI is a kind of non-profit organization with the characteristics of public welfare, productivity, and operation. It integrates the definition of corporate reputation and the characteristics of MHI. Specifically, MHI reputation refers to what people perceive based on direct experience and indirect information. The overall impression and evaluation of a MHI is a comprehensive reflection of all aspects of a MHI's behavioral abilities, formed in the long-term conscious medical service process (17). The research perspective of corporate reputation generally considers the customer as God as the basic purpose and defines consumers as rational economic people, which fits the first goal of the enterprise profitability. However, when studying MHI reputation, both patients and doctors are irrational economic people. The goal is not to obtain cost-effective products, but to obtain treatment and treatment for diseases. Therefore, MHI reputation is not a purely economic concept, but a balance between social and economic benefits. The reputation of MHI cannot be measured with complete profitability.


SCCT and Application

The SCCT was proposed by Coombs (18). To quantify the effect of crisis response, the SCCT was tested by testing the audience's perception and attitude after communication, various communication strategy adaptation conditions were summarized, and then the SCCT was proposed. SCCT mainly includes crisis scenarios, crisis response strategies, and crisis scenario adaptation systems. Crisis scenarios include three dimensions: crisis responsibility, organizational crisis history, and past reputation. At the same time, Coombs introduced the attribution theory in psychology, emphasizing that crisis classification should be judged based on the subjective perception of the public, that is to say, if stakeholders believe that the organization is guilty, then the organization has an organizational crisis. He also pointed out that anger and compassion are the two major emotional factors that affect people's attribution. According to the stakeholder's attribution of organizational responsibility, the types of crises are divided into three types: victimized, accidental, and preventable.

After the crisis occurs, the organization's primary task is to prevent stakeholders from harming. Therefore, organizations must provide indicative information after a crisis to prevent people from being physically harmed and provide adaptive information to deal with people's psychological threats. Based on this, the organization can adopt the four basic crisis communication strategies: denial, downplay, reconstruction, and support. The key to matching crisis scenarios and crisis response strategies lies in their respective strengths and weaknesses. On the one hand, the attribution of responsibility becomes stronger from the victim type, accident type, and preventable crisis type. On the other hand, the tough attitude of denial, downplay, and reconstruction strategy weakens in turn. In this way, the two form a dynamic adaptation system.

MHI reputation crisis management can refer to the classification of crisis in SCCT, list the common crisis scenarios according to the actual situation of MHI reputation, and adopt targeted crisis response strategies. That is, SCCT believes that organizations first classify the crisis when a crisis occurs and choose the most appropriate crisis response strategy after evaluating the variables that may affect the enterprise reputation. That is to say, different crisis communication strategies have different effects. The key to achieve the best communication effect is in the adaptation of communication strategies and crisis scenarios and to choose the corresponding strategies according to the size of responsibility of the organization. Specifically, when the organization (MHI) is a unresponsible victim crisis scenario, denial strategy can be adopted; when the organization (MHI) is a moderately responsible accidental crisis situation, excuse, rationalization, and other elimination strategies can be adopted; when the organization (MHI) is a highly responsible misbehavior crisis situation, the organization should not escape, should actively assume responsibility, and should adopt communication strategies such as correction and apology.

According to the data analysis of this article, there are no major crisis events occurred in the five MHI in Hubei Province, mainly some smaller public opinion events. Therefore, the corresponding treatment of the response strategy will be unsuitable and needs to be adjusted accordingly. Then the strategy has been adjusted and corrected accordingly, and low victim crisis risk can be applicable to resistant management response strategy. High crisis risk can be prevented, and a gentle defensive strategy should be used.




CONSTRUCTION AND ANALYSIS OF MHI REPUTATION CRISIS MANAGEMENT INDEX MODEL


Evaluation Index System of MHI Reputation Crisis Management

The traditional reputation index is generally used to measure the overall reputation level of the target entity over a period of time, and its performance characteristics are relatively single. As a subject that is constantly developing and changing, a MHI reputation level will be affected by various crises inside and outside of the hospital. To expand the scope of research and show the MHI reputation crisis management level more three-dimensionally, this article starts from the two dimensions of “one static and one move” and combines the static reputation index with the dynamic crisis management level to comprehensively describe the MHI reputation management situation in a three-dimensional manner, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Architecture diagram of MHI reputation crisis management index.


The MHI reputation crisis management index is composed of the MHI reputation index and the crisis response index. For the MHI reputation index, this paper evaluates the index through the comprehensive strength of the MHI itself and the evaluation of the MHI by the outsiders, namely the breadth of reputation (BR), strength of reputation (SR), and the degree of reputation (DR). On the other hand, for the crisis response index, this paper comprehensively considers the MHI's response efficiency and effectiveness when a reputation crisis occurs.

In the index model, the three dimensions of the MHI reputation index, namely the BR, SR, and DR, respectively, represent the popularity of the MHI, the strength of the MHI itself, and the evaluation obtained by the MHI, which can more comprehensively depict the reputation level. The SR takes into account the MHI technical equipment, scientific research level, and specialist strength and reflects the MHI own strength from the perspectives of hardware and software. The BR is constructed using the search index and information index in the Baidu index to reflect the influence scope of the MHI itself. The DR is based on the three subjects of MHI, netizens, and patients and comprehensively describes the MHI evaluation level from an objective perspective based on the ratio of positive and negative reports of the MHI, the ratio of positive and negative evaluations of netizens, and the satisfaction of patients. In addition, the crisis response index of the MHI includes crisis response efficiency and crisis response effect. The crisis response efficiency mainly depends on the MHI's handling methods and processing time. It is also a more conventional crisis response evaluation index.



Sample Selection and Empirical Results

In this paper, the UH, TJ, ZN, RM, and MC were selected as the research objects. On the one hand, the research of the MHI reputation evaluation and management level needs to obtain the hardware and software of the MHI before and after the crisis, and the general MHI do not have perfect relevant information, that is, the lack of scientific processing or analysis, so its reference is limited. On the other hand, UH, TJ, ZN, RM, and MC are all well-known MHI in Hubei Province and even the whole country, with great actual influence, more representative and more research value.

Based on the above analysis, this paper collected and processed the data according to the construction model of MHI reputation crisis management index evaluated the specific crisis event indicators in each MHI, and finally calculated combined with these data. Among them, the data on the MHI technical equipment, scientific research level, and specialist strength are all from the relevant official websites, knowledge websites, major forums, and other public platforms. The search index and information index came from the Baidu Index from January 2020 to July 2021, and all kinds of emotional tendency data about the Internet platform are provided by the Qingbo Public Opinion System. In addition, before counting the data needed for the crisis response index, this article searched the crisis events of each MHI finally chose major events such as medical disturbance and medical accidents, and recorded the malignant degree of the crisis event and the MHI response, so as to complete the construction of the crisis response index. After obtaining data for all three indicators, the text is normalized, delegated and processed, and finally obtained from the bottom to top, as shown in Tables 1, 2.


Table 1. Score of each index of MHI reputation crisis management.
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Table 2. MHI reputation crisis management index score.

[image: Table 2]

It can be seen from Table 1 that the index model created in this paper is specific, among which the reputation strength and BR of UH are the highest, which not only is outstanding, but also has large enough influence to enjoy a high reputation in the industry. From the perspective of the media, netizens, and patients, TJ has a higher reputation; that is, it has received a higher evaluation. From the perspective of view of crisis response, the average response efficiency of TJ, UH, and ZN responded quickly and was handled properly in the face of crisis events. In comparison, RM and the MC are lacking. Due to the different MHI nature of the crisis is different, so even timely, handled properly which may not be able to calm the negative emotions. So it can be seen from Table 1, the UH, ZN, and RM's response effectiveness is higher, before and after the crisis treatment, people's emotional change is obvious. From the final reputation crisis management score, TJ and UH are both at a relatively high level, ZN and RM are close, and MC is the lowest. This also shows that TJ and UH have a better response mechanism for crisis management under their own good foundation, and for MC, their own strength will cause more crisis events; if the response mechanism is not reasonable, it will cause more serious consequences.



MHI Reputation Evaluation Based on an Exponential Model

The above MHI reputation crisis management model divides the index into reputation index and crisis response index. This paper considers two indicators comprehensively, starting from the reputation level of the MHI itself and crisis response ability, so as to dynamically describe the overall reputation of the MHI. Therefore, this paper uses the MHI crisis response index as the horizontal axis and reputation index as the vertical axis to establish a coordinate chart as shown in Figure 2.


[image: Figure 2]
FIGURE 2. Coordinate chart of the MHI reputation crisis management index.


It can be seen from Figure 2, the TJ and UH are located in the first quadrant, namely “sensitive,” and the reputation index and crisis response index are very high, indicating that they are strong and capable of dealing with the crisis. RM is located in the second quadrant, namely the “growth type,” with a high reputation index, but a low crisis response index. When RM faces the crisis event and does not timely respond to the society, it is in a passive position, which leads to a long duration of public opinion and a large negative intensity, and its crisis response index is relatively low. The MC fell into the third quadrant, namely the “fragile type,” which mainly contains two aspects. On the one hand, its own structure is fragile and reflected in the MHI which has its own scientific research level, specialty strength, MHI construction and other aspects. On the other hand, it is more fragile to deal with crisis events; that is, the MHI does not respond in time or the crisis event is more malignant, and it is difficult to quell the online public opinion and eventually lead to the reputation damage. ZN located in the fourth sensitive quadrant is characterized by a low reputation index and a high crisis response index. From the specific situation of the five MHI, ZN has a relatively low sense of existence and low social reputation, which leads to a low reputation index. The crisis response index is timely responded and properly handled in case of crisis events, which shows that ZN has a strong ability to withstand pressure.

Based on the above analysis, it can be seen that after conducting reputation crisis management assessment, MHI managers need to clarify their own positioning, take different measures for different positionings, and achieve “grasp both hands and hard hands” in the reputation index and crisis response index, so as to effectively respond to external crises while improving their own reputation.




ANALYSIS AND COUNTERMEASURES OF MHI REPUTATION CRISIS MANAGEMENT BASED ON SCCT


Classification of MHI Reputation Crisis Based on SCCT

Situational crisis communication theory defines the crisis from the subjective perspective of the audience and judges, the responsibility of the event according to the attribution theory in psychology (19). Coombs divided crisis types into 10 categories as shown in Table 3 according to crisis ethnic group and degree of responsibility.


Table 3. Classification of crisis types in SCCT.

[image: Table 3]

The 10 types of three clusters of Coombs are most widely used in crisis research. Therefore, on this basis, this paper further divides the MHI reputation crisis according to the attributes of the MHI and the needs of reputation management. According to the SCCT and the degree of MHI reputation crisis, the top 10 MHI reputation crisis types under the three crisis groups are obtained as shown in Table 4. The reputation of the MHI in the crisis group of victims is relatively passive, and the degree of responsibility and crisis is relatively small. Measures such as active response to clarification and even legal proceedings can repair the impact on reputation in a timely manner. The reputation of MHI in accidental crisis groups is affected due to objective factors or Internet public opinion. The crisis responsibility is moderate, and the coping strategies are more important for reputation restoration. MHI in the preventable crisis group are directly at fault, and improper response measures will result in a serious reputation crisis.


Table 4. Classification of MHI reputation crisis types.
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MHI Reputation Crisis Management Response Strategy

According to the previous literature review and empirical analysis of the model, it can be found that due to the halo effect, MHI with different reputation bases are greatly affected when a crisis occurs. MHI with a high reputation crisis management index have a strong reputation foundation and crisis response ability and often are more vulnerable to public trust, and the threat to the MHI reputation under the same crisis type is low, so response strategies cannot be selected based on the type of crisis. Based on the three-cluster crisis response strategy of Coombs and the reputation crisis management foundation of MHI, the following crisis management response strategy is obtained in Figure 3.


[image: Figure 3]
FIGURE 3. Distribution chart of MHI reputation crisis management response strategy.


Figure 3 is composed of MHI reputation positioning types, reputation management strategies, and crisis scenario types. The closer the MHI reputation position quantified by the MHI reputation crisis management index is to the upper right area, the more suitable it is for defensive response strategies. The closer you are to the lower left area, the more suitable the coping strategy for gentle defense. In the same way, the closer the type and DR crisis are to the upper right area, the more suitable it is for defensive response strategies, and the closer it is to the lower left area, the more suitable it is for a mild defense response strategy. In the context of crisis scenario communication theory, reputation management strategies dynamically match the type of MHI reputation positioning and crisis scenario types.

(1) For “robust” MHI with a strong reputation basis and crisis management, defensive management response strategies can be applied, such as handling rumors and malicious medical disturbances. through legal channels, and adopting open and tough measures for unexpected or preventable crises. Due to its good reputation, the public is more inclined to stand on the MHI's position and hold a trust attitude when facing negative information from MHI. At the same time, because of its rich experience in crisis management, MHI have the ability to control the negative impact of crisis events when adopting defensive response strategies.

(2) The location of the MHI reputation is close to the lower left area, indicating that the MHI reputation foundation and crisis management capabilities are weak and belong to “vulnerabilities.” Once a crisis occurs, it will have a greater impact on reputation. Therefore, a gentle defensive strategy should be used for crisis management to prevent negative information from spreading again, which exceeds the MHI's ability to respond to a reputation crisis.

(3) For “sensitive” MHI with low reputation index but high crisis response index, the “reconstruction” response strategy is applied; that is, private mediation plans such as compensation and apology are adopted when a crisis occurs, to avoid the spread of negative information, and once again attack the weak reputation foundation. At the same time, “sensitive” MHI should pay more attention to basic reputation management, enhance their reputation breadth, strength, and reputation, and rebuild public trust.

(4) For “growth” MHI with a high reputation index but a low crisis response index, adaptive management strategies should be used, and an appropriate crisis management plan should be selected according to the type of crisis and the degree of responsibility. “Growth” MHI have reputation-based advantages, but due to the lack of corresponding crisis management experience, directly adopting defensive response strategies may further create other reputational risks. Therefore, “growth” MHI gradually improve their reputation management capabilities in debugging response strategies and transform to a “robust” positioning.

In summary, from the SCCT perspective, the adapted response strategy refers to a crisis response strategy that matches the type of crisis. It can be obtained from the strategy distribution map that the victim's crisis risk is low, which can be applied to the countermeasure management strategy; the preventable crisis risk is high, and a gentle defensive strategy should be used.



Five-Case MHI Reputation Management Strategy

In a case study of five MHI in Hubei Province, the reputation management strategy in Table obtained according to the one shown in Table 5.

1. TJ and UH are suitable for the strategy of “resist” reputation management.


Table 5. Five MHI reputation positioning and management strategies.
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TJ and UH have obvious reputation management advantages among the five MHI as a whole, but they still need to improve their ability to respond to reputation crises. TJ and UH are robust types of MHI reputation positioning, and their BR and SR have absolute advantages. Therefore, in the face of negative public opinions such as “difficulty in registering” and “unreasonable fees,” they should adopt active and defensive management strategies, dealing with malicious and false information through legal channels, responding to patient complaints in a timely manner, opening official accounts in major medical-related forums, paying attention to negative information, and actively interacting with netizens. In the process of reputation crisis management, TJ and UN can pay more attention to the prevention of socially sensitive events and deal with them in advance through crisis management cases in other MHI.

2. RM is suitable for the strategy of “adopt” reputation management.

RM is positioned as a growth-oriented reputation. It has certain reputation-based advantages but weak crisis response capabilities. It is suitable for adaptive management strategies; that is, when a reputation crisis occurs, first evaluate the risk status and learn from other MHI solutions to build reputation to manage the case database and gradually explore the reputation crisis management plan that suits the positioning and style of the MHI. RM should strengthen the monitoring of reputation crisis events and try to intervene in advance when the crisis expands.

3. MC is suitable for the strategy of “defend” reputation management.

MC is inferior to other MHI in terms of its own strength, such as BR and SR, and it has insufficient experience in handling reputation crises. It is in a fragile reputation position, so it is suitable for a moderate defense management strategy; first, pay attention to the internal management of MHI, strengthen the standardization of MHI staff training and product use, and minimize the probability of preventable crises; second, more public welfare activities can be carried out in the community and the Internet to gradually increase BR and DR.

4. ZN is suitable for the strategy of “rebuild” reputation management.

ZN has a low reputation index and is in a sensitive reputation position. It needs to rebuild its management strategy for reputation restoration. ZN has the strongest crisis management capabilities among the five MHI, but has the lowest DR. Therefore, on the one hand, it should maintain a high degree of sensitivity to negative information on the Internet and respond in a timely manner; on the other hand, it should rectify the content of patient complaints; in the event of an incident, try to choose a private mediation method to avoid secondary negative information due to the weak reputation at this stage.




DISCUSSION AND CONCLUSION

This paper constructs a MHI reputation crisis management index model and divides the index into two indexes, namely, a static MHI reputation index and a relatively dynamic crisis response index. The data of the five MHI UH, TJ, ZN, RM, and MC are used to compare the two indexes. These indicators were further subdivided and quantified, and finally the reputation crisis management index of these five MHI was evaluated and analyzed. The analysis results show that different MHI have their own characteristics in the two dimensions of reputation index and crisis response index. This article divides them into four types. Among them, TJ and UH are classified as “robust type” because of the high two indexes. The crisis response index of RM is low and is classified as “growth type.” The two indicators of the MC are low and are classified as “fragile type.” ZN has a low reputation index and is classified as “sensitive type.”

Second, according to the three-cluster ten-type crisis research of Coombs, this paper classifies the MHI reputation crisis according to SCCT and the degree of MHI reputation crisis and redefines the ten types of MHI reputation crisis from the three degrees of victim crisis, accidental crisis, and preventable crisis.

Finally, based on the above theories, this paper analyzes the targeted crisis response strategies of five sample MHI. Among them, the “robust type” MHI, namely TJ and UH, are suitable for the countermeasures of defensive management. “Fragile type” MHI, namely the MC, are suitable for mild defense strategies. “Sensitive type” MHI, namely ZN, should adopt a “rebuild” strategy, that is, promptly communicate compensation and apologies after a crisis event to avoid further expansion of the spread of negative information. “Growth type” MHI, namely the RM, should choose appropriate response strategies based on the degree of crisis and the degree of responsibility and require more flexibility.
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Carsharing scale has been increasing rapidly with sharing economy. However, many users are reluctant to rent cars any longer due to the low-quality of interactive experience and usability, especially in terms of the dashboard design. This challenge should be urgently addressed in order to maintain the sustainable development of car-sharing industry and its environmental benefits. This study aims to investigate the relationship between users' driving activities (e.g., searching time, reading time, eye movement, heart rate) and dashboard layout. This study was conducted based on the experimental investigation among 58 respondents who were required to complete driving tasks in four types of cars with different dashboard layouts. Afterwards, a prediction model was developed to predict users heart rate (HR) based on the long short-term memory model, and logistic models were used to examine the relationship between the occurrence probability of minimum HR and dashboard reading. The results showed that the system usability of a dashboard was related to the drivers' eye movement characteristics including fixation duration, fixation times and pupil diameter. Most indicators had significant effects (p < 0.05) on the system usability score of corresponding dashboard. The long short-term memory model network (RMSE = 1.105, MAE = 0.009) was capable of predicting heart rate (HR) that happened in the process of instrument reading, which presented a periodic pattern rather than a continuous increase or decrease. It reflected that the network could better fit the non-linear and time-sequential laws of HR data. Furthermore, the probability of the lowest heart rate occurrence during the interaction with four dashboards was influenced by the average searching time, reading time and reading accuracy that were related to a specific layout. Overall, this study provided a theoretical reference for uncovering users' adaptive behaviors with the central control screen and for the optimal choice of a suitable dashboard layout in interface design.

Keywords: physiological behavior, heart rate, eye movement, long short-term memory model (LSTM), shared car


INTRODUCTION

Sharing economy has promoted automobile industry development, along with which car-sharing scale has been expanding dramatically. It is estimated that there have been more than five million carsharing users all over the world (1). However, many users are unwilling to use shared cars any longer, whilst the business modes (e.g., business to customer, peer-to-peer) are mature and friendly and carsharing has a series of environmental benefits (the reduction of vehicle ownership and emissions, the increase of flexibility of transit and the increase in land effectiveness) (2). To uncover the reason making these people abandon carsharing service is urgent and meaningful to maintain carsharing industry and promote its environmental benefits for sustainable development. Using behavior difference from the private cars is one of the key factors, where users can only own the right to use the car for a temporarily short term so that people will feel difficult in adapting themselves fully to shared cars, similar with the driving experience of a newly purchased car. Besides, car rental needs the users to go through processes of car ordering, car searching in the parking lot and getting in the car. When the user accesses to the car, it is necessary to judge whether the car is consistent with that displayed on the ordering APP interface and whether there are damaged or missing parts. These early cognitive activities would enhance users' sense of tension and fatigue, which is different from private cars that can be driven directly. It indicates that carsharing needs to be additionally compensated in terms of drivers' cognition to make the industry obtain more acceptance. In addition, for both business to customer car sharing or time-sharing car rental, human machine interface (HMI) features exclusive to an individual automobile brand are not suited for car sharing and will cut down the flexibility of users when interacting with the cars (3).

During the use of shared cars, drivers are required to read necessary information from dashboards to master running state of cars. This process indicates the significance of dashboard design for improving people's interactive experience with cars. In particular, the development of dashboard design has experienced many stages such as pure machinery, liquid crystal display (LCD) combined with machinery, and digital instrument. These different dashboard features may lead users to be exposed to different types of automobiles and a variety of dashboards in shared cars. As a consequence, the adaptability of dashboard needs to be revealed. No matter how advanced the dashboard display technology is, if the information recognition and visual interaction with the interface are improper, there will be increasing possibilities of safety issues. In particular, it is found that an off-road glance of more than 2 s would greatly increase the incidence of driving risks (4).

A digital instrument panel integrates more driving information into the interface, displaying navigation information, running status and vehicle driving control through an LCD screen. Drivers can get an overall description of the car intuitively from the instrument panel (5). However, the mode that drivers receive the feedback from cars, such as the visual feedback and auditory feedback, through digital instrument panels should be concerned, in particular when drivers should be informed appropriate feedback according to actual driving scenes. Nevertheless, the cognitive process of the use of shared cars are different from those of private cars (6). It is difficult for users to quickly understand and master the information through an unfamiliar interaction scheme. In the context of time-sharing rental cars, reading efficiency and mental load induced by different dashboard layouts are of great value to improve driving safety and user experience.

A driving simulator was therefore used to simulate acceleration, uniform velocity running and deceleration behaviors in this paper, in order to study the usability of different dashboard layouts. In particular, reading efficiency and driver's mental load of tested users were investigated with the requirements of reporting their readings on digital dashboard during driving. Afterwards, this study develops the prediction models of heart rates of drivers based both the long short-term memory model (LSTM) and logistic model in order to reveal the relationship between user heart rate and reading efficiency. Overall, this study is of significance to understand people's physiological behaviors toward environmental design in the shared cars and to promote the optimization of dashboard design.



LITERATURE REVIEW

The HMI research works provided theoretical support for ergonomic assessment and interface evaluation of mechanical equipment and medical devices (7–9). The study on distraction and inattention caused by the HMI of in-vehicle information system (IVIS) was also a hot spot. For drivers, more than 90% information was obtained through visual channels when perceiving the external environment (10). In recent years, there were a growing number of driver assistance systems (DAS) in the automobile market. These functions, such as self-adaptive cruise and lane keeping system, reduced the measurement and control tasks of drivers (11), but put forward greater demands for the layout design works of dashboards and the recognition efficiency of drivers, especially in the era of aging. For example, from the perspective of take-over performance in intelligent vehicles, the average reacting time of older drivers was at least 1.2 s longer than that of young drivers (12). The in-vehicle HMI dimensions had a significant impact on drivers' task completion time (13), but a reasonable layout of the dashboard also played an important role in the driver's recognition efficiency. However, at present, people tended to just study the shape and character encoding of instrument panels (14). There are few researches on how these specific design factors are organized together to affect the driver, which may cause the influence of the design factors to be explained vaguely.

The display interface had an important effect on the visual load, work performance and subjective reaction in the use of automobiles (15). In the transition period to intelligent vehicles, new technologies drove the design works of automobile interactive experience to users' pleasure, integrated touch panel research, multi-channel interaction mode and so on (16). The emotion of car sharing users during driving was an important embodiment of the quality of in-vehicle display design. For example, drivers' satisfaction was related to the character lines of the dashboard with a 30% further converging point (17). For the automobile instrument panels, users could identify the images of dashboards according to the dimensions of visual acceptability, emotion and evaluation by the PAD scale, and there was a correlation between the arousal and the evaluation when reading the dashboard (18). A research using a virtual prototype also showed that a relationship existed between user impression and size, color, number of items, character/graphic size and gauge size of the dashboard (19). The results of these case studies illustrated that interaction performance of the dashboard could be adequately explained by design. However, in addition to impression and emotion, the effect of the designed dashboard layout on human physiological senses were not fully explained.

Automobile dashboards could be mainly divided into two types: center-locational ones and driver-orientational ones (20), and the visual ergonomic performance during interaction with the two types of panels was divergent. The dashboard system might produce different effects on the driver's psychological burden and feelings, thus affecting the information acquisition and operation behaviors of the driver in the cabin (21). The visual recognition efficiency of the form (circle or linear), indicators (pointers or bar graphs), and direction (horizontal or vertical) of the gauges on various instrument panels was different. Among these elements, the efficiency of linear instrument form with a pointer as the indicator and horizontal direction display was higher, while the drivers preferred round instruments subjectively (5).

For automobile users, the eye-movement data could be used to uncover their visual perception of grille, waistline, and engine hood, etc. (22). And some ocular parameters could distinguish a certain degree of sleepiness accurately in commercial motor vehicles (23). Besides, eye-movement interaction was an important interaction mode of autonomous driving (24), which was of great significance to the driving scenes with a large amount of information such as instrument reading. Eye-movement data, including gaze and blinks, could be combined with physiology signals (such as heart rate and skin conductance), facial expression and behaviors to evaluate the state of intelligent vehicle drivers effectively (25). Yet, some limitations existed in the collection and analysis of eye tracking data. For example, although the driver noticed a stimulus and some fixations occurred, the eye tracking information could not determine whether the fixations were due to interface interaction, or purely because the driver was obliged to look elsewhere (26). Therefore, this paper integrated task completion time and mental stress changes of the drivers with eye-movement analysis to get the conclusions.

Physiological control system maintained the balance between the system and the internal and external environment through the interaction and feedback among multiple variables. Among them, heart rate (HR), respiration (RESP), blood pressure (BP), and other important physiological variables could show complex variation patterns in different time scales (27). In transportation, such as cycling, electrocardiogram (ECG) could be used to estimate the real-time blood pressure as a feedback of the physiological signal changes during the process of behavior completion (28). For a driver who was stimulated by a nervous or intellectual signal while other conditions were relatively unchanged, the HR varied with the strength of the signal (29). On the part of car driving, the alteration of information input would give rise to the variation of stress level and then the fluctuation of HR, which was the physiological connection between HR and stress (30). Literatures (31–33) all applied ECG signals to analyze human-vehicle interaction behaviors. The measurement and analysis of driver ECG is a common research method from the field of neuropsychology, but from the perspective of driver visual attention, few studies combined ECG signal with eye movement. In this study, ECG data were put into practice to combine with the eye movement law and explore the subject's visual arousal degree during the dashboard reading experiment.

In recent years, data-driven prediction methods had attracted more attention from researchers (34–36). Like many machine learning applications, this kind of prediction problems adopted classification algorithm and regression algorithm to deal with the data. With a series of major breakthroughs in speech and behavior recognition in the field of transportation, the long short-term memory (LSTM) network showed a strong ability in information mining and deep representation when tackling time series problems. Duan et al. successfully solved the problem of pedestrian trajectory prediction using LSTM (37). And some scholars tried to apply this network to vehicle trajectory prediction (38, 39). Besides, Alahi et al. proposed a Social Long Short-Term Memory (S-LSTM) model (40). The space was meshed, and then the implicit features of nearby individuals around a certain one were pooled according to the grid structure. For people's mental stress prediction, the model could not only reflect the forward and backward correlation of HR signals, but also deal with the problem of long-term dependencies (41). However, research on the recognition of HR in the process of instrument reading is not sufficient. For the prediction of HR data during the specific task, the parameter adjustment of the model needs to be studied.



METHODS


Experiment

The study was oriented to typical dashboard layouts and used a simple driving simulator to conduct experiments (Figure 1). The simulator was commonly used in driving schools in China, and existing research showed that it could effectively collect people's driving behaviors (13). Interaction efficiency, eye movement characteristics, mental stress changes and system usability were collected.


[image: Figure 1]
FIGURE 1. Diagram of experimental design.



Stimuli

Digital dashboards of different automobile brands present various information element layouts, which are based on the distinctions of the instrument information architectures. Conventional functions of the dashboards are composed of relatively fixed parts, which can be summarized as: tachometer, speedometer, water temperature gauge, fuel gauge, gear information, signal light, air temperature, time, multimedia information and other driving related information. According to our investigation to the market and the conclusion of literatures (42, 43), the current layouts of automobile dashboards could be divided into four types (Figure 2).


[image: Figure 2]
FIGURE 2. The stimuli of the experiment: (A–D) four types of dashboard layouts.


Interface prototypes of four kinds of dashboard layouts as the stimuli were adopted in this paper. These prototypes were saved as GIF images and the pointers could rotate at a certain speed to simulate the readings of the dashboard. The dashboard size, line width, division value, scale and pointers were unified. The colors of the background, pointers and scale lines of the instrument panels were set to black, red and white, respectively. In order to avoid the difference of scale line density on arcuate meters from affecting the subjects' cognition, the instruments in the four interface prototypes were all circular. An iPad 2 (1024 * 768dpi) was used to present the prototypes, which was attached in front of the dashboard position of the driving simulator's screen (21.5 inches, 1920*1080dpi). The size of the prototypes on the iPad was the same as the dashboard in the simulator display, and other information on the screen would not be sheltered. The subjects were asked to use the driving simulator to complete the driving tasks.



Equipment

The ECG signals were collected by a 16-channel bioelectrical amplifier (Neuracle Co. Ltd., China) equipped with a NeuSen system. Two electrodes were attached to the back of the subjects' hands to gather the signals. The amplifier would not hamper the driver's operations. The sampling frequency was 1,000 Hz.

After analyzing the raw ECG with noise and observing the amplitude spectrum, a band-pass filter was devised by MATLAB ver. R2018a. By filtering the original ECG signals, high frequency noise and interferences were removed. The filtered signals including P waves, QRS waves, T waves and U waves were more in line with the rhythm of heartbeat.

For collecting the subjects' eye movement data, a head mounted eye tracker (SMI Co. Ltd., German) was utilized with a sampling frequency of 60 Hz.



Procedure

The experiment was divided into three stages to be carried out (Figure 3):


[image: Figure 3]
FIGURE 3. Workflow diagram of the experiment.


(1) Before the experiment, the staff explained the test items and precautions to ensure that the subjects understood the purpose and process of the experiment.

(2) At the beginning of the experiment, the subjects needed to accelerate to the speed of 60 km/h [the high speed on ordinary roads in China (44)] and drove at this speed. After that, the staff placed the iPad with the dashboard prototypes in front of the simulator screen and started recording. Each round of driving tasks lasted about 135 s. The driving environment was on urban roads (Figure 4). The driving tasks included: (1) straight line driving; (2) turning left; (3) turning right; (4) shifting gears according to the prompt information; (5) crossing an intersection; (6) crossing a crosswalk; (7) turning around; (8) parking on the side. The subjects needed to perform four rounds of driving tasks totally and the whole experiment lasted about 9 min. Each time the subject completed one round of tasks and returned to the starting point of the route, the dashboard prototype on the iPad would be switched to the next one. In the process of driving, the subjects should observe the prototype according to the voice prompt, and report the reading of the tachometer and speedometer every 20 s. There was no time limit for reading the dashboard so that the subjects should finish reading in their normal cognitive state. If the subjects felt tired, they could apply to terminate the test and start again after a rest so as to eliminate the error caused by fatigue effect.


[image: Figure 4]
FIGURE 4. Part of the scenes on the driving simulator screen: (A) straight line, (B) crosswalk, (C) left turning, and (D) a photograph of field display.


In the experiment, only the reading of tachometer and speedometer was studied. Other information, such as gear position, navigation prompt, emergency alarm, time, and temperature, were not included. Besides, considering the universality in the context of sharing, the study focused on the functional layout of the dashboards. And personal preference settings such as the font, dynamic effect, visual style of graphics, color, and brightness were taken as controlled variables.

(3) After the experiment, the subjects were required to fill in the system usability scale (SUS) record sheet. Then the staff saved the data and cleaned the test site.

The period from the beginning of scanning to the time when the subject discovered the target dial was the searching time. And the duration from the beginning of reading the instruments to the end of reading was the reading time. The sum of the above two was the total task completion time. Through real-time eye tracking, the three durations could be obtained. And the operant behaviors of the subjects were recorded simultaneously.

Based on the car sharing application situation, the experiment mainly evaluated the interaction efficiency, eye movement characteristics and mental stress changes of the drivers (Table 1). When users accessed a shared car and faced with unfamiliar equipment and environment, the three indicators were important feedback of user experience. In addition, the subjective evaluation was collected by SUS to analyze the relationship between eye movement characteristics of the subjects and usability of the dashboard. The scale being made up of 10 items had gained widespread application in the field of usability research (45). Respondents were asked to score the items with an integer value from 1 to 5 according to their perception after using an interface system (45). The scale was applicable to appraise the HMI of passenger cars (20, 44). Large sample researches on the scale presented a reliability coefficient of 0.91, which showed a good internal consistency reliability (46, 47).


Table 1. Dashboard interaction evaluation index system of shared cars.
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Subjects

Fifty-eight subjects were recruited to participate in the experiment, aged 23–36. The subjects consisted of postgraduates, Ph. D candidates and young teachers who majored in ergonomics or industrial design. All the subjects had more than 3 years of driving experience and were familiar with the information on the digital instruments. All of them had used rental cars and among them, 38 (about 65.5% of the subjects) had rented both basic and high-end cars and could adapt to a variety of dashboard layouts. The car sharing platforms that the subjects had used included GoFun, Yidu, Morefun, CAR (China Auto Rental), EVCARD, Urcar, and GreenGo. Basic information of the subjects is listed in Table 2.

Besides, the recruited subjects ought to meet the following requirements:

(1) They could realize and comprehend the instrument prototypes presented in the experiment;

(2) They were in good health and had no chronic diseases such as cardiopathy or epilepsy;

(3) Their eyesight (wearing glasses) was normal and there was no eye diseases.


Table 2. Basic information of the subjects.

[image: Table 2]




LSTM Network and the Time Series Characteristics of HR

HR, which means the frequency of heart contraction, is an important factor in cardiac work and one of the important mechanisms of increased cardiac output. HR related indicators could effectively describe the driver's psychological state and mental stress changes (30). In studies of dashboard recognition performance, it is needed to consider the driver's HR variation patterns during the experiment. The driver's ECG is physiological data collected according to the time series, which contains abundant characteristic information in time sequence. In this study, an LSTM network was used to identify and predict the mean HR of the subjects in the process of dashboard interaction, and to judge its time series characteristics.

In researches of regression and prediction of time series data, the Auto-Regressive Integrated Moving Average (ARIMA) model is a classical method, which can better reflect the linear characteristics in time series. However, it is difficult to deal with the non-linear changes of the data fully and effectively by the ARIMA model. In addition, existing researches showed that prediction models based on traditional back propagation (BP) neural network or radial basis function (RBF) neural network could achieve good prediction results of time series, but the robustness was poor (48, 49). An effective method to solve this kind of problem is recurrent neural network (RNN). RNN not only learnt the information of current time, but also relied on the previous sequence information. For example, Vemula et al. used structured RNN to model each individual, and used the spatiotemporal relationship diagram to describe the trajectory change law of each individual with time and space (50). The network was suitable for dealing with ECG signals during driving. But the main problem of traditional RNN was gradient disappearance. LSTM is a form of RNN. The emergence of LSTM solved this problem and could effectively handle and predict the problems of relatively long intervals and delay in time series (51). The model could not only reflect the forward and backward correlation of HR signals, but also dispose of the long-term dependencies problem (41). In the analysis of many time series subjects, such as voice recognition, natural language processing and electroencephalogram (EEG), LSTM network had achieved important results. Because the time characteristics of HR during driving were similar to the above time series information, we applied LSTM to recognize and predict the subjects' average HR after parameter debugging and analyzed the accuracy of the model.

The three gates in the memory cell of LSTM were input gate, forget gate and output gate, respectively. When the HR information of a certain time point was input into the network, the structure of the network determined whether the information was useful. Information that needed to be memorized for a long time was remembered, and unimportant information was forgotten. The learning model of HR changes during a period of reading interaction was a model based on time series and selective memory. Therefore, we used LSTM to train the driver's HR variation.

Figure 5 described the memory unit of the LSTM network (52). For the input vector sequence x = (x1, …, xT) in the recurrent neural network, the hidden layer vector sequence h = (h1, …, hT) and the output vector sequence y = (y1, …, yT) were calculated through the iterations of the following formulas from time step 1 to time step T:

[image: image]
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where W was the weight matrix, for example, Wxh was the weight matrix from the input layer to the hidden layer. b was the bias vector, for example, bh was the hidden layer bias vector. φ was a hidden layer function. The calculation of φ function was realized by the following formulas:
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where σ was the sigmoid function given by σ(x) = (1 +e−x)−1. i, f, o and c were the input gate, forget gate, output gate and activation vector of the memory cell, respectively, which had the same dimension as the hidden layer vector h. The weight matrices from the memory cell to the gates (such as Wci) were diagonal matrices.


[image: Figure 5]
FIGURE 5. The memory cell of LSTM.


The input of LSTM network of the next time point was affected by the output information of the previous moment. The network had prolongment in time series, which could save the timing information forward and backwards, and was no longer restricted by the limitation of traditional neural networks that only stored spatial information. When integrated with ECG signals, LSTM could deeply mine the time correlations among the signal points.

In this experiment, mainly the single layer LSTM structure was applied. The input data of the model was the first to the penultimate HR value of the training set or the testing set, and the output data was the second to the last value. The tanh function was selected as the activation function of the model. The initial learning rate was set to 0.005 and the number of nodes in the hidden layer was 150. In the process of training and recognition, the current state of the hidden layer could be changed by inputting the current information and the state of the previous moment. And this step was cycled continuously until the end of processing. The maximum number of epochs was set to 150.

The loss on the mini-batch was devoted by the following formula:

[image: image]

where Xi was the network prediction, Ti was the real value, M was the total number of prediction values in X, and N was the total number of observations in X.



Multinomial Logistic Regression

Binomial and multinomial logit models played an important role in studies of traffic demands and vehicle safety (53, 54). In this experiment, the subjects needed to interact with the four dashboard prototypes to complete the tasks of reading. In order to analyze the relationship between users' interaction efficiency and their HR variation during the interface interaction, an unordered multinomial logistic regression model was introduced in the study. The predicted variable was the type of the dashboard layouts, which could be divided into four categories (Figure 2). Therefore, the logistic regression model was expressed as follows:

[image: image]

where j = 1, 2, 3, 4 was the type of the dashboard layouts, p(yi = j) represented the probability that the lowest HR occurred in the interaction process with a certain dashboard in the 4-stage experiment. xk(k = 1, 2, 3) meant the kth explanatory variable that could predict the type of dashboard. The explanatory variables included average searching time, average reading time and total reading accuracy. βjk was the regression coefficient vector of the model. Taking J as the reference type, the ratio ([image: image]) of the probability of the lowest HR in the 4-stage experiment occurring on other types of dashboards to the probability of occurring on the type J was the odds ratio value (OR). We chose type A dashboard as the reference type, and the following three logistic models were set up:
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RESULTS


Interaction Features and Usability of the Dashboard Layouts

In order to understand the user experience of different dashboard layouts, we analyzed the task completion time under the four layouts. The searching time and reading time under each layout were obtained by averaging the data of the multiple oral reports in each round of reading tasks. The results were shown in Figure 6.


[image: Figure 6]
FIGURE 6. Dashboard reading task completion time vs layouts.


The average searching time and reading time of each type could be used to explore the influencing factors of dashboard recognition efficiency. In the analysis of the differences among the four groups, we chose paired sample t-test because the intergroup standard deviation of the two indicators was much larger than the between-group standard deviation. The results showed that the differences in the average searching time and reading time among the dashboards were significant (Tables 3, 4).


Table 3. Results of paired sample t-test on searching time.

[image: Table 3]


Table 4. Results of paired sample t-test on reading time.
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As can be seen from Figure 6, the shortest searching time appeared during the interaction with type B instrument, while the shortest reading time and task completion time occurred in the interaction process of type A, which reflected that the attention level and usability of a certain instrument were not completely consistent. The completion time of a reading task started from the beginning of scanning. And vision played an important role in the accomplishment of the task. Therefore, we made statistics on eye movement data and SUS scores under the four instruments. The results were shown in Table 5.


Table 5. The eye movement characteristics and SUS scores under the four dashboard layouts.

[image: Table 5]

Taking the fixation duration (FD), fixation times (FT), and pupil diameter (PD) of each instrument as independent variables and SUS score as the dependent variable, four regression models could be established as follows:
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The results of significance tests showed that most eye movement indicators were related to system usability of the dashboards. Except for FT of type B and D instruments (X2B and X2D) and FD of type C (X1C), other indicators had significant effects on the SUS score of corresponding instruments (p < 0.05). Among them, FD and FT both had positive effects on the usability of A-type dashboard. In addition, for type B and D, FD had a positive effect. And for type C, the effect of FT was positive. In contrast, PD had a significant negative effect on the SUS scores of all the four instruments, indicating that during the reading process, the smaller the PD got, the higher the dashboard's usability was. In conclusion, the system usability of the dashboards was in connection with visual ergonomics. And among the four dashboard layouts, the SUS score of type A was the highest (A_SUS = 84.612), while that of type C was the lowest (C_SUS = 78.578).



Prediction Results of HR Change

In addition to task completion time and system usability, the change of drivers' mental stress was also an important indicator to further reflect the user experience brought by different dashboard layouts. In this study, the subjects' ECG signals in instrument reading tasks were analyzed. Time domain signals were collected in the experiment. In Figure 7, the ECG waveforms (a) of one of the subjects during driving in a straight section of the road (from the 14th to 30th second of the experiment) and the waveforms (b) while turning along a large radius curve (in the period from the 135th to 145th second) were illustrated.


[image: Figure 7]
FIGURE 7. The ECG waveforms of a subject during driving (A) in a straight section of the road and (B) turning along a large radius curve.


An LSTM model was established to predict HR. Eighty percentage of all the HR values were taken as the training set and the remaining data as the testing set. After analyzing the change curve of root mean squared error (RMSE) and the training loss curve of the training process, it could be seen that after 80 cycles of iterations, the above two curves entered into a convergence state, and the values of the loss function were stable near the minimum value. It meant that the network could also accommodate a larger scale of drivers' HR data and recognize the features, which reflected a good potential for large-scale database recognition. On the other hand, it also indicated that the network was not likely to produce gradient explosion or vanishing, and had a good stability.

Figure 8A revealed the gap between the real values of the testing set (the blue curve) and the predicted values of the model (the orange curve). The horizontal axis represented the number of samples in the testing set, and the vertical axis meant the HR values of the samples. Figure 8B showed the change of errors generated in each prediction. It could be seen that the trend of predicted values of this model was basically consistent with that of real values.


[image: Figure 8]
FIGURE 8. (A) HR prediction results and (B) RMSE changes.


For HR recognition during a driving process with only 9 min, the prediction accuracy of this model (RMSE = 1.105, MAE = 0.009) was acceptable, which reflected that the LSTM model could better fit the non-linear, abrupt and periodic laws of HR data. Hence one could see that the model was more suitable for the prediction and analysis of HR during driving. Due to the short experimental time, the size of the collected data was small. And only 58 subjects' HR data were included in the network. If the scale of the training set was expanded in practical application, the prediction accuracy should be improved.

In the experiment, the average HR of the subjects fluctuated regularly with time, which showed that the ECG during a driving task would change with the time going on and the subjects' attention switching between the HMI and the road. This series of HR variation when reading the instruments was consistent with the subjects' nervous mood. Literature (55) also discovered that when the driver was in the emotional situation of appreciation or mental focus (during simple tasks), the HR would show fluctuations similar to Figure 8A. The HR during the interaction with a dashboard presented a periodic pattern rather than a continuous increase or decrease. Therefore, it was unreasonable to evaluate the quality of an interface design and its level of information transmission only by the users' HR variation. It was also necessary to consider the influence of searching time and reading time on the HR.



Influencing Factors of the Occurrence Probability of Minimum HR

After understanding the time characteristics of HR in the process of driving and instrument reading, we used logistic regression models to analyze the influencing factors of the probability of the lowest HR occurring during the interaction with a certain instrument layout. The results were shown in Table 6.


Table 6. Results of the logistic regression.
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Pseudo R2 of the model was 0.453. Besides, an likelihood ratio test was done and the chi-square value was 68.08 (p < 0.001), indicating that the overall fitting effect of the model was good. It could be seen that compared with type A, the subjects' searching time and reading time when interacting with type B and C instruments presented a significant influence on the dependent variable, while the total reading accuracy had no significant impact. Nevertheless, in the reading process of type D, the searching time, reading time and reading accuracy all had a significant effect on the dependent variable.

To sum up, in the process of instrument reading interaction, which kind of interface layout the lowest mental stress occurred on could be explained by these three variables to a certain extent. The users' average searching time, reading time and reading accuracy brought about by different layouts were important for the context of car sharing, and needed to be taken into consideration in usability tests of dashboard design schemes.




DISCUSSION

For any interface design, a reasonable information architecture is a key factor to build user experience. When it comes to automobile digital instrument panels, the layouts should be convenient for drivers to quickly identify and organize a variety of information types. According to the existing literatures, at present, researchers tended to study the shape and character encoding of instrument panels (14), or different properties of the gauges, such as the form (circle or linear), indicator styles (pointers or bar graphs) and direction (horizontal or vertical) (5). However, there is a shortage of researches for a specific layout. This will lead to an unclear effect of information architecture and inadequate research on dashboard interaction. A dashboard with a clear display layout design should methodically feed back the information to the tenants who do not know the vehicle very well.

In this study, from the perspective of recognition efficiency in human-computer interaction, we found a suitable dashboard layout for shared cars. The results showed that when users accessed unfamiliar dashboards, different layouts would bring about significant distinctions in interactive performance. Besides, the HR during driving and reading the instruments presented a certain periodicity, which should be considered in design works for shared cars. Currently, the particularity of user experience in shared cars compared with that in private cars was a hot issue. For example, the stated preference (SP) approach (56) was frequently used to determine the characteristics of car-sharing users. The usability and ease of use of human-computer interaction was very important for shared car users when being transmitted to a specific vehicle. Kuemmerling et al. had studied the efficiency of human-vehicle-interfaces in shared vehicles when setting driver assistant functions on the dashboard, so as to improve the safety, comfort and usability (3). This study further clarified the problems about instrument layouts that shared cars should pay attention to when considering dashboard recognition.

Regression models were established to explore the effects of fixation duration, fixation times and pupil diameter on the usability of the four dashboard layouts. The results showed that the usability of a dashboard system had a bearing on visual ergonomics, which was consistent with existing research conclusions. Some eye movement characteristics during driving, such as fixations and glances, could reflect the driver's workload (44) and information demands under a certain dashboard, which related to in-vehicle display and traffic light situation (57). Therefore, the study further analyzed the impact of visual task completion time and reading efficiency on drivers' mental stress under various dashboard layouts, which provided a theoretical basis for HMI design of shared cars.

In order to probe the drivers' mental stress changes, we analyzed the HR data. Although some studies had traditionally used feedforward neural networks such as Back Propagation Neural Networks to predict HR (55), which could also get good accuracy, this kind of networks had no connection among nodes, and could only sense the data fluctuation in a very short time in time series, or adopted the same time-varying weights. ECG signals were collected according to time series. Feedforward networks could not fully learn the non-linear trend of ECG with time, which limited the performance of the models. The study indicated that constructing an LSTM network was an effective way to solve this problem. The results showed that using the LSTM model to mine the strong correlations among HR data points and extract the time characteristics could improve the prediction effect of HR in terms of algorithm.

Existing researches showed that HR was significantly affected by speed [F(3, 184) = 43.076; p < 0.001], but not by interface [F(1, 184) = 1.726; p = 0.191] (44). However, this study found that the drivers' HR in the process of interface interaction presented characteristics in time series. Thus, it was necessary to take the influence of interaction features on HR brought by different interfaces into consideration. The study indicated that type A layout was the most conducive to the overall reading of an instrument to some extent because the searching time and reading time under this layout were both the shortest. And compared with type A instruments, the shorter the searching time under type B was, or the shorter the reading time under type C and D was, the more drivers would present lower HR. This meant that the differences in task completion time caused by the dashboard layout design had an impact on drivers' mental stress. Existing researches had also shown that when drivers interacted with a cockpit, the panel components would influence the quality of information delivery and the accomplishment of visual tasks (58, 59). Meanwhile, in design works of layouts, it was inappropriate to pursue a shorter time only. For example, compared with type A layout, a lower HR under type D was accompanied by a lower reading accuracy (p < 0.05), which was not good for driving safety. Therefore, for dashboard layout design, it was necessary to consider both reading time and reading accuracy according to the results in Table 6.

Entropy weight method can be used in future research. Based on the characteristics of the tachometer and speedometer studied in this study, the indicators of other dashboard information under the four layouts, such as gear position, navigation prompt, emergency alarm, time and temperature, can be further supplemented. Through the original data matrix and the entropy weight of each indicator, the comprehensive scores of the layouts can be calculated, so as to sort the importance of each layout. Based on the optimal scheme, visual elements such as color, texture and dynamic effect can be added, which will help to achieve a reasonable interface design that is more in line with the driver's eye movement and favorable to adjusting their heart rate.

Although the specific implementation of car sharing varied with business models, these implementation schemes shared common goals in reducing total travel volume and distance, diversifying travel modes and improving efficiency (60, 61). When consumers decided to adopt peer-to-peer car sharing services instead of business-to-customer services, public concerns about sustainable solutions would play a certain role (62). However, the willingness of current consumers to continue using shared cars was not high. By optimizing the user experience, this willingness could be strengthened to contribute to the promotion of shared cars. In this way the green level of the urban environment and sustainable utilization of resources could be improved.



LIMITATION

One limitation came from the immersion degree of the experiment. In order to reduce the subjects' sense of strangeness, the simulator we chose was a simple one commonly used in driving school training. The simulator and display screen were separate and not integrated into one workspace, which led to a lower immersion. In the experiment, the subjects had a subconscious feeling that they were observed and was more tense than driving in normal times. In future, we plan to use an integrated driving simulator to carry out experiments with a higher immersion degree, and collect ECG signals in a more natural state. Besides, in the process we found that the total experiment duration about 9 min was a little short. Some subjects failed to fully enter the natural driving state, while the experiment had been over. In order to get truer HR data, the experiment time should be lengthened.

Another shortcoming existed in the limited sample size. It took a long time to train the LSTM model, which prevented us from testing all possible parameters. Due to the complexity of driving behaviors, for the sake of improving the robustness of the network, a dataset provided by a larger scale of subjects would be better. What's more, speed was taken as a controlled variable in this experiment, so the differences of HR and eye movement characteristics when reading instruments at various speed were not explored. In next phase, the speed would be taken into the study to analyze the influence of different speed on instrument recognition.



CONCLUSIONS

In this study, we reported an experiment about dashboard recognition of 58 subjects, which compared the reading efficiency, system usability and drivers' mental stress of four typical dashboard layouts under the context of car sharing. The main conclusions were as follows:

(1) A statistical analysis presented that among the four types of dashboards, the reading time and task completion time of type A were the shortest, but the searching time was longer than that of type B. Besides, the average fixation time of type A was the shortest (Mean = 1.029), and the system usability of this type was the highest correspondingly (SUS = 84.612). On the other side, the average fixation times of type B was the lowest (Mean = 7.364). By linear regression models, it could be found that most of the eye movement indicators under the four dashboards had significant impacts on system usability. Therefore, optimizing the visual ergonomics of a dashboard through the interface layout design helps to improve the usability of the system. And it will affect the task completion time, and raise the efficiency of reading.

(2) The prediction effect of the LSTM model was good with an RMSE = 1.105 and an MAE = 0.009. It confirmed that the network could effectively fit the non-linear, abrupt and periodic laws of HR data after parameter debugging. Better prediction performance was achieved from the perspective of algorithm, which contributed to analyzing the HR changes in the process of dashboard interaction.

(3) Multinomial logistic regression models indicated that the searching time, reading time and reading accuracy could explain what kind of dashboard layout a low mental stress was prone to occur on. For example, compared with type A layout, the higher the reading accuracy under type D was, the higher the HR would be (p < 0.05). Thus, in design works for shared car dashboard layouts, it was unreasonable to appraise the interaction performance of a design scheme only by temporal indicators such as searching time and reading time. The reading accuracy was also crucial.
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Bike share engages riders in physical activity, beneficial to health. In addition, it promotes green mobility and contributes to carbon neutrality. An understanding of the association between bike share usage and the built environment is essential for system operation/management and urban/transportation planning. Limited reviews of the existing literature exist now. Therefore, we review previous studies to decipher the complex relationship between bike share usage and the built environment. We focus on a few built environment dimensions (e.g., land use, transportation system, and urban design) and find that many attributes affect bike share usage differently across mobility cultures, between docked and dockless bike share, and between arrival and departure usage patterns. The effects of several attributes (e.g., proximity to a park or university and metro station density) on bike share usage also vary between weekdays and weekends and across trip purposes. The findings of this paper advance knowledge on the connection between bike share usage and the built environment.

Keywords: micro-mobility, bikesharing, bike-sharing, physical environment, land use, urban design, living environment, urban environment


INTRODUCTION

Cycling is an economical, healthy, and green transport mode that contributes to carbon neutrality. Given these benefits, an increasing number of cities throughout the world are promoting cycling in ways such as by introducing the prevailing programs of bike share systems (1). Since its introduction in the 1960's, bike share has witnessed a worldwide prevalence and has proliferated in recent decades. The number of cities with bike share programs has increased from a sprinkling at the end of the 1990's to more than 800 in 2015, with more than 900,000 shared bikes equipped (2). Recently, dockless (floating) bike share has become prevalent, acting as a catalyst for globally promoting bike share development and cycling activities. In China, within only one year since the first operation of dockless bike share in 2016, the number of shared bikes has increased to over 23 million (3).

A burgeoning body of studies that examine bike share with various interests mirror the tremendous global growth of bike share programs (4). Related studies cover a range of topics, including its historical development, environment/economic/social benefits, basic features of usage, operation issues of rebalancing, optimization of station locations, promotion of the brand, theories of bike share adoption, determinants of usage, and policy/planning implications [e.g., (3, 5–14)]. Much research has explored the influencing factors of bike share usage under various contexts. Compared with the socio-demographic, natural environment, psychological, and attitudinal determinants, built environment features have received the most scholarly attention [e.g., (13–21)]. Research findings are diverse, but the consensus seems rare under different urban contexts and mobility cultures. Studies on how the built environment affects the usage of docked and dockless bike share differently are also insufficient (22). A literature review on the complex relationship between bike share usage and the built environment is needed to summarize the major research findings, identify research gaps, and point out future research directions. To the best of our knowledge, no such review has been conducted. We believe a comprehensive examination of the relevant studies should be of considerable importance for system operation/management and urban/transportation planning.

To this end, this paper provides a critical review of the existing literature on the connection between bike share usage and the built environment. International studies presented in English on exploring the association between bike share usage (e.g., docked and dockless patterns) and built environment are reviewed. The main focus of this paper is discussing the difference in the effects of the built environment on bike share usage in various conditions, such as mobility culture, docked vs. dockless bike share, trip purposes, arrival vs. departure usage pattern, and day of week.

The remainder of this paper is structured as follows. Section 2 presents an overview of previous studies and related built environment attributes. Section 3 presents the variance in the effects of the built environment on bike share usage. Section 4 recommends future research directions. The last section summarizes the major findings.



OVERVIEW OF PREVIOUS STUDIES AND RELATED BUILT ENVIRONMENT ATTRIBUTES

The built environment is the set of all physical parts of the environment. As Handy et al. (23) defined, the built environment is composed of three parts: land use, transportation system, and urban design. First, land use refers to the distribution of different types of land, as well as the location and density of various activities across the space. Land use directly affects access to the destination from the origin. Second, the transportation system typically includes the physical infrastructure (e.g., roads, sidewalks, bridges, and bike lanes) for transport support. By providing connections between different activities, the transportation system affects how easily an individual can reach his/her destination from an origin. Last, urban design refers to the appearance and arrangement of physical elements (e.g., the shape of the block and tree shadows), which affects the mode choice by influencing an individual's attractiveness judgment and safety perception (24). Furthermore, some researchers expand the dimensions of the built environment by the introduction of the urban form (e.g., population density and job density) (25–27).

In this study, we searched relevant papers through Web of Science and Google Scholar as well as gray literature (Figure 1). Relevant papers were also extracted by backward snowballing (28). We collected papers published since 2010 (when bike share studies merged), and keywords that are related to the built environment (or land use, urban form, urban density, bikeway) and bike share (or bicycle sharing, bikesharing, bike sharing, bike-sharing, public bike, public bicycle) were used to search articles. We only focused on the objectively measured built environment rather than the subjectively assessed built environment. Additionally, studies not correlated to bike share usage were excluded.


[image: Figure 1]
FIGURE 1. Flow diagram of the literature search and selection process.


In total, 48 papers were finally retrieved: 19 were from North America, 24 from East Asia, two from West Europe, and one from Oceania (Figure 2). The other two papers made a comparative study worldwide. In terms of the operation model, 37 papers were pertaining to docked bike share, while ten were related to dockless bike share. The other paper compared the different effects of the built environment on two types of bike share.


[image: Figure 2]
FIGURE 2. Studies on bike share usage and the built environment. The number of studies using the city as the study area is shown in parentheses. Popular study areas are marked red.


The built environment elements often concerned in bike share usage studies are summarized and classified in Table 1.


Table 1. Categories and measurements of built environment features related to bike share usage.
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In addition to Handy et al.'s model, another built environment assessment model is the so-called “3Ds,” “5Ds,” or “7Ds” models. The “3Ds” model was first proposed by Cervero and Kockelman (29). In this model, built environment attributes are categorized into three dimensions, namely density, diversity, and design. The “3Ds” model was later extended into the “5Ds” model by adding two dimensions of distance to transit and destination accessibility, and the latter was expanded into the “7Ds” model by incorporating demand management and demographics (30). The “Ds” models have been widely applied in travel behavior-built environment studies ever since.



VARIANCES IN THE RELATIONSHIP BETWEEN BIKE SHARE USAGE AND THE BUILT ENVIRONMENT

Many variances exist in the relationship between bike share usage and the built environment. First, cities in West Europe, East Asia, and North America & Oceania are generally cycling-oriented, transit-oriented (or transit-dependent), and automobile-oriented, respectively (26, 31–33). Such a variance in the mobility culture results in a unique built environment related to cycling, thereby making a difference in affecting bike share usage. Second, recent studies found that docked and dockless bike share systems are generally different in user demand and travel characteristics (34). The urban built environment should determine docked and dockless bike share usage patterns differently. Third, bike share trips are often work- and school-related, followed by entertainment- and recreation-related. Bike share is also frequently used to connect transit, providing an efficient solution to the first/last mile issue (35). In general, these diverse bike share trip purposes are associated with distinct urban built environment features. Fourth, bike share usage is typically identified with the arrival (drop off) and departure (pick up) patterns. Therefore, the built environment around origins and destinations is important to determine bike share usage (36). Last, bike share usage varies between weekdays and weekends. Due to the daily variance in demand for bike share, the built environment affects bike share usage differently between weekdays and weekends (37).

Five perspectives of exploring the variance on the association between bike share usage and the built environment can be identified and are discussed: mobility culture, bike share type (i.e., docked vs. dockless type), trip propose, usage pattern (i.e., arrival vs. departure), and day of week.


Variance of the Built Environment Effects Across Mobility Culture
 
Mobility Culture of Cycling in West Europe, East Asia, and North America and Oceania

In West European countries, cycling is viewed as a norm rather than an exception. The well-designed cycling environment and facilities make the bicycle a major transport mode (38). For instance, cycling accounts for 10%−37% of commute trips in large bike-friendly cities in the Netherlands, Denmark, and Germany (39). Cycling trips are common across all demographics. People often use bikes to reach the workplace, school, daycare, grocery stores, and events. Cyclists tend to enjoy a high level of protection in traffic because of the bike-friendly environment (40). Moreover, urban planning and policies encourage cycling, such as providing space for bicycle parking (e.g., bike share docks) instead of only for motor vehicles. Bike lanes are usually clear and well maintained (41).

As a result of a dramatic transformation brought by rapid urbanization, dense East Asian cities are often characterized by mixed land use and diverse communities (e.g., residential community and urban village). Such a characteristic theoretically encourages cycling behavior because of the short travel distance. However, many metropolitan areas, such as Tokyo, Beijing, and Seoul, have a high mode share of transit and automobiles but a small proportion of cycling (35). In particular, China was once well-known as the “Kingdom of Bicycles” in the 1980's but has experienced the rapid growth of private automobiles and the unprecedented expansion of transit since the 2000's. Cycling facilities and environments are often poorly maintained. Therefore, the mode share of bicycles has dropped sharply. However, the popularity of bike share (public bicycle) has increased since circa 2008, facilitating the investment of cycling infrastructure and promoting cycling behavior.

In North America & Oceania, the city is often low-density and low-mixture, making the car a common choice of transport mode. Furthermore, suburbanization encourages long-distance motorized trips. As a result, cities are more likely to be automobile-oriented and unsuitable for non-motorized travel (e.g., walking and cycling). Bike culture in these countries seems non-mainstream. In many cities, less than 3% of residents cycle to work, indicating that the bicycle has a low mode share (31). The bicycle is popular among groups who pursue healthier and more sustainable lifestyles, particularly for recreational and sporting trips rather than utilitarian trips (e.g., commute and going to school). However, recently popular bike share programs have offered citizens a fashionable notion of cycling and encouraged an increase in cyclists, spurring a “cycling renaissance” since the 2010's (42).



Different Effects of the Built Environment on Bike Share Across Mobility Culture

Many built environment features have an inconsistent effect on bike share usage among different mobility cultures. The differences in the effects of the built environment on bike share usage are as follows:

(1) The (positive) effects of commercial and office land use in East Asia differ from those in North America (20, 43). Bike share is frequently used around the workplace in East Asian cities but not in North American cities (44).

(2) Restaurants near bike stations in West Europe and North America attract a large number of bike share trips (15, 37, 45). However, this case does not apply to East Asia.

(3) People in West European cities often cycle to retail stores, indicating that the bicycle is a persuasive mode of transport in daily life, while in North America, cycling is not commonly adopted for this purpose (43, 45).

(4) In East Asia (e.g., China), docked bike share systems in many cities have been widely distributed in urban areas. Thus, adding bike stations in such areas may have a marginal effect on the average ridership, so it is not always advocated (13). By contrast, the number of bike stations in North American cities is small. Therefore, in such contexts, an increase in the density of bike stations to promote the network effect is often called for (17, 37, 46).

(5) Owing to the difference in urban density between East Asia, West Europe, and North America, population/employment density in the catchment areas of bike stations affects the demand for bike share usage differently. In West Europe and North America, city centers, where population and jobs are concentrated, have a high demand for bike share usage (46). However, in East Asian cities (e.g., Seoul, Beijing, Taipei, and Shanghai), dense areas may have crowdedness and congestion problems, thereby decreasing the willingness to use bike share because of the increased risk of crashes with pedestrians (20, 34, 47).




Variance of the Built Environment Effects Between Docked and Dockless Bike Share Patterns

Docked bike share users need to rent bikes from docking stations near the origin and then return them to the stations near the destination. By contrast, dockless shared bikes can be used in nearly all public spaces. Thus, their distinct operations result in different travel patterns and characteristics and varying associations of their usage with the built environment (34). For docked bike share systems, the built environment around designed bike stations is relatively targeted. However, the urban built environment among the areas for dockless shared bike pick-up or drop-off should have a wide variety and uncertainty.

Dockless bike share and docked bike share are the typical modes of cycling transport. As many studies indicated, cycling facilities (e.g., bikeway) and mixed land use are often associated with cycling behavior. This observation evidently applies to two patterns of bike share, as presented in Supplementary Table A1. However, several built environment attributes influence the usage of docked and dockless bike share differently. These differences are summarized as follows:

(1) Dockless shared bikes are more distributed around residential and industrial areas than docked shared bikes. The freedom of bicycle parking makes residents and factory workers use bikes conveniently, thereby generating a high demand for bike share usage in residential and industrial areas. Owing to the heavy investment in installing bike stations, distributing docked bikes as widely as dockless bikes in residential areas is difficult, if not impossible. In most cases of urban China, a residential community is at most equipped with one bike station, whereas dockless shared bikes can be discretionarily dropped off by users or designedly allocated by operators at several entrances/exits (48). Dockless bike share, which enables a quick connection for the factory-residence short commute, is also popular among workers who live outside factories. It is cheap and convenient (14). However, docked bike share is less frequently used because of the high deposit and the complicated process of membership registration (e.g., 300 RMB in Shenzhen).

(2) Compared with docked bike share, dockless bike share is more attractive in connecting public buses. As Supplementary Table A1 shows, most dockless bike share research (except for that related to the metro) presents the effect of the bus service on promoting bike share usage, whereas only a few studies on docked bike share indicate similar results. A possible reason for such a variance is that bike stations are designedly installed around metro stations but rarely put around bus stops. Another possible reason is that the trip distance of dockless bike share is generally shorter than that of docked bike share (34).

(3) Docked bike share stations are often installed in city center areas but seldom distributed in suburban and exurban areas, possibly due to the government's concern of low ridership. Therefore, the further away from the CBD, the lower the bike share usage (49). However, the negative association between the distance to the CBD and bike share usage is not applicable to dockless bike share. For many Chinese cities, where dockless bike share is very popular, suburban areas have a high volume of dockless bike share usage (even higher than city centers in some cases). This phenomenon is evidenced by two other built environment attributes, namely population density and job density, which reportedly have no statistically significant effects (28, 34, 50, 51). Some research explained that bicycle parking space for dockless bike share is limited in city centers (52). Another possible explanation is that city center areas have good walking accessibility, resulting in minimum demand for cycling (14). A recent study has explored the nonlinear effect of various density indicators on dockless bike share usage (53). It concludes that cycling trips consistently increase when employment density and population density reaches 12,000 jobs/km2 and 20,000 persons/km2, respectively. After exceeding the thresholds, the effects of employment density and population density are minor.



Variance of the Built Environment Effects by Trip Purpose
 
Commute and Leisure Usage

Job/employment density is one of the determinants of the demand for bike share commute (15, 20). In terms of land use types, residential land and commercial land usually contribute to a large volume of bike share commute trips (54). In addition, school commute by bike share is well adopted by university students (17). This observation indicates that the closer proximity of a university to bike stations helps to increase ridership. Another factor affecting bike share usage for commute is trip distance. Either docked or dockless bike share users prefer a short trip (34). A long trip may make commuters hesitate to choose bike share as their major commute mode. Instead, commuters are more likely to shift toward transit or automobiles (17, 55). In light of this, bike share users usually have a strong preference for a shorter trip distance (56).

Given that the leisure purpose of bike share usage is associated with recreational activities, the installation of bike stations needs consideration of proximity to recreation sites. Chen and Ye (53) indicated that an increasing number of leisure services in the traffic analysis zone (TAZ) generate continuous growth in dockless bike share usage when the number reaches 37. Faghih-Imani et al. (45) indicated that in Spanish cities, recreation POIs were one of the important contributors to high bike share ridership. These sites include parks, cinemas, lakes/rivers, places of historical interest, tourist areas, and other recreation areas (37, 57). Of these sites, the park is the place that attracts most leisure trips by bike share. Loop journeys (starting and ending at the same station) are particularly popular in parks (54). The presence of parks also helps promote dockless bike share usage because parks are attractive destinations for recreational activities (51). Furthermore, an empirical study on the Vélo'v program shows that recreational activities after work (e.g., going to restaurant/cinema/other recreational places) mainly happen in city centers (37). This finding indicates that city centers with recreation facilities tend to attract more leisure trips by bike share, consistent with the research of Mateo-Babiano et al. (54). In addition to the presence and location of recreational sites, the proximity of recreational sites to bike stations is a crucial factor that fundamentally affects the demand for leisure trips by bike share. Wang et al. (16) found that the shorter the distance from bike stations to the lake, river, waterfront, and parks, the larger the ridership of docked bike share.



Feeder Mode of Connecting Transit

Bike share contributes to achieving the goal of seamless integration with transit, thereby providing a promising solution to the first- and last-mile problems. Among the factors affecting the feeder mode choice of the metro, the built environment around the metro station/home/workplace plays an important role.

Supplementary Table A1 indicates that the effects of land use on the bike share–metro integration are not always consistent among different urban contexts. Ni and Chen (48) found that residential and office land uses are associated with a high demand for dockless bike share–metro integration. Guo and He (14) identified a positive association between the integrated usage and industrial land use Guo et al. (21) determined a positive association between land-use mixture and integrated use. As for docked bike share–metro integration, Ji et al. (19) pointed out that commercial land use is contributory. Zhao and Li (44) found a negative effect of the shopping mall factor. Furthermore, public parks around metro stations increase the probability of connecting metro stations by (docked and dockless) bike share because cyclists may travel through the park to avoid traffic, injuries, and traffic lights (14, 44).

Regarding transportation facilities, the role of the bikeway in determining integrated usage is not as important as the common usage. Several studies pointed out that dedicated bicycle lanes fail to encourage integrated usage because they are always illegally occupied by cars (14, 44). The distribution of transit also differently affects the bike share–metro integrated usage from the common usage. As one of the feeder modes of metro transit, public buses can substitute bike share on connecting the metro station (56). Therefore, the high-quality bus service (i.e., bus stops/lines) in metro catchment areas results in increasing competition between bike share and public buses (14, 19, 48, 58, 59), thereby reducing the bike share–metro integration. Notably, the transfer distance of connecting the metro station is the key determinant of bike share–metro integration. A moderate transfer distance between 0.8 and 1.5 km is suggested to be appropriate for frequent bike share–metro integrated usage (44). Some Chinese empirical evidence indicated that dense distribution of metro systems reduced the potential of integrated usage (14, 19, 35). The reason for this result is that areas with many metro stations have a short transfer distance, thereby promoting the likelihood of walking, rather than bike share, as a feeder mode. By contrast, for common usage of bike share, areas with many bus stops or metro stations have been often observed with a high level of bike share usage (28, 50, 60–63).




Variance of the Built Environment Effects Between Arrival and Departure Patterns
 
General Arrival and Departure Usage

Bike share users need to rent bikes from docking stations near their place of origin (departure) and return bicycles to bike stations around their destination (arrival) (64). As such, the average daily statistics are calculated on the basis of borrowing and returning records. By influencing the accessibility and convenience of renting a bike share, the built environment may have different associations with borrowing and returning behavior, particularly for docked bike share [e.g., (15, 16, 34, 43, 45, 63, 65)]. In a nutshell, built environment attributes related to land use mostly contribute to the variance between arrival and departure usage patterns. However, transportation, urban form, and urban density-related built environment factors have few variances in their effects on the two types of bike share usage.

Among the selected literature, studies by Sun et al. (43) and Liu and Lin (20) present different effects of land-use built environment on the arrival/departure bike share usage. Office and green land use around bike stations are negatively correlated to bike share pick-up, whereas fewer returns of bike share occur at commercial areas. This finding suggests that bike share users are less likely to set out around the places of business districts and parks and choose commercial sites as their cycling destinations (43). Liu and Lin (20) found that the areas with mixed land use and many recreation sites often have high arrival usage instead of departure usage. However, bike stations with many surrounding restaurants (e.g., coffee shops and bars) have a high volume of arrival and departure usage (15, 18, 45, 62, 63).

Significant variables related to transportation facilities in the departure (trip origin) model and their influencing direction are almost the same as those in the arrival (trip destination) model. The only striking difference is their magnitude (11, 15). Among the most selected attributes, facilities related to urban roads have shown significant effects on arrival/departure usage. For example, bikeways often contribute to a high willingness to cycle by offering bike share users a safe means of travel (17). Branch/minor roads in the catchment area of bike station are positively associated with the arrival/departure usage of bike share, whereas the highway, railway, and major/main road are negatively associated (11, 12, 15, 17). The presence of a subway station near the bike station may raise the trip frequency for departure and arrival [e.g., (37, 65)], indicating the potentials for connecting the transit. Dock capacity is also a key factor affecting departure and arrival use simultaneously, which has been evidenced by a series of empirical studies [e.g., (17, 49, 63)].

Regarding the urban design, street trees and lamps, which may be related to a safe and comfortable biking environment, increase the departure usage rather than arrival usage (20). This result can be interpreted as being indicative of users' preference for starting a trip in a good biking environment. Urban density, in terms of population and employment, affects arrival and departure usage positively [e.g., (15, 18, 43, 45, 66)]. Bike stations in dense areas with many people and job opportunities generally have higher arrival and departure ridership than those in other areas because of the generation of a larger number of trip demands.



Arrival and Departure Usage Related to Time of Day

The operation experience of cities indicated that temporal dynamics of arrival/departure bike share usage are always observed with variations throughout the day (14, 54). Such temporal variance in the usage is partly attributed to some unique determinants of the built environment, potentially strongly affecting the trip attraction and generation at a specific time of a day (17, 37). Faghih-Imani and his colleagues have conducted several studies on exploring the different effects of built environment attributes (i.e., POIs of restaurant and university, and population and employment density) on the bike share arrival/departure usage in the morning, afternoon, and evening (11, 12, 15, 18, 45).

Through establishing interaction items of built environment attributes and time period, they found that restaurants in the vicinity of a station are irrelevant to bike share usage in the morning but positively associated with that in the evening, possibly because restaurant shops are usually not in opening hours in the early morning (15). Bike share stations near or within the university also experience a temporal variance. In the morning, the arrival rate is high, but the departure rate is low. Totally opposite results were observed during the evening time. A possible explanation is that a number of university students often ride a bike to school from their outside residence (11, 15). Their outcomes were also evidenced by Tran et al. (37). Areas with denser populations are also likely to have less arrival but more departure usage in the morning for bike share members. However, the effect of population density is not clear in terms of afternoon and evening (11, 12, 18). A positive effect of job density on the arrival usage in the morning and departure usage in the afternoon is also observed from several case studies (12, 15, 18).




Variance of the Built Environment Effects by Day of Week

Usage of bike share on weekdays and weekends has been identified with striking differences. On weekdays, home-to-work commuters are the majority of bike share users, where on weekends, bike share is used for diverse purposes (e.g., shopping, sports, visiting). The turnover of (docked and dockless) bike share on weekdays is significantly larger than that on weekends (15, 17, 51). Such a difference in bike share usage is not only derived from the calendar attribute itself but also from built environment features, which take effects differently by influencing trip generation (67, 68). In particular, some built environment elements have been demonstrated to only work on weekdays or weekends (12, 13, 17, 18, 47, 69).

Among several selected land use types, the residential land use displays a similar effect on bike share usage on weekdays and weekends (47). During weekdays, users tend to pick up or drop off bikes at the station near their homes with the purpose of commute. However, Noland et al. (69) pointed out the association between residential land use and bike share usage is positive on weekends but insignificant on weekdays. Leisure/shopping trips starting from and ending at home are more popular on weekends than on weekdays (13). Office land use also shows an opposite effect between weekdays and weekends. It is negatively associated with bike share usage on weekends but positively on weekdays because of an increase in commute activities on weekdays (47). The contributor of mixed land use is more likely to promote bike share usage on weekends than weekdays, possibly because of diverse purposes of outside trips on weekends, such as shopping, leisure, sport, and visiting.

Park and university also show some variance of their effects on the usage between weekdays and weekends. Stations near a park have an increase in bike share traffic volume on weekends. Notably, these stations enjoy approximately twice the amount of traffic on weekends than on weekdays because of the growth in leisure activities at parks (12, 13, 18). By contrast, the presence of a university near the station is more likely to improve bike share usage significantly on weekdays than on weekends (17). A possible reason for this result is that university students living outside but close to the campus tend to adopt bike share to access the campus for class on weekdays.

Supplementary Table A1 also indicates a few variances between weekdays and weekends in terms of the effects of the transportation-related (e.g., bikeway, urban road, and bike share facility) and design-related (e.g., street trees, lamps, and distance to CBD) built environment on bike share usage. Given that the integration usage with transit is often aimed for commute, the presence of the metro/subway near the bike station is significantly associated with a high volume of bike share ridership on weekdays (17). However, improving the bike share ridership becomes less important on weekends due to fewer trips by the metro (47).

Population density is positively correlated with bike share trip generation, and few variances between these two periods of week occur on affecting bike share usage. However, the effect of job density on bike share usage varies between weekdays and weekends. Job-dense areas can attract a large number of bike share usage (arrival and departure patterns) on weekdays because of frequent commute trips. By contrast, scarce commute activities occur in these areas on weekends, resulting in the minimal potential for bike share trips (17, 69).




RECOMMENDATIONS FOR FUTURE RESEARCH

This review of the literature discussed the built environment factors that are most associated with the usage of docked and dockless bike share. However, a more comprehensive approach is still needed to obtain better insights into the effects of the urban built environment on bike share usage patterns, thereby informing policymakers to appropriately encourage shared mobility. Further studies are needed to broaden the research in this field.

This study has shown that the effects of certain built environment factors on bike share usage were sometimes inconsistent among the selected empirical studies. In addition to the possible reason for urban context variances, this inconsistency is attributed to the complex nonlinear relationships between built environment and travel behavior (70, 71). In particular, built environment factors related to density, such as density of POIs, urban road, intersection, population, and employment, are often evidenced with nonlinear effects on travel behavior. However, a handful of studies have paid attention to the nonlinear association between the built environment and bike share usage (43, 53, 60, 61). More studies are expected to detect the nonlinear relationship by applying the newly proposed methodology of machine learning, such as the gradient boosting decision tree model (71). Furthermore, the inconsistent findings may be due to the poor quality of methodologies. Cross-sectional studies, which can detect associations but cannot infer causality, now dominate this research field. We suggest collecting longitudinal data and conducting more sophisticated studies in the future to reach more persuasive conclusions and perhaps reconcile the discrepancy in research outcomes. In doing so, safer policy/practical implications can be drawn.

Given an increasing integrated usage of bike share and transit, more studies continue to be needed on how the urban built environment shapes the bike share-metro and bike share-bus integrations. Although several relevant studies have been conducted (19, 44, 58, 59, 72), these studies are lacking in identifying the different effects of the built environment on several types of bike share-metro integration, including the access to transit (from home or workplace) and egress from transit stations (to home or workplace). Additionally, the built environment around home/workplace, along the access/egress trip, and around the metro station also have different effects on choosing bike share as a feeder mode. Without considering the integrated types, the real effect of the built environment may be concealed, thereby misleading policymakers and decision-makers and resulting in inefficiency.

Rather than only supplementing the metro, bike share also competes with metro transit in certain areas and time periods. Melbourne's experience suggested that bike share was potentially substituting for transit rather than connecting to it (9). This phenomenon has also been demonstrated in London, where 35% of bike share users reported a substitution for subway usage and a reduction of overcrowding transit at peak hours (73). Therefore, the substitution effect accompanies the integration effect simultaneously, and it cannot be ignored (55). Then, how does the built environment determine the direction of bike share usage in terms of the relationship with transit? Is it inclined toward the integration with metro transit or modal shift from metro transit? Further explorations on the influences derived from the built environment should be the subject of future research.

We still do not know how the perceived built environment influences bike share usage. Most empirical studies measure the built environment elements by online map (e.g., OpenStreetMap), census data, and GIS data (74). These approaches are objective ways to depict reality. However, travel behavior is not only affected by the built environment but also by an individual's perception, which has more direct effects (75). Therefore, the subjective measurement of the built environment by considering individual perception is of vital importance to enrich studies on the association between bike share usage and the built environment (76, 77). Some researchers have also revealed a mismatch between objectively and subjectively measured built environments. Hence, the effects of the two types of the built environment on travel behavior should be different (76). One study has been conducted recently to identify how the objective and perceived built environments affect dockless bike share usage differently. However, more concentrations on this stream of work are still needed.

Finally, comparative studies among cities within a county or across different cycling cultures remain scarce. Characteristics of the built environment in North “America”. Europe, East Asia, and Oceania are significantly distinct (78). Such variance may lead to different results in terms of the effect of the built environment on bike share usage, and reaching consistency is difficult. Additionally, under the influence of the risk of exposure to worldwide COVID-19, a safe built environment could be fundamental for encouraging bike share usage for cyclists to protect from the COVID-19 while keeping healthy via physical activities. In this sense, comparative studies worldwide in this streamline are essential.



CONCLUSIONS

From the perspective of the urban environment and society, bike share offers a number of advantages over other transport modes. Therefore, the usage of bike share can be encouraged for many reasons, and academic researchers and local governments have paid considerable attention to relevant topics in recent years (79–84). For encouraging cycling and promoting bike share programs, we need a better understanding of built environment content to derive more insights into what factors of the built environment could play an important role in influencing bike share usage.

Studies on the effects of the built environment on bike share usage have been recently conducted worldwide. However, current empirical findings are dispersed, which inspires us to do this work. Our purpose is to identify the built environment determinants of bike share usage pertaining to land use, transportation system, and urban design. In terms of the effects of the built environment on bike share usage, several variances among worldwide mobility cultures, between docked and dockless bike share patterns, among split travel purposes, between arrival and departure usage, and between weekday and weekend time have been systematically reviewed. We think that our findings could not only enhance the understanding of bike share usage but also provide a useful reference for urban transport planning. We provide a summary of the major findings as follows.

(1) Built environment and mobility culture vary among East Asia, North America, Oceania, and West Europe, thereby resulting in variances in the characteristics of bike share usage. Several built environment features (e.g., office/commercial land use, distributions of parks, restaurant, and retail POIs, bike station network, and urban density) affect bike share usage differently under the distinct mobility cultures.

(2) The effect of the built environment on bike share usage differs between docked and dockless patterns of bike share in several aspects. First, residential/industrial areas are observed with more dockless bike share usage than docked bike share usage. Second, in addition to the strong integration with transit, dockless bike share has greater potential than does docked bike share for bike share–bus integration. Third, dockless bike share also has a broader distribution than docked type across urban space, such as suburban areas with relatively low density of population/job.

(3) Trip purposes by bike share are typically correlated with unique built environment attributes. Residential/office/commercial land use, presence of school/university, distance traveled, and job density are the major determinants affecting the bike share demand of commute, while leisure trips by bike share are correlated to the distribution of recreation POIs (e.g., park). Moreover, the function of bike share on connecting with transit is mostly affected by how the metro station is distributed, which fundamentally determines the distance to transit. Notably, bike share–metro integration is also significantly affected by bus service in the metro catchment areas.

(4) Built environment attributes related to land use (e.g., office and green land use) mostly contribute to the variance between arrival and departure usage patterns, while transportation-, urban form- and urban density-related built environment factors contribute few variances. The effect of several selected built environment attributes, such as restaurant POIs, university/school, and population/job density, on the arrival/departure bike share usage also depends on time of day (i.e., morning, afternoon, and evening).

(5) Considerable differences have been observed in bike share usage between weekdays and weekends, possibly due to the different trip attractions/generations derived from specific built environment attributes. Built environment attributes related to residential/office land use, park, university, presence of the metro/subway (or metro density), and job density present many variances of the effects between weekdays and weekends.
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Large-scale public buildings (e.g., stadiums and comprehensive hospitals) in modern cities provide places for various social activities. However, all of these public places encounter the scenario of large passenger flow and crowd gathering, which is highly likely to induce serious safety problems, such as stampedes. Previous studies have shown that efficient evacuation is an important way to ensure the safety of dense crowds in public places. This study aims to explore the optimization methods to improve the evacuation efficiency of public buildings. Two strategies considering plane partition and multi-floor layout are proposed for plane evacuation and vertical evacuation, respectively. Simulation scenarios and models of large stadiums and high-rise hospitals are established to verify the strategies. The results show that plane partition could effectively shorten the total evacuation time, which is due to the optimization of the initial exit choice of individuals and the avoidance of regional congestion in some evacuation channels or exits. Multi-floor layout optimization is an effective management method to arrange the different features of different floors, which could improve the evacuation efficiency for the whole multi-floor building. This study is helpful for building designers and managers to improve the building space layout design and the daily safety management mode.

Keywords: evacuation, public safety, public place, optimization strategy, architectural programming


INTRODUCTION

Public places provide convenience for public life. But emergencies and great safety hazards in public places may cause serious injuries (1, 2). A stampede in a stadium in Manila killed 73 people. The fire in the Grenfell tower in London in 2017 killed 79 people. These accidents indicated that when large-space public places and high-rise buildings face emergencies, pedestrians need to be evacuated to a safe area in the shortest possible time, which can easily cause squeezing and trampling accidents. Therefore, effective evacuation guidance and evacuation layout are important means to improve the efficiency of pedestrian evacuation and ensure the safety of pedestrians.

The evacuation behavior of crowds is a hot issue in evacuation research. Many scholars have carried out a lot of research on pedestrian evacuation in public places. From the movement characteristics of evacuees, the evacuation forms in public places can be divided into two types: plane evacuation and vertical evacuation. In the study of plane evacuation, related scholars have carried out research on pedestrian evacuation through experiments, models, optimization strategies, and other methods. The experiment of Cuesta et al. (3) showed that large groups have higher evacuation efficiency than small groups and individuals. Zou et al. (4) analyzed pedestrian evacuation through the cellular automata model and pointed out that pedestrian speeds can alter the evacuation efficiency to a certain extent. Using the FGCAE model, Fang et al. (5) simulated the evacuation process of Airbus A380 to evaluate the evacuation efficiency of different exit locations. Wu et al. (6) pointed out that proper physical separation measures can effectively reduce the congestion at the exit in the early evacuation period and found that the symmetrical distribution of the exit is beneficial to improve the evacuation efficiency. Liu et al. (7) considered the distance between pedestrians and hazards to study the movement behavior of pedestrians and pointed out that the closer the pedestrian to the danger hazard, the higher the speed, and the reasonable arrangement of obstacles in space can effectively reduce the evacuation time. What is more, research has found that the effect of the interior room door size becomes weaker as the building becomes larger, while the size of the main exit consistently plays a strong role in controlling the evacuation time (8). In the study of evacuation strategy, Kurdi et al. (9) introduced a balanced evacuation algorithm to ensure that pedestrians can safely evacuate through multiple exits, which can optimize the limitations of traditional strategies and help reduce congestion around exits. Lu et al. (10) used a stochastic utility model to model the occupant path selection. The simulation showed that the optimized guidance strategy could reduce the overall risk and evacuation time compared with the guided evacuation that does not consider the response of the evacuees. Wang et al. (11) considered the bounded rational route choice behavior of pedestrians during the multi-exit evacuation and examined the influence of congestion sensitivity and conservative level on evacuation efficiency. When the conservative level is low, pedestrians are more inclined to change the route, which can significantly reduce the evacuation time. Guo and Zhang (12, 13) proposed a simulation-based subway station evacuation evaluation and optimization method combining random forest (RF) and non-dominated sorting genetic algorithm III (NSGA-III). The research applied to subway evacuation pointed out that it can be very effective. It is suitable for use in risk assessment and evacuation optimization of subway stations.

In terms of vertical evacuation research, Huo et al. (14) conducted two experiments on the stairs of high-rise buildings: phased evacuation and total evacuation. The study pointed out that the movement speed of pedestrians going down the stairs will decrease due to the influx of people on the current floor. Ding et al. (15) pointed out that the evacuation from low-level to high-level priority can achieve a faster evacuation speed in most evacuation processes, but the total evacuation time increases. Ma et al. consider the influence of different stair usage ratios of evacuees on high floors on evacuation efficiency and points out a proper ratio of the building occupants is transported to the ground level by fast elevators while others are evacuated by stairs, the evacuation process can reach an optimized state (16, 17). Fang's research (18) demonstrated that the downward velocity is determined by three aspects: merging behavior in the entrance buffer of the stairwell, the strength of participants, and visibility in the stairwell. In its evacuation experiments on super high-rise buildings, it is proved that compared with males, females are more sensitive to changes in vertical evacuation height (19), and the travel distance will affect descent speed (20). Model studies on evacuation efficiency show that human behaviors, including the arrival rate at the floor exit the decision-making on refuge floors, play an important role in affecting the evacuation efficiency (21); the evacuation time of 1,050 pedestrians under the situation of fatigue is almost twice of that under the situation of constant speed (22); evasive behavior between heterogeneous pedestrians (23) and physical isolation facilities (24) can reduce evacuation time.

These studies show that, in plane evacuation, considering group behavior and herd effect, the balanced use of exits and avoiding stampede behavior are the key issues of evacuation research (25, 26). In the vertical evacuation scene, evacuees move through elevators and stairs. A reasonable evacuation strategy can reduce the evacuation time of high-rise buildings. In this article, consider stadiums and high-rise hospitals as typical public places, which have different personnel composition and completely different evacuation characteristics, and establish models respectively, corresponding to their different evacuation optimization needs, and propose corresponding evacuation strategies.



MODELS

In the study of plane evacuation, the stadium has the characteristics of both crowded pedestrians and concentrated evacuation needs. During the evacuation, problems such as crowded people and unbalanced evacuation requirements of various exits are more prominent. This section takes a large stadium as an example to carry out research. In the vertical evacuation modeling, considering the characteristics of the hospital with both dense and complex personnel composition, the modeling is carried out by taking a high-rise hospital as an example. Hospitals and stadiums are typical comprehensive public places with the characteristics of complex personnel composition, complex evacuation environment, and diverse path choices. By studying the models of these two scenarios, we can take into account problems facing most public place evacuation and propose corresponding strategies to improve evacuation efficiency.


Stadium Model

The organizational form of crowd evacuation in stadiums can be divided into macro and micro levels. The forms of micro-evacuation organization include the design of corridors and seats and the arrangement of safety exits. Different designs and layouts can directly affect the overall efficiency of crowd evacuation. From the macro perspective, the form of evacuation organization refers to the use of distribution and guidance for the overall evacuees to organize the evacuation. According to the size of the stadium and the requirements for space utilization, the organizational situation will be different. The classification of the macro evacuation organization of the stadium is shown in Table 1. Different stadiums generally place the evacuation exits at the first or second-floor stands according to different building structures and functions. The stadium scene studied in this paper adopts the composite evacuation organization form.


Table 1. Macroscopic evacuation organization form of the stadium.

[image: Table 1]

The stadium model diagram is shown in Figure 1. The floor area of the building is 18,000 m2, and the whole is divided into upper and lower floors. The first floor of the stadium is the sports area and work area, and the second floor is the audience seats. As the research object of this article, the second-floor grandstand can accommodate 4,043 seats and a total of 12 safety exits. The pathfinder evacuation simulation model of the stadium is established based on the DWG drawing file of the building. The first exit from the north left is numbered in clockwise order. The schematic diagram is shown in Figure 1A, and the width data of each safety exit is shown in Table 2. The pedestrian shoulder width parameter is set to 0.40 m, and the speed is set to 1.20 m/s.


[image: Figure 1]
FIGURE 1. Stadium evacuation scene, (A) Top view (B) Three-dimensional view.



Table 2. Width of each exit.
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High-Rise Hospital Model

The plane space organization forms of high-rise hospitals mainly include single corridor form, double corridor form and circular corridor form (as shown in Figure 2).


[image: Figure 2]
FIGURE 2. Different forms of plane space organization in the hospital. (A) Single corridor form. (B) Double corridor form. (C) Circular corridor form.


In the form of a single corridor, a single corridor separates the ward and the medical auxiliary area to the north and south sides, and both the ward and the medical auxiliary area have sufficient lighting and ventilation. It is easy to identify the direction inside the building, which is conducive to evacuation. The disadvantage is that the length of the building from east to west is too long, which leads to the increase of the length of the evacuation path.

The double corridor form means that the three rows of rooms are separated by double corridors, the wards are arranged in the north and south directions, and the medical auxiliary area is located in the middle of the two corridors. Compared with the single corridor form, the building length is shortened, and the medical auxiliary area is located at the core position, which facilitates the flexible and effective access of nursing staff to each ward, and shortens the route length. However, its disadvantages lie in the lack of good sunshine conditions in the northward area, poor lighting and ventilation in the medical auxiliary area, requiring a lot of mechanical ventilation and artificial lighting, and high operating costs.

The circular corridor form is different from the traditional building form. The ward area is located in the north-south direction, and the medical auxiliary area is arranged in the east-west direction. Each ward has good lighting and ventilation. The atrium solves the problem of lighting and ventilation in the medical auxiliary area, but it is difficult to identify the direction inside the building, which can easily lead to getting lost.

Among the above three forms, the single corridor form is the most common, and the plane space organization form of the high-rise hospital in this paper is the single corridor.

The hospital scene established in this article has 16 floors. The first floor is the lobby, warehouse, pharmacy and various medical laboratories, and the second to the sixteenth floors are the wards of various departments. Among them, there are four exits on the first floor, and three evacuation stairs, four elevators are connected to the upper floors. Figure 3 is a top view of the hospital and a schematic diagram of the three-dimensional model.


[image: Figure 3]
FIGURE 3. High-rise hospital scene.


The hospital is a place where multiple types of pedestrians coexist. According to their exercise capacity, they can be divided into four types: normal person, mildly disabled person, severely disabled person, and completely disabled person, as shown in Figure 4. Among them, the normal person consists of patients with normal evacuation ability and medical staff. During the evacuation, medical staff will assist patients with limited evacuation ability to evacuate. Considering the individual differences of the people, the relevant data of various types of evacuees are shown in Table 3. Among them, the severely and complete disabled persons are unable to walk and need assistance from others. When a normal person assists the disabled to evacuate, the speed will be attenuated compared to the evacuation alone, which is the product of the normal evacuation speed and the reduction factor. The reduction factor is the deceleration ratio of pedestrians assisting patients in evacuation relative to normal walking. This article is set according to the default value of Pathfinder software.


[image: Figure 4]
FIGURE 4. Schematic diagram of the types of evacuees. (A) Normal person. (B) Mild disabled person. (C) Severe disabled person. (D) Complete disabled person.



Table 3. Parameters of various evacuees.

[image: Table 3]




OPTIMIZATION STRATEGY AND RESULTS

In this section, according to the plane evacuation and vertical evacuation models, corresponding optimized evacuation strategies are proposed, and the optimization results are analyzed.


Plane Partition Evacuation
 
Optimization Strategy

In the evacuation scene of a large stadium, the position of the evacuees in the stadium is relatively fixed. When setting up the evacuation area, according to the location of the personnel inside the stadium, the number and width of the evacuation exits of the stadium, the layout of the seats and passages, etc., follow the principle that the time for the personnel to the evacuation exit is as short as possible. Divide people who use the same exit to the same area. In this scenario, there are a total of 2,935 seats in the north-south grandstand area, corresponding to eight evacuation exits, and a total of 1,108 seats in the east-west grandstand area, corresponding to four evacuation exits, so the evacuation exit capacity cannot match the corresponding number of seats. During the evacuation process, uneven use of exits often occurs, resulting in an increase in evacuation time. Theoretically, in the evacuation strategy of multi-exit buildings, the ideal evacuation effect can be achieved by balancing the evacuation efficiency of the exits and making the evacuation end time of each exit to be the same. Based on this, this paper proposes an optimized strategy method to divert the flow of people from high-utilization exits to adjacent low-utilization exits, balance the final evacuation time of each exit, and achieve the research goal of the final evacuation time of each exit of the scene being uniform.

In the initial simulation state, because of the long-distance difference between the various exits in the stadium, the evacuees choose the nearest evacuation exit to escape, so the path length from each pedestrian to each exit is calculated, and the shortest exit of the path is set as the initial choice of pedestrians.

[image: image]

Where ECn indicates the exit number chosen by the n-th pedestrian; D[image: image] indicates the path distance of the n-th pedestrian from the i-th exit, there are m exits in total; index indicates that the corresponding exit number is extracted according to the value of the path distance between the pedestrian and the exit.

According to the choice of pedestrian exits, calculate the average evacuation time and the optimal value of the ideal evacuation time. Starting from Exit 1, the pedestrians who have not been evacuated within the average evacuation time will be diverted to the adjacent exits in a clockwise sequence. If exit i completes the evacuation later than exit i + 1, the guidance process is shown in equation (2):

[image: image]

Where EGC[image: image] indicates that the nth person who originally chose exit i was changed to the number of the person who chose exit i + 1; minDi+1 indicates the minimum distance between pedestrians who originally chose exit i and exit i + 1;RANKP(i→ i+1) indicates that the minimum distance is sorted, and the person with the top P(i→ i+1) is selected. The average evacuation time of all evacuation exits is shown in Equation (3):

[image: image]

Ti, e indicates the last evacuation time of exit i;[image: image] indicates the average of the last evacuation time of all evacuation exits. The average value of the average flow rate of adjacent exits is shown in Equation (4):

[image: image]

fi indicates the average flow rate of exit i; [image: image] represents the average value of the average flow rate of two adjacent exits; The standard deviation of the final evacuation time is given by formula (5):

[image: image]

In the formula, Ti, s represents the evacuation time of exit i.

The optimization strategy starts with the guidance between Exit 1 and Exit 2 and ends with the guidance between Exit 12 and Exit 1 as a simulation iteration. Calculate the results of each simulation and calculate the standard deviation of the time required to complete the evacuation of all exits until the standard deviation does not change significantly at the end of the optimization.



Optimization Result

Calculate the shortest distance of each pedestrian relative to the 12 exits, and obtain the evacuation exit number selected by each pedestrian according to formula (1) to perform the initial evacuation zone in the stadium. The initial pedestrian exit selection of the stadium is shown in Figure 5. The stadium is a multi-exit evacuation scene. In the initial simulation evacuation scene of Pathfinder, any exit is selected as the evacuation exit under default conditions for all evacuation behaviors of people. If a person is to be evacuated only through designated exits, the exit selection in “Exit” needs to be changed from “Any” to “Choose.”


[image: Figure 5]
FIGURE 5. Exit location selection area partition, (A) Before optimization, (B) After optimization.


Before optimization, the evacuation situation of each exit is shown in Table 3. It can be seen from Table 3 that the exits began to evacuate within 5.3-7.3 s after the evacuation started. Exit 5 completed the evacuation at the earliest time at 92.4 s. The last pedestrian passed through exit 9 and reached the safe area to complete the complete evacuation at 179.2 s. The last use time difference between exit 9 and exit 5 is 86.8 s. During this time period, exit 9 is still in use, but exit 5 is idle, the flow rate of some exits is slower, and the congestion is more serious.

According to the pedestrian evacuation optimization strategy, after eight simulation iterations, the standard deviation of the final evacuation time of all exits is 2.99 s, and the standard deviation of the simulation iteration no longer changes significantly. The pedestrian exit selection of the stadium is shown in Figure 5B. It can be seen from the figure that the shaded area is the change of the area before and after optimization. Comparing (Figures 5A,B), the evacuation areas of exits 5, 6, 11, and 12 have been significantly expanded, and the exits have been fully utilized; the evacuation area of exit 4 is divided into exit 5, and some pedestrians at exit 3 choose to exit 4. After optimization, the evacuation situation of each exit is shown in Table 4. The complete evacuation time of the scene is 160.3 s, and the evacuation time difference between the earliest and the latest evacuation exit is 8.9 s. The evacuation capacity of each evacuation exit has been improved.


Table 4. Usage of each evacuation exit.

[image: Table 4]

Table 4, Figure 6 show the changes in the evacuation exits and the overall evacuation completion time before and after optimization. It can be seen that the evacuation time before optimization was 179.2 s, and the standard deviation of evacuation time at each exit was 32.42 s; the evacuation time after optimization 160.3 s, the standard deviation of the evacuation time of each exit was 2.99 s, and the evacuation time was reduced by 10.55% after optimization. After the optimization of exits 2, 3, 8, and 9 near the wave crest, the evacuation time has decreased to a certain extent, and the evacuation time of exits 5, 6, 11, and 12 near the wave trough has increased. The distribution of evacuation time of each exit is more balanced, and the final evacuation time of each exit is closer.


[image: Figure 6]
FIGURE 6. Comparison of evacuation time before and after optimization.


Figure 7 shows the density and speed distribution of evacuees at a certain time in the stadium before and after the optimization, and the distribution of the last use time. Before evacuation, due to the shortest path evacuation principle, people will flock to the nearest exit. Before optimization, congestion mainly occurred in the seating area and the descending stairs leading to exits 1, 2, 3, 4, 7, 8, 9, and 10. Small-scale congestion occurred in the corridors near exits 5, 6, 11, and 12, as shown in the red area in Figure 7A; after the model was optimized for partitions, the congestion at the seats and stairs was relieved, and the congestion pressure was distributed to the corridor part of the path leading to exits 5, 6, 11, and 12. It can be seen from Figures 7C,D that when the stadium was evacuated to 100.1 s before optimization, exits 5, 11, and 12 have been evacuated and are in an idle state. Exit 6 is about to complete evacuation while the remaining exits are still in severe congestion, some people cannot reach the stairs from the seating area and are almost at a standstill (0-0.12 m/s). After optimization, the vicinity of each exit is in a balanced utilization state, and most of the people who use exits 1, 2, 3, 4, 7, 8, 9, and 10 as evacuation exits have left the seating area and converged to the stairs to queue for evacuation. In Figures 7C,D, the use time of the north-south evacuation passage is within 100~120 s, the use time of the east-west evacuation passage is generally <60 s, and only a small part is in the 80-100 s. After optimization, it is obvious that the east-west evacuation passages share the flow of people on the north-south passage, and the evacuation efficiency has been significantly improved.


[image: Figure 7]
FIGURE 7. Evacuation status at a certain moment in the evacuation scene, (left: before optimization, right: after optimization).





Vertical Evacuation
 
Optimization Strategy

For most high-rise hospitals, the layout of departments is not planned from the perspective of safe evacuation. Therefore, some departments with a high proportion of severely disabled patients will be arranged on the higher floors of the hospital. In the event of a fire, these patients have poor mobility and a large vertical distance from the ground. It takes a long time to evacuate to a safe area. Moreover, these patients usually need other people or equipment to assist in the evacuation, which will cause more serious congestion in the stairway, so it will greatly reduce the overall evacuation efficiency of the hospital.

In multi-floor public places, due to the differences in the functions of each floor in the vertical space, there are also differences in the composition and proportion of personnel. Therefore, whether the floor layout optimization is scientific and reasonable will affect the utilization efficiency and congestion status of the vertical evacuation passages on the floor to a certain extent, thereby affecting the overall safety evacuation efficiency of the building.

In the high-rise hospital scene in this article, according to different floor distribution, the departments mainly include Inpatient Department, Dermatology Department, Respiratory Department, Neurology Department, E. N. T. Department, Endocrinology Department, Neurosurgery Department, Cardiovascular Department, Plastic surgery, Oncology Department, Surgery Department, Pediatric Department, Orthopedics Department, Gynaecology and obstetrics, Cardiothoracic surgery and ICU (Intensive Care Unit). Based on the on-site statistical data of the hospital, this paper analyzes the number and proportion of personnel in different departments and categories and divides the evacuation levels of each floor into levels I, II, and III according to their evacuation capabilities, as shown in Table 5.


Table 5. Evacuation level of each department.

[image: Table 5]

In the above, each floor is divided into Type I, II, and III levels according to the evacuation capacity. According to the height of the floor, a total of 15 floors from the second to the sixteenth floors can be divided into high, middle, and low floors. In order to study the relationship between the vertical layout of the departments and the efficiency of safe evacuation, this paper arranges the departments of the I, II, and III evacuation levels with high, middle, and low floor heights, and a total of 6 layout modes, as shown in Figure 8. Through the evacuation simulation analysis of these six layout modes, the optimal evacuation optimization strategy is explored.


[image: Figure 8]
FIGURE 8. High-rise hospital layouts. (A) Layout 1. (B) Layout 2. (C) Layout 3. (D) Layout 4. (E) Layout 5. (F) Layout 6.




Results

From Figure 9, we can see the results of the evacuation simulation, the shortest overall evacuation time is layout 2, which only took 832 s. In this layout mode, the level III departments with the worst evacuation capabilities are placed in the low floor, the level I departments with the best evacuation capabilities are placed in the middle floor, and the level II departments with medium mobility capabilities are placed in the high floor. The evacuation time closest to layout 2 is layout 1, and the overall evacuation time is 854 s. Through comparison, it can be found that the two have the same point in that they both arrange level III departments on the floor closest to the ground in the hospital. Layouts 3 and 4 have the worst evacuation efficiency and the longest evacuation time, 938 and 913 s, respectively. Both of these layouts place level III departments on the high floor that are the furthest vertical distance from the ground. The evacuation efficiency of layouts 5 and 6 is at a medium level, and the evacuation time is 877 and 869 s, respectively.


[image: Figure 9]
FIGURE 9. Evacuation time under different layouts.


The evacuation process shows that when the level III departments are arranged closest to the ground, the following effects will be caused: (1) In the early stage of evacuation, the evacuation speed of the lower floors of the hospital is slower than that of the middle and high floors. Because the lower floors are connected to the outside world through safe evacuation exits, the overall evacuation efficiency of the hospital building is also slower in the initial stage. However, since most of the people on each floor are still in the plane evacuation stage at this time and have not moved to the stairs, this strategy will not have a great impact on the evacuation speed of the high floors. (2) In the middle stage of evacuation, evacuees from level III departments with poor athletic ability are very close to the ground, so they can quickly evacuate with the help of medical staff. When the people from the middle and high floors are evacuated to the low area, most of the evacuees in the low area have been evacuated, and there will be no congestion.

In the departments of III evacuation level, the proportion of patients evacuated by wheelchairs and beds is higher, which will occupy more space and be more prone to congestion. Arranging evacuees with better evacuation ability on the middle floor can make the evacuation congestion area closer to the ground and reduce the evacuation efficiency drop caused by congestion. Therefore, placing the evacuees with the worst evacuation ability on the lowest floor, the evacuees with the best evacuation ability on the middle floor, and the evacuees with middle evacuation ability on the highest floor can effectively optimize the overall evacuation efficiency of high-rise hospitals.





CONCLUSIONS

This paper mainly studies the evacuation optimization strategy for two types of public places divided according to the spatial characteristics of the building and establishes the evacuation models of large stadiums and high-rise hospitals, respectively.

Aiming at the evacuation problem of large stadium, with the shortest overall evacuation time as the optimization purpose, an optimization method for evacuation zones is proposed. The study pointed out that the strategy of partition evacuation can effectively improve the evacuation efficiency of the stadium, reducing the total evacuation time by 10.55%. Partition evacuation optimizes the initial exit choice of the evacuees so that the evacuation demand of each exit is more balanced, which can effectively avoid the crowding phenomenon at the exit. In the study of evacuation strategies for high-rise hospitals, the number of evacuees and physical conditions on different floors were compared and sorted, and the departments were divided into evacuation levels of I, II, and III. The departments of I, II, and III evacuation levels are arranged and combined with high, middle, and low floors to produce a total of 6 layouts. Numerical simulation results indicate that the evacuees with the worst evacuation capacity are placed on the lowest floor, the evacuees with the best evacuation capacity are placed on the middle floor, and the evacuees with medium evacuation capacity are placed on the highest floor with the highest evacuation efficiency.

This paper uses model simulation methods to study the horizontal and vertical evacuation of public places. According to different evacuation characteristics, corresponding evacuation optimization strategies are proposed, which proves the effectiveness of the evacuation strategy and can provide suggestions for the layout and planning of large public places.
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Transit-oriented development (TOD) has been widely adopted as a primary urban planning strategy to better integrate transit and land use; further, the pedestrian-oriented perspective has been receiving increasing attention. However, most studies so far have only focused on few features and fail to capture comprehensive perceptions in the transportation (T), pedestrian-oriented accessibility (O), and urban development (D) dimensions. New emerging urban datasets provide a more refined and systematic approach to quantify the characteristics of metro station areas. This study offers a more efficient and convenient process and comprehensive approach to measure TOD performance. With a combination of traditional data collected by an official department, high-resolution open data, and innovative technology, large-scale analyses of 347 metro stations in Shanghai were conducted. Fifteen indicators for T, O, and D were chosen to categorize TOD performance into five clusters. Radar charts, boxplots, and colored maps were used to display numerous quantitative factors for each type. Combining the results with the Shanghai Comprehensive Plan (2017–2035) showed that the majority of Cluster 4 is located at the center of the Five New Towns. The correlation analysis between ridership and TOD performance showed that the transportation dimension indicator has a strong correlation with daily ridership, followed by the O and D indicators. Moreover, ridership per capita was found to be affected by resident density, employment density, O value, and D value, whereas no significant correlation was found between ridership per capita and T value. Population plays a pivotal role in metro passenger traffic, indicating ridership per capita had a high, strong correlation with resident density, with R = 0.658 for weekdays and R = 0.654 for weekends. This study reinterpreted the node-place method and 5Ds framework, resulting in a renewal method with new datasets and analysis tools. It contributes to providing pedestrian-oriented TOD planning methodology for urban planners and policymakers by combining T, O, and D dimensions and visualizing the results with current urban planning.

Keywords: transit-oriented development (TOD), TOD performance, pedestrian-oriented, multi-source urban data, station-city integration


1. INTRODUCTION

China has undergone urbanization at an unprecedented rate over the last few decades. According to the National Bureau of Statistics of China, more than 60% of Chinese residents lived in cities in 2020, and this percentage is expected to rise to 70% by 2035 (1, 2). The cities' general expansion usually leads to large-scale construction of transportation infrastructure as a result of the increasing travel distance (3, 4). For example, urban rail transit is an effective alternative mode that can help mitigate the negative effects of rapid urbanization on the urban transportation system (5–7). Meanwhile, using transit and land-use integration (or “station-city integration”) to develop urban rail transit is one of the most effective strategies, and is frequently endorsed by policymakers (8–10). Transit-oriented development (TOD) is a common response to this integration (11, 12), as it encourages maximizing urban development around public transportation stations and forming high-density communities with diverse functions and walkable environments (13, 14).

In recent years, China has widely adopted TOD as a primary urban planning strategy (15, 16). However, there is still significant progress to be made to achieve efficient TOD, due to the slow growth of theory and practice. In most of China's recent planning strategies, transit station characteristics have received overwhelming attention. In addition, profit-driven land development and fragmentary management have created institutional obstacles to integrating land use and transit (17). Therefore, governments and developers should sufficiently promote the concept of TOD in local contexts and improve their comprehensive understanding of this concept to better integrate transit and land-use (18–20).

Most recently, a rapid increase in quantitative analytical tools and new urban data have provided new research potential in urban transport research. In China, many pioneering studies utilized big data to access daily travel and activities at fine-grained spatial networks (17, 21), and to understand how they interact with social, environmental, and urban forms (22, 23). In terms of evaluating urban structure and function, some researchers identified work and home locations and commuting patterns (24–27), while others revealed the urban polycentric structure and function distribution (28–31). Nevertheless, the application of big data for measuring TOD performance has seldom been studied in China (32).

TOD performance can measure the extent of the existing integration of transit and land use, as well as other attributes, such as pedestrian friendliness, urban form, and quality of public facilities around TOD sites (33, 34). Although several studies have generated many insights on quantifying TOD performance, little research has explored how new urban data could furnish unexpected outcomes and improvement. Multi-source urban data, including points of interest (PoIs), location-based service data, street view images (SVIs), and built environment data, offer a larger and more representative sample and a finer scale of spatiotemporal resolution (35, 36). New technologies, such as machine learning algorithms and Spatial Design Network Analysis (sDNA) based on ArcGIS, provide novel analysis methods for quantifying the characteristics of road and pedestrian networks (37, 38). This can help overcome some limitations of traditional data, including labor consumption, small samples, and low frequency.

In this context, Zhou analyzed a case of 167 metro stations in Shenzhen, combining traditional and non-traditional data (e.g., social media data, digital maps, PoIs, interviews, and surveys) to propose new indicators of TOD performance and its relationship to spatial and behavior characteristics (39). Nonetheless, this previous study mostly focused on transportation behavior on a citywide scale, paying less attention to pedestrian-oriented urban design as well as transit and land use integration. In addition, other quantitative studies have rarely examined TOD types and variations in China to further optimize future urban planning.

Thus, exploring how metro stations can be integrated into urban spaces under the concept of station-city integration, studying the relationship between transit nodes and urban places in-depth, and developing a quantitative synergy evaluation index via multi-source urban data are all crucial components of prioritizing sustainable transportation and realizing digital management.

The remainder of the article is organized as follows. Section 2 provides a review of the literature review on TOD performance, node-place model, and human-oriented indicators. Section 3 introduces the methods—the city sample, data, and analysis. Section 4 presents the results on five TOD types. Section 5 provides a discussion on urban planning implications and contributions. Finally, Section 6 presents conclusions and limitations.



2. LITERATURE REVIEW

Previous researchers have found that TOD typologies contribute to targeted strategies for TOD promotion (40, 41), the identification of prevalent issues (42, 43), and investment estimates (44). During the late 20th century, many researchers suggested the idea of mixed-use, compact developments with pedestrian-friendly built environments. The “3Ds” (45)—density, diversity, and design—are commonly regarded as the most fundamental indicators for evaluating the TOD performance of railway station areas. However, by combining destination accessibility and distance to transit (46), the “5Ds” became more systematic standards.

The node-place theory provides a practical method for evaluating TOD performance based on travel demand (“node”) and land use (“place”) (47), which subsequent studies have referred to as the “T” (node) and “D” (place) dimensions, respectively (48). A node index was created using the connection, frequency, and diversity of transport services, while a location index was developed using factors such as the functional mixture, number of inhabitants, or number of employees. Five TOD typologies (i.e., balance, stress, dependency, unsustained place, and unsustained node) were identified when two indices were converted into an XY diagram. The station is defined as an “unsustained node” when T exceeds D. It is an “unsustained place” when D surpasses T. The node-place theory is capable of and effective in assessing the balance between transportation supply (T) and surrounding urban development (D) under the station-city integration concept.

However, locations in the node-place method were criticized for being Transit Adjacent Development (TAD), rather than TOD (49, 50). Accordingly, a significant amount of research has introduced numerous modifications and extensions. Table 1 summarizes selected studies on the quantification of TOD performance. Notably, of the 27 publications, 14 referred to walking and pedestrian indicators. Among them, several researchers had introduced a new dimension to extend the classic “node-place” model. Vale (50) proposed the pedestrian shed ratio as a measure of pedestrian friendliness. Based on this, Lyu (48) established an additional “Oriented” (O) dimension of functional and morphological characteristics and selected 18 out of 94 systematic variables to assess Chinese context-based TOD in Beijing. Recent studies have extended “node-place” model to “node-tie-place” model (51) and “node-functionality-place” model (52) by adding functionality indicators (51, 52). Moreover, several previous studies have also emphasized pedestrian-oriented perspective as an important dimension in transit station areas (11, 39, 53–58). Nevertheless, pedestrian-friendly dimension quantitative studies are rarely conducted to comprehensively examine the TOD performance.


Table 1. Comparison of the indicators used in the reviewed literature to measure TOD performance.

[image: Table 1]

Although many studies have begun to employ quantitative approaches to investigate the relationship between metro station accessibility and neighborhood vitality, a majority of them still rely on the traditional manually collected data. Thus, there is a need for a more systematic and human-oriented approach to evaluate TOD performance in metro station areas, especially in high-density cities. In this study, based on multi-source data and quantitative approach from the pedestrian-oriented perspective, we opted to combine the pedestrian-friendly dimension with T and D. With reference to earlier studies, we considered specific pedestrian-friendly features of the “oriented” dimension that can receive interventions by policymakers, urban planners, or designers as practical TOD planning tools.



3. DATA AND METHODS


3.1 Analytical Framework

The four key steps of the present study were data collection, element extraction, evaluation, measurement, and guidance (Figure 1). First, metro lines and stations, 3D building information and PoIs, the third economic census, and the street network of Shanghai were gathered. Second, three critical TOD performance variables were extracted from the dataset. Each dimension was evaluated by five sub-indicators, the calculation details of which will be discussed later. Third, the evaluation process had two stages: (1) to create five TOD performance categories, hierarchical cluster analysis was utilized to organize the dataset into a cluster tree; (2) radar charts were then used to directly display numerous quantitative factors for each type. Therefore, a TOD performance measurement system was created to provide planners and policymakers with a better understanding of existing TOD and to diagnose common problems and design targeted policies for special station types.


[image: Figure 1]
FIGURE 1. Analytic framework.




3.2 Study Area: Shanghai

Shanghai, China's metropolis, has what is officially the longest railway network worldwide (59). According to the Shanghai Transportation Industry Operation Bulletin, as of June 2021, the city has completed 460 metro stations and 19 lines, with a total operational length of 772 km. The metro railway is Shanghai's major mode of transportation, carrying over 10 million passengers each weekday. However, the performance and types of stations vary significantly, as do the surrounding land use and morphology. Thus, Shanghai provides a sufficient number of cases, and it is essential to analyze the TOD variants and typology to discover common problems and offer targeted strategies.

Local governors have introduced the TOD concept to land-use planning and adopted the TOD as a critical strategy for sustainable urban development. Recently, the Shanghai municipal government announced the Fourteenth 5-Year Plan for Shanghai Comprehensive Transportation Development, which emphasizes station-city integration as a more specific requirement for metro station construction. In particular, building a systematic and comprehensive transportation system for new towns is highlighted in this plan to achieve internal high-quality traffic (60). In addition, Shanghai has outlined its plan for digital transformation, aiming to become a global capital for digitization by 2,035. Therefore, a data-driven approach to systematically measuring TOD performance seems urgent for understanding and promoting better place-making.



3.3 Measuring TOD Performance via Three Dimensions

This study used Shanghai's existing metro stations in 2019 as cases, which comprised 347 metro stations and 18 metro lines (Figure 2). In accordance with the TOD theory and comfortable walking distance in Shanghai (9), the research scope (RS) of the built environment surrounding each metro station was within a 500-meter radius. In the context of a Chinese city, Lyu (48) conducted a systematic review of TOD indicators and divided them into three categories. Considering the occurrence frequency of each indicator in earlier literature (Table 1) and their data availability, we selected 15 indicators from three dimensions, “Transportation (T),” “Pedestrian-oriented (O),” and “Development (D),” to measure the TOD performance of the aforementioned stations (Table 2). The T dimension represents transport development in metro station areas, D dimension reveals the land use development, and O dimension represents the pedestrian-oriented functional and morphological characteristics in metro station areas.


[image: Figure 2]
FIGURE 2. The study area and 500 m metro service area.



Table 2. Overview of indicators.

[image: Table 2]

For three dimensions, with reference to the earlier literature (25, 48, 52), we first chose the indicators “Number of metro lines,” “Metro frequency,” “Accessibility (betweenness) of the metro station,” “Number of bus stops,” and “Number of parking lots” for T dimension; “Density of road network,” “Intersection density,” and “Number of entrances and exits” for O dimension; and “Function mixture,” “Employment density,” “Population density” for D dimension. Second, to show an overall character of walking capability around the metro station, we introduced new indicators to provide a more precise perspective; both O2-Density of pedestrian network and O3- Accessibility of pedestrian network were calculated by sDNA (61), based on pedestrian network from Baidu Map. Third, with the help of built environment data, we used “Floor area ratio and Density of PoIs” to enrich the “D” dimension.


3.3.1 Dataset

Multi-sourced urban data, including traditional and non-traditional data, were collected to represent aforementioned indicators. For example, on the one hand, for non-traditional data, 77,724 street polyline from Open Street Map (OSM) (2019), 559,777 street polyline and 754,607 building plots data from Baidu maps API and Python (2019), and a total of more than 2.7 million PoIs data from Gaode Map (2019) were collected. On the other hand, traditional data provided by Shanghai metro official website and Shanghai census was used to represent the physical characteristics of metro stations and social attributes of surrounding blocks.

Then, further data preprocessing was conducted in ArcGIS. For building plots data, each building with a height below 3m or over Shanghai's highest building (640 m) was removed. For PoIs data, we deleted some unimportant information, retaining only the name, geographical location, and multilevel categories' fields. Next, repetitive records and any record with publication time after July 16, 2019 were deleted. As for multilevel categories of this PoIs dataset, we used the second-level category to sift out bus stations and parking plots. The top-level category, used to calculate function mixture, was grouped into nine categories according to the types of residents' daily activities and the actual functions of each PoIs, including residential communities, traffic facilities, commercial and business, tourist attractions, food and shopping, education facilities, government and public services, financial services, and public facilities (62). Among them, those in the commercial and business categories were replaced with the same type of Baidu PoIs, since each Gaode PoI in this category represents one shopping mall rather than an individual retail store by Baidu PoI.

Thereafter, all datasets were intersected with RS separately. As a result, 65,981 polylines and 154,480 building plots of Baidu Map, 20,465 polylines of OSM, and 169,168 PoIs of Gaode Map were extracted. In the finalized data analysis, which is demonstrated below, the resultant data matrix had 347 rows, one for each station, and 15 columns, one for each indicator.



3.3.2 Transportation Dimension

As previously stated, the T dimension was used to depict the station's convenience for automobiles and the surrounding environment. The number of metro directions, bus stations, and parking spaces, along with metro frequency and metro network accessibility, were chosen to represent the “T” component. For example, the number of metro directions and metro frequency can indicate metro station size, whereas the other three indicators can indicate how convenient it is to get to this station by vehicle.

The number of metro directions and metro frequency were obtained from Shmetro's official website (63), which is the administrative authority for Shanghai's metro railways. The number of metro directions distinguishes terminal stations; however, the number of metro lines obtained directly from the website does not. The metro frequency indicated the number of metro trains that would run through the station per hour. Python and AutoNavi's Map API were used to capture 2,764,864 PoIs. Following that, the numbers of bus stations and parking spaces, which are typically impossible to estimate manually, were indicted by the number of matching functions of PoIs within a 500-meter radius of each station. The measure of betweenness centrality of each line between two stations was calculated by sDNA (61) to reflect the flow potential of each link of the metro network (Figure 3). Betweenness centrality was measured using the following equation:

[image: image]


[image: Figure 3]
FIGURE 3. Betweenness centrality of Shanghai metro network.


where [image: image] is 1 if x lies on the shortest path from y to z and 0 if it does not.

The betweenness centrality of each station is the average value of links within each station area.



3.3.3 Pedestrian-Oriented Dimension

The O dimension was used to reflect the station's pedestrian accessibility and the surrounding environment. Similarly, the density of the road network, pedestrian network, and intersections, and the number of metro station entrances and accessibility of the pedestrian network were chosen to represent the “O” component. For example, the number of metro station entrances can demonstrate how many ways citizens can walk to the station, whereas the other four indications can illustrate how convenient it is to reach the station on foot.

Except for the number of metro station entrances, which was obtained from Shmetro's official website, the other four indicators were calculated on ArcGIS, based on the road network from the Open Street Map (OSM) platform and the pedestrian network from Baidu; the later dataset contains more branches than the earlier one. Specifically, road network density was calculated by dividing the total length of the main roads in an RS by its area; the density of the pedestrian network and intersections were the total length and the intersection number of pedestrian roads in an RS over its area. Finally, as shown in Figure 4, the accessibility of the pedestrian network was captured by the betweenness hybrid (BtH500) of pedestrian network use, sDNA (37).


[image: Figure 4]
FIGURE 4. Hybrid betweenness centrality of the pedestrian network by the software sDNA (radius at 500 m).




3.3.4 Development Dimension

The final component was the D dimension, which was used to describe the development level of the station's surrounding built environment. The plot ratio, density of PoIs, functional mixture, employment density, and population density, which is more connected to society and economics, were chosen to symbolize the “D” component. Plot ratio and employment/population density, for instance, can be used to demonstrate the density of people and buildings inside the RS. The other two indicators, the density of PoIs and functional mixture, can substantially define its diversity.

These five indicators originate from various sources. First, the footprint and height information of buildings of 754,607 buildings plots were retrieved via Baidu maps API and Python to get FAR (floor area ratio). Second, the total number of PoIs over the range of the relevant RS was used to calculate PoI density (Figure 5). Further, the functional mixture was quantified using the Shannon entropy of the nine categories of PoIs (64). The formula used is as follows:

[image: image]


[image: Figure 5]
FIGURE 5. Example of nuclear density of PoIs.


where SWi represents the Shannon–Wiener index of each station area, Pi is the proportion of urban facilities belonging to the ith type of functional categories, and R is the total number of main functional categories (9 in our analysis).



3.3.5 Indicators Integration

To obtain the final integrated TOD performance, the abovementioned three components were added with equal weight. Before integrating all indicators, they were rescaled to have minimum and maximum values of 0 and 1, respectively, using the following formula:

[image: image]





4. RESULTS


4.1 Quantitatively Measuring TOD Performance

In Figure 6, the box plots depict the descriptive statistics of various variables. The mean is represented by the x in the box, the median is represented by the line across the box, and the first (Q1) and third (Q3) quartiles are represented by the bottom and top of the box, respectively. The lengthy upper whiskers on all box plots imply that TOD performance varies depending on the variable's higher value. T and D's box plot positions are similar and low, showing that most of stations perform overall poorly on station-city integration.


[image: Figure 6]
FIGURE 6. Boxplots for T, O, and D values (normalized).


Each variable was rated and then divided into five classes by natural breaks (Jenks) to determine the geographical distribution of the imbalanced TOD performance. The lowest quintile received a 1, whereas the top quintile received a 5. Figure 7 displays the score of three components for assessing TOD performance at the metro station-level in Shanghai.


[image: Figure 7]
FIGURE 7. Visualization of (A) Transportation (T), (B) Pedestrian-oriented (O), and (C) Development (D) dimensions of TOD performance (dark color indicating high values and light color representing low values).


T component is shown in Figure 7A. The high values of the first and second grades are all within the inner ring, especially the stations of Lines 2 and 8 and those near the Lujiazui commercial business district (CBD) area. The north part of the Xuhui area is particularly notable, as its stations show high values despite its marginal location near the inner ring, such as Yishanlu, Xujiahui, Jiaotongdaxue, and Shanghai Stadium stations. This is mostly due to the fact that they are transfer stations with appropriate transportation facilities nearby.

As seen in Figure 7B, the number of the highest listed station for the O component is significantly larger than the other two. They were mostly evenly dispersed over the inner ring. Nonetheless, the most intriguing discovery was that the O values of the aforementioned unusual station in T and D were significantly reduced. Therefore, three variables of most stations are not in a coordinated development, while sharing the same characteristic of a decreasing tendency from the center to the periphery.

In comparison to T, D has fewer top-level values, but they are gathered more downtown (Figure 7C). Except for Longboxincun station, which is on the outer ring's boundary, almost all the top-ranked stations are in the most prosperous historical center. However, all these stations are surrounded by dense residential areas and CBDs. Another difference is that the second-highest stations on this map are significantly more dispersed than stations in the second-highest class of T component. This suggests that the degree of development inside the outer ring is reasonably even. This can also be seen in Figure 6, where the median and mean of D are almost equivalent, while the median and mean of T diverge the most.



4.2 Hierarchical Cluster Analysis

A hierarchical cluster analysis, which is a multivariate statistical method for grouping cases according to the similarity of their characteristics, was performed to classify the data. In this study, we classified stations using all 15 variables. The dendrogram shown in Figure 8 summarizes the clustering process and reveals five representative clusters. This cutoff number was chosen to obtain more representative clusters. Then, we focused on the five clusters to identify similarities and differences between them. The radar charts in Figure 9 highlight the average ratings of major sections in TOD performance, allowing for visual comparison. Figure 10 depicts the number of clusters and their spatial distribution. When Figures 9, 10 are taken together, we can observe that each cluster had the following key characteristics:


[image: Figure 8]
FIGURE 8. The hierarchical cluster analysis is based on three variables.



[image: Figure 9]
FIGURE 9. Rader charts for each variable by clusters.



[image: Figure 10]
FIGURE 10. TOD performance by clusters in Shanghai.


Cluster 1—high TOD performance: The results for the three indicators for stations in these clusters were excellent (>2.0). T, O, and D all scored well in these groups, suggesting that the three variables were fairly balanced. Except for Shijidadao station in Pudong district, they are all situated at the center of the old town. Other stations in Pudong, although closer to the Lujiazui Financial Centre and Huangpu River, showed poor performance. This means that the busy areas may be uneven in TOD performance, although they are economically developed.

Cluster 2—relatively high performance except for T: The O and D indicators both showed reasonably high scores of 2.0 and 3.0, respectively. Variables in Cluster 2 are similar to those in Clusters 3 and 4 in terms of shape. In contrast to the other counterparts, the T component (1.5) was noticeably inadequate. This type of station could be found in the inner ring and surrounding Daxuelu area, Lujiazui area, Changshou, and Xujiahui road, which are Shanghai's subcenters. In this type, the transportation system could not sustain the exceeded growth intensity and vitality.

Cluster 3—medium performance: The three indicators in these clusters had mediocre scores (1.0 < scores < 2.0). The majority of them were found between the inner and outer rings. They also occurred in a consistent linear pattern. The cause for these unpleasant outcomes was similar to that in Cluster 2, but the built environment in their surrounding regions was poorer quality.

Cluster 4—relatively low performance, especially T: The three indicators for stations in this cluster had relatively low scores. Some of the stations of this type were in the middle ring, some were in the outer ring, and others were beyond the outer ring. However, the stations of this type beyond the outer ring of appeared where road network density suddenly increased. In addition, when we combined their spatial distribution with Shanghai's regional policy, some unexpected findings were revealed. The locations of these metro stations perfectly matched the core area of new towns in the Fourteenth 5-Year Plan (2021–2025). The plan contributed significantly to the growth of suburbs since the regions around these stations are equivalent to a quiet neighborhood in the inner ring. However, defects were still in evidence, which we will discuss in the next section.

Cluster 5—poor TOD performance: This cluster was fundamentally low-performing, with all indicators' ratings below 1.0. The vast of these metro stations are located in remote areas. In general, the south of Shanghai performed worse in TOD than the north, resulting in the city's uneven growth on a wider scale.

It is worth mentioning that we compared our results with previous research (51, 52), and found some differences. Our study, to some extent, is consistent with that of Li et al. suggesting that some metro stations in central areas are balanced (Cluster 1) in T and D. However, in reality, a number of central stations are not balanced (65). More than a half of the stations in the inner ring are Clusters 2 and 3. It is easy to notice in the radar chart that the T dimension is slightly lower than D in Cluster 2 and the overall TOD performance is relatively poor in Cluster 3.




5. DISCUSSION AND CONCLUSION


5.1 Shanghai Comprehensive Plan (2017–2035) and Implications for TOD Planning

The traditional core region of Shanghai, Puxi's seven districts, showed pretty good TOD performances. The TOD performance in Pudong New Area was the most unequal, with TOD categories diminishing from the inner to outer ring. Minhang and Baoshan were found to have the most Cluster 4 stations among the eight suburban districts, indicating that they are significantly more developed than the other six fringe areas. The northernmost district, Chongming Island, was excluded, since it did not have a metro station. As for the other areas, Shanghai announced a local Comprehensive Plan (2017–2035), which emphasizes the development of “Five New Towns,” including Qingpu, Fengxian, Jiading, Nanhui, and Songjiang. These new towns are envisioned as a comprehensive node city that prioritizes public services and living environment quality, representing a development shift from the urban core to new towns. In addition, the TOD categories mentioned above can also demonstrate the plan's effectiveness to some extent.

Differentiation can be noted between their TOD performance scores, although all new towns have relatively low performance. They only contain Clusters 4 and 5 stations. Moreover, the majority of Cluster 4 is located in the center of the new town. Those places were once satellite cities built 20 years ago. The numbers of type 4 station are, however, different in each of the five new towns. Notably, Jiading, Songjiang, and Qingpu each have more than three of this type, whereas Fengxian has only one, and Nanhui has none. This illustrates that, in comparison to other areas, Nanhui and Fengxian are inadequate in terms of population density, transportation, functional diversity, and living convenience. This is in line with the realities of spatial planning and transportation.

Therefore, targeted optimization guidelines should be introduced to different categories for their distinctive characteristics. For Clusters 4 and 5, which are the most potential categories, where their TOD surrounding areas are barely constructed, it is critical for the new territory development plan to integrate transportation planning and urban planning into the whole framework and make rather high-intensity constructions. For Clusters 2 and 3, where the T indicators are relatively low, planners can build new metro lines connecting them between the inner and the outer rings, reducing the inconvenience of a detour transfer. As for stations in Cluster 1, introducing more public areas and amenities could be beneficial for further improvement.



5.2 Transit Ridership, Transit Ridership per Capita, and TOD Performance

The correlation between ridership and TOD performance was analyzed to reveal the relationship between TOD performance and expected outcomes (Table 3). The correlation was analyzed with Pearson's correlation. Statistical significance was defined as a two-sided p-value of <0.05. Daily ridership data for 1 weekday (July 16) and 1 weekend day (July 20) of 2019 was used. As anticipated, the ridership on both weekdays and weekends increased with the TOD performance index. More specifically, the T value, which relates to transport infrastructure, was strongly correlated with daily ridership (R = 0.660 for weekdays and R = 0.634 for weekends). the O indicator was more strongly correlated with the ridership on weekdays (R = 0.612) than on weekends (R = 0.558). The D value, which measures the development of the station area, had a relatively lower correlation, with R = 0.580 for weekday and R = 0.551 for weekend, respectively. Moreover, comparing with daily ridership, the exiting ridership in morning peak hours has even stronger correlation with both T and O indicators, and has a slightly lower correlation (R = 0.543) with D value, indicating that the T and O dimensions are more important for commuters in choosing to ride the metro than it is for other types of train riders. This was in general consistent with existing studies, such as Zhou et al. (39).


Table 3. R correlation between ridership, ridership per capita, and TOD performance.

[image: Table 3]

We then explored the impact of TOD performance on ridership per capita. The indicator of ridership per capita had a high, strong correlation with resident density, with R = 0.658 for weekdays and R = 0.654 for weekends, indicating that the population plays a pivotal role in metro passenger traffic. In addition, employment density, O value, and D value were significantly correlated with ridership per capita. Among them, people's willingness to travel by metro was more affected by job density and O value. No significant correlation was found between T value and ridership per capita, indicating that the impact of T value on ridership relies on population density.



5.3 Contributions and Limitations

In high-density cities, such as Shanghai, TOD construction is a critical component for both economic growth and daily wellbeing. The classic node-place method is unable to achieve the pedestrian-friendly and human-oriented goals of a sustainable city. By incorporating the pedestrian-oriented dimension in the classic “node-space” method and 5Ds framework, this study provided a comprehensive framework for measuring TOD performance.

Although various supplementary methods have been conducted to measure the accessibility of pedestrian networks, few of them have shown the overall character of walking capability around the metro station. Unlike previous studies, this study offers a data-driven and more efficient approach toward conducting an inclusive and fine-scale framework to measure TOD performance. With a combination of traditional data collected by an official government department, high-resolution open data, and innovative technology, large-scale analyses will be easy to conduct. The method can be quantitatively achieved from the pedestrians' point by combining new techniques with more precise datasets, such as the pedestrian network, the metro ridership, and 3D built environment data. Moreover, the findings of this research were summarized and described in radar charts, box plots, and colored maps, making the structured analysis easy to understand, providing an operable and effective methodology to support urban planners and policymakers by visualizing the results with the ongoing Shanghai Comprehensive Plan (2017–2035). The simple visualized results can also be shown to communities with a developing application on mobile phone, allowing the TOD performance to be assessed using public awareness.

In the future, we can further or enhance this study in the following aspects: First, the indicator of the O dimension is insufficient. New urban data and technology can be examined, such as SVIs and emotion sensors combined with virtual reality, could reflect pedestrians' feelings more in-depth. Second, the numbers of workers and inhabitants were only represented by the official census data. Changes in population density are vital for future studies. Consistent location-based service data and mobile phone data can help with this information. Finally, TOD indicators are interdependent with each other when classifying its typologies (65). For follow-up research, experts in urban fields should be invited to verify the validity of the chosen indicators and determine their proportions by using the analytic hierarchy process.
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The seismic resilience of water supply systems can be impacted by numerous factors, but what these factors are in the rural context of China is unknown. In this study, 41 potential influencing factors of seismic-resilience for rural water supply system (RWSS) were obtained through a literature review and semi-structured expert interview, comprising 26 general influencing factors (GFs) and 15 water supply safety influencing factors (SFs). This study verified and ranked these factors through a questionnaire survey delivered to RWSS stakeholders in Sichuan Province, China. Based on 123 valid, returned questionnaires, these factors are divided into 9 factor groups through factor analysis performed on GFs and SFs, respectively, of which “economic resilience” and “organizational resilience in disaster prevention stage” are shown to be the most important factor groups. Additionally, it found that the experience of earthquake events significantly affects the perceptions of stakeholders on the importance of certain factors. Specifically, stakeholders who have experienced an earthquake prioritize the post-earthquake resilience of the system, while those who have not experienced an earthquake prioritize the absorption capacity of the system in the disaster prevention stage. Thus, it is not appropriate to use fixed weights to evaluate the seismic resilience of RWSSs. Significantly, this outcome differs from existing findings on the resilience of Urban Water Supply Systems (UWSSs), where “technical resilience” is the key dimension. These findings can help decision-makers fully understand the factors affecting the seismic resilience of RWSSs in China, and in doing so, augment the strengthening of rural water supply.

Keywords: rural water supply, rural development, earthquake, factor analysis, resilience


INTRODUCTION

Access to safe drinking water is essential to human health and wellbeing. As a consequence of the successful strategies promoted by the United Nations Sustainable Development Goals, water supply services in developing countries have significantly improved, especially in rural areas (1). In China, as the government continues to increase investment in the construction of Rural Water Supply Systems (RWSSs; Figure 1), the proportion of the rural population with access to clean drinking water has risen from 68.7 to 86% over just 4 years, from 2016 to 2019. Over the same period, in urban areas, access had remained stable at about 98% (2).


[image: Figure 1]
FIGURE 1. The investment trend of rural water supply systems (RWSSs) in China from 2016 to 2019 (Data sources: Ministry of water resources of China).


However, the existence of a water supply system (WSS) in the rural areas does not guarantee that people living there have access to a sustainable and reliable supply of clean drinking water over the long term (1). In China, the majority of earthquakes occur in rural areas (3). Earthquakes in China are not only frequent but also destructive, resulting in serious damage to local WSSs and leaving large numbers of people without water supply (see Table 1).


Table 1. Damage to rural water supply systems (RWSSs) resulting from destructive earthquakes.
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For organizations that are responsible for operating water supply infrastructure, it is vital to ensure that services are uninterrupted since water is the key factor for human survival in any disaster situation (7). It is a great challenge for the Chinese government to evaluate the seismic capacity of the rapidly developing RWSSs of China. After the occurrence of several terrorist attacks in the United States and Europe in 2000, the concept of Critical Infrastructure Protection prevails in developed countries (8–11). However, due to the inability to fully protect key infrastructure, research interest has gradually shifted from infrastructure protection to infrastructure resilience (12). Resilience in respect of natural disaster management has become the core tenet in the strategies and policies of urban planners, technical practitioners, decision-makers, and non-governmental organizations alike (13).

Given the critical infrastructure nature of WSSs, many studies have been devoted to an assessment of their seismic resilience (14). Bruneau et al. proposed a general framework, “Technical, Organizational, Social, and Economic” (TOSE), for resilience assessment of communities and infrastructure (15). Following this, many researchers have evaluated the seismic resilience of WSSs across various stages of the earthquake disaster management cycle. Chang and Shinozuka improved the ‘TOSE' model by evaluating the impact of multi-dimensional factors on the seismic resilience of WSSs in Memphis, Tennessee, USA. They developed an earthquake loss estimation model, which informs the construction of seismic capacity in the disaster prevention stage (16). Zhao et al. analyzed the seismic resilience of the urban water supply system (UWSS) at the emergency response stage, taking the water supply system of Lianyungang city in China as a case study (17). In addition, numerous studies focus on evaluating the post-disaster resilience of UWSSs through indices (18, 19) and mathematical models (20, 21). However, the existing methods of resilience quantification lack the ability to address all phases (22). Moreover, the focus of research to date has been UWSSs (23). Consequently, measuring the resilience of RWSSs to earthquakes remains effectively uncharted territory.

Resilience indicators will enable administrators at various levels to integrate resilience development strategies into mitigation and prevention plans (24). Like other phenomena, factors affecting resilience must be determined before assessing earthquake resilience (25). Therefore, the purpose of this study is to identify and rank the key factors affecting seismic resilience from the perspective of RWSS managers and to explore the way decision-makers organize these factors when evaluating the seismic resilience of RWSSs. A comprehensive list of identified and ranked factors thus provided managers of RWSSs, especially those who have not experienced destructive earthquake, with a framework against which to make better informed decisions in the practices of implementing resilience of RWSS to earthquake.



CURRENT UNDERSTANDING OF THE RESILIENCE OF WSS


The Dimensions of WSS Resilience

The concept of resilience adapted to ecological systems is defined as “a measure of persistence of systems and of their ability to absorb change and disturbance and still maintain the same relationships between populations or state variables” (26). Subsequently, it has been widely applied to other fields (27–29). Resilience in WSSs can be understood as a comprehensive capacity to withstand and absorb disruptions and revert quickly to the pre-disrupted state (14, 30).

The physical vulnerability of infrastructure systems has been, for decades, the dominant concern when considering the resilience to earthquake disasters (25). Liu and Song (31) summarized 21 studies on the resilience of urban water supply networks (WSNs), pointing out that researchers primarily study the seismic resilience of WSSs based on a simulation method of recovery while improving the seismic resilience of WSN from a limited, technical point of view by adding or upgrading pumps and pipeline expansions (7, 17, 32). However, Bruneau et al. found that the resilience of infrastructure systems is not limited to physical vulnerability, proposing the TOSE model for the comprehensive measurement seismic-resilience (15). The work by Bruneau et al. lays the foundation for multi-dimensional research on key infrastructure and associated communities. Researchers from different disciplines usually focus on seeking the variables of resilience when considering the seismic resilience of WSS from a multi-dimensional perspective.

Certain studies have verified the influence of specific factors on the seismic resilience of WSSs by way of mathematical models. Zhao et al. used the “recovery degree” to quantify differences in system performance pre-disaster and post-recovery (17). Through the performance response function, the recovery resources and recovery speed were verified to be the factors affecting system organization and technical resilience at the emergency response stage. Cimellaro et al. examined the case of the WSS in an Italian town situated within a seismic zone (32). They regarded the seismic resilience of water distribution networks as the product of “the number of users temporarily without water,” “the water level in the tank,” and “the water quality,” confirming the influence of technical, social, and environmental factors. Mazumder et al. analyzed the impact of environmental and technical factors (including the time to repair a break, number of breaks, network topology, the level of corrosion, and the available resources of utility companies, etc.) on the seismic resilience of water supply pipe network through probabilistic functionality fragility surface methods (33). Yoon et al. examined the impact of seismic intensity and the dependence of WSS on power facilities on the seismic resilience of urban water supply networks through a “recovery curve” (34).

Other studies have analyzed the factors affecting the seismic resilience of WSSs using actual earthquake disaster data. Mostafavi et al. conducted a qualitative study based on the Nepal earthquake in 2015 to investigate the comprehensive factors affecting the seismic resilience of WSSs in developing countries from the perspective of economic, technology, organizational, and environmental factors (35). Pribadi et al. analyzed five destructive earthquake disasters and summarized the technical and environmental factors affecting the seismic resilience of infrastructures, such as WSSs in Indonesia (36).

In addition, some studies comprehensively explored multi-dimensional potential influencing factors of seismic resilience of WSSs by means of literature reviews and expert interviews. Balaei et al. proposed the CARE model which develops the TOSE model by considering the impact of environmental factors (25). The CARE model comprises five dimensions: technical, economic, social, environmental, and organizational, along with an eight-step evaluation process. Nevertheless, it is necessary to develop indicators for each dimension in order to give the model practical effect. Based on the CARE model, Balaei et al. discussed the social impact factors (37), technical impact factors (38), and economic impact factors (39), while in subsequent research, these factors were verified using earthquake scenarios derived from New Zealand and Chile.

All these studies show that the influencing factors are the premise and basis of resilience evaluation of WSSs. Each study contributes to the evaluation of the resilience of WSSs in its own way. However, due to different research agendas, the list of all these factors and their relative importance varies considerably. At present, there is no widely and uniformly recognized list of influencing factors of the seismic resilience for WSSs.



Spatial Differences in Resilience Research

From a geographical perspective, the scale for disaster resilience measurement is categorized into four levels: household/individual, community, national, and global (40). The most common level of seismic-resilience measurement is the community level, which is further divided into urban and rural areas (25).

In comparing the resilience across different regions at the community level, Cutter et al. (41) proposed a local-based model (disaster resilience of place, or DROP), and 36 indicators were used to analyze the seismic capacity of communities and key infrastructures across south-eastern counties of the United States. In a subsequent study, they found that there are spatial differences in resilience with the seismic resilience of urban areas being generally higher than that of rural areas (42). In addition, there are great differences in the driving factors of seismic resilience between urban and rural communities and infrastructure (42, 43).

While seismic resilience of UWSSs has attracted much attention, few researchers have considered the unique circumstances of RWSSs (14, 23). Studies highlight drinking water safety and focus on the factors influencing policies (44–47), drinking water quality (44, 47–49), and access to drinking water (50–52).

Simply, there is a large gap in the comparative knowledge of disaster resilience between urban and rural areas. Moreover, there is a lack of research on the seismic resilience of RWSSs in China. No assessment has been made as to whether the factors affecting the seismic resilience of UWSSs similarly affect the resilience of RWSSs. Neither has a relationship been established between factors affecting rural drinking water safety and RWSS resilience. Given the urgent need for development of China's RWSSs these relationships warrant investigation.



The Role of Stakeholders in Resilience Practice

Stakeholders refer to the individuals or entities that provide input in the decision-making process and benefit from the decision-making results (53, 54). Previous studies have discussed the role of stakeholders in disaster risk management in the disaster reduction stage (55) and the impact of stakeholder attributes on post-disaster reconstruction in the disaster recovery stage (54). Research shows that stakeholders play a key role in disaster prevention, response, and recovery. Therefore, our goal is to explore the influencing factors of seismic resilience of RWSSs in China and reflect the potential influence mechanism of seismic resilience of RWSSs from the perspective of stakeholders.

A better understanding by stakeholders of the determinants of the resilience of water infrastructure systems is essential for prioritizing the allocation of limited resources in developing countries to reduce the adverse impact of natural disasters on communities (35). However, the occurrence of disasters will affect the views of stakeholders on resilience, resulting in different decisions in the implementation of resilience practice (56). Compared with other natural disasters, such as floods, earthquakes are the most destructive, but the probability of occurrence is relatively low. Therefore, not all stakeholders of RWSS have experienced earthquakes. However, in recent years, some earthquakes have occurred in non-traditional seismic zones, such as “6.17 Changning earthquake” in 2019 and “9.16 Luxian earthquake” in 2021, which implies that most RWSSs need to do a good job in earthquake prevention and disaster reduction in order to deal with possible earthquake disasters.

Therefore, according to the research status of seismic resilience that influence factors of WSS in the literature, considering the impact of earthquake occurrence on stakeholders, there are two research gaps in the research of seismic resilience of RWSSs in China. Consequently, this study has the following three objectives:

1. To identify and rank the factors affecting seismic-resilience of RWSSs in China.

2. To reveal the effects of spatial differences in determining the importance of factors.

3. To cluster the factors into groups that reflect the underlying mechanism in evaluating seismic-resilience of RWSSs.




MATERIALS AND METHODS


Research Process

To achieve these objectives, the research process is conducted in stages, as shown in Figure 2. As this study aims to investigate the importance of factors affecting the seismic-resilience of RWSSs and the latent relationships among them, the first step is to collect the potential influencing factors of RWSSs through literature review, which is a common method in factor studies (1, 7, 37–39, 42, 54). Then, a questionnaire survey based on the potential factors collected by literature review is suitable for data collection and is undertaken to collect the professional views of stakeholders of RWSSs. This approach is widely used and recognized by researchers in the domain of disaster management studies (54). To determine the key factors affecting the seismic resilience of RWSSs and the impact of earthquake experience on stakeholders, a series of statistical analyses were carried out on the questionnaire data by SPASS 20.0.
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FIGURE 2. The research process of factors affecting the seismic-resilience of RWSSs.




Identification of Potential Factors

This study obtained a list of potential factors affecting the seismic resilience of RWSSs in China through a comprehensive literature review. The list of potential factors consists of two parts. The first part is the general influencing factors of seismic resilience (GFs), and the second part is the factors that influence rural drinking water safety (SFs). The list of GFs is determined according to the related research on influencing factors of seismic resilience considered in disaster prevention, emergency response, and post-disaster recovery of WSS, while the list of SFs is determined according to the relevant researches on rural drinking water safety, such as discussing the management of rural safe drinking water project, the rural water source environment, policy, etc. Since the factors proposed in these studies are different in names, numbers, and meanings, it is necessary to combine them into a single list of factors, which forms an initial list of influencing factors, including 40 potential general resilience influencing factors and 22 potential safe drinking water influencing factors.

The initial factors list was prequalified through a pre-assessment exercise between July and August 2020, in China. Ten experts from public, private, and research institutions with at least 5 years of experience relevant to the rural water sector and participated in at least one earthquake relief of WSS voluntarily took part in the pre-assessment phase of the study. The experts were selected in the early stages of the study from a variety of disciplines, namely, disaster resilience, WSS operations, management, the social sciences, and economists. The interviewees were selected through a consulting firm (ROCA Consulting), local authorities (Jiuzhaigou County Government, Economic and Information Bureau of Wenchuan County), Universities (Sichuan University, Deakin University, and Chengdu University of Technology), emergency management departments (Chengdu Emergency Management Bureau; Emergency Management Bureau of Jiuzhaigou County; Luzhou emergency management department), the head of a water company (the person in charge of urban and rural water supply and drainage integration in Mianzhu City), and independent experts. Semi-structured questionnaires were used to overcome biases and heuristics that can affect results. Interviewees were asked to comment on and modify the potential indicators concerning the seismic resilience of RWSSs. Specifically, (1) The redundancy indices with various descriptors used in the literature, but which describe similar items were merged. As an example, “social trust,” “trust in the government,” and “trust in rescue” are unified here and merged into “social trust.” (2) Similarly, inapplicable factors were removed. This includes terms such as “GDP,” “the universal vulnerability index,” and “the world risk index,” which cannot be applied at community levels. (3) Classifications such as GFs and SFs were added to highlight the characteristics of RWSSs and facilitate data analysis. For example, “professional reserve” and “maintenance information” have an impact on the seismic resilience of both UWSSs and RWSSs. However, in rural areas, the lack of professionals and imperfect maintenance information are more likely to become the influencing factors restricting rural seismic resilience. Thus, they are summarized here as SFs. The results were used to improve the indicators derived from previous research in order to more appropriately evaluate the seismic resilience of RWSSs.

Following the above steps, 26 GFs and 15 SFs were identified as potential factors, all of which are cited no less than 2 times, as shown in Table 2. Thus, a total of 41 comprehensive influencing factors affecting the seismic resilience of RWSSs are retrieved for further research.


Table 2. List of potential factors affecting seismic-resilience of RWSSs.
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Questionnaire Survey

The data was collected through an online structured questionnaire that comprised three distinct sections based on the factors list (see Table 2). Section Introduction illustrates the objective along with confidentiality commitments. Section Current Understanding of the Resilience of Water Supply Systems (WSS) collects general information about respondents. Section Materials and Methods tests the importance of the 41 factors identified from literature reviews and experts as these are potentially able to affect the seismic resilience of RWSSs. The responses to most questions were on a five-point Likert scale, unless otherwise stated, where 1 and 5 represented the lowest and the highest levels of importance, respectively.



Study Area and Questionnaire Distribution

According to the statistical data of the China seismic network, Sichuan Province is one of the most earthquake damage-prone regions in China. Similarly, Sichuan has suffered greatly from RWSSs failure as a consequence of earthquakes, such as the Wenchuan earthquake in 2008 and the Lushan earthquake in 2013. Thus, RWSSs in Sichuan Province were selected as the context for this study. Since not all RWSSs in Sichuan are susceptible to earthquake disasters, the sampling frame was filtered by focusing on 1,296 RWSSs which were located near the earthquake zone according to the list of RWSSs published by the Sichuan Provincial Water Resources Department in July 2019 (69).

To obtain a statistically representative population sample, Kish's (70) equation is used, being an established precedent set in other studies on determining sample size:
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In Equation (1), N and n denote the total population and the sample size from a finite population, respectively, while m represents the sample size from an infinite population, which can be calculated by:
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In Equation (2), V denotes the standard error of the sample population with a confidence level of 95%. V equals 0.05 and S2 = P (1-P), where S2 refers to the standard error variance of population elements, with p = 0.5 deemed a “safe” choice according to Kish's recommendation (70). Consequently, m is equal to 100. Based on the equations, an acceptable sample size of 93 is determined by:
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In order to avoid regional bias, a careful sampling design should be carried out to obtain samples reflecting different regional characteristics contained within the study area before sampling (71). Considering the distribution characteristics of seismic zones in Sichuan Province and data availability in rural areas, according to the opinions of experts, this study divides the rural areas of Sichuan Province into four regions according to the distribution of seismic zones (see Figure 3). As a result, the revised structured network questionnaire was sent to 300 stakeholders of RWSSs by e-mail or WeChat (the most common communication platform in China) from September 2020 to February 2021. A total of 135 questionnaires were collected, of which 12 were judged to be invalid (where the importance option scores of 41 factors in 9 questionnaires were all rated 1 or 5, and where the response time of a further 3 questionnaires was significantly shorter than that of the other questionnaires, coming in at under 1 min). The remaining 123 valid questionnaires exceeded the 93 samples required for statistical validity. Thus, the questionnaires were judged representatively. Moreover, compared with similar studies in the field of disaster management (72), the 123 valid questionnaires of this study are deemed sufficient. Cronbach α's coefficient is 0.967, exceeding the recommended reliability of 0.7 (73), indicating the questionnaires are reliable.


[image: Figure 3]
FIGURE 3. Distribution map of survey area in Sichuan Province.




Data Analysis Technique

In order to capture the demographic details of the interviewees, descriptive analysis was carried out first. In addition, in order to analyze whether the occurrence of earthquake disasters has a significant impact on the judgment of respondents on the relative importance of influencing factors, the respondents were divided into two groups—Group A and Group B—according to their experience in participating in earthquake relief of RWSSs.

Considering the sample size of this study, the mean value is used for ranking and determination of the critical factors considered by Group A and Group B, rather than artificial intelligence algorithms that require a large amount of data (74). The standard deviation is used to further determine the rank order when the mean values of several factors are the same (73, 75). At the same time, in order to determine the important factors impacting seismic resilience of RWSSs, formula 4 is used to determine the threshold for dividing important factors (76). According to the calculation results of formula 4, the threshold of important factors in this study is set at 3. When the mean value of a factor is greater than 3, the factor is judged as significant; otherwise, it is relegated as a non-important factor.
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According to the Pareto principle, the top 20% of the ranking factors determine 80% of the consequences. Thus, the top-ranking 20% are defined as key factors (73). Consequently, this study only compares the differences of the top eight ranking factors between two groups. Ranking difference analysis is just to distinguish the differences between the two groups in the relative importance of factors. In addition, the differences in the absolute importance of perceived factors between the two groups were discussed, and a hypothesis was proposed for testing:

H0: There are no differences between the opinions of groups A and B on the level of importance of factors affecting seismic resilience of RWSSs.

Both the difference of relative importance and absolute importance of factors are analyzed from a local perspective, while Spearman's rank correlation coefficient (ρ) is analyzed from an overall perspective. The purpose of rho test is to confirm whether the grades of all factors perceived by experts from different earthquake-affected areas are consistent under the influence of different factors in rank and importance.

Finally, to reveal the priority of each potential factor when the decision-makers evaluate the earthquake prevention and disaster reduction ability of RWSSs, exploratory factor analysis is used to reduce all factors into a small number of groupings. The reliability and validity of each group were tested by Cronbach's α value and Pearson bivariate correlation analysis (77) since the variance obtained by factor analysis can be used to determine the weight of groups in the construction of composite index (72).




RESULTS AND DISCUSSION


Descriptive Analysis

Details of these respondents are summarized in Table 3. More than 80% of the respondents had more than 5 years of relevant experience. The respondents were mainly RWSS operation managers (78.8%), and most (76.62%) have experience in earthquake relief. Therefore, most of the respondents in this study have rich experience in the operation and management of RWSSs, and can appropriately represent the opinions from the perspective of RWSS's operation managers. In addition, according to the statistical data in Table 4, there are 94 interviewees in Group A (interviewees had participated in at least one earthquake relief activity of the local RWSS) and 29 interviewees in Group B (interviewees had not experienced earthquake relief activities of the local RWSS).


Table 3. Summary of the profiles of respondents.
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Table 4. Relative importance ranking of influencing factors.
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Differences in the Importance Ranking of Factors Caused by Earthquake Occurrence

According to the calculated average and SD, all factors are arranged in descending order, which can intuitively compare the differences of the cognition of different respondents on the importance of factors. The mean value, the SD, and ranking of these factors are categorized into three groups from the perspectives of all respondents, namely, Overall, Group A and Group B, as shown in Table 4. Firstly, the mean value of all factors is higher than 3, indicating that all factors are important according to formula 4. Secondly, it is worth noting that except for the degree of system recovery, the respondents who have experienced earthquake disasters scored higher on all other factors than those who have not experienced earthquake disasters, which may indicate that the earthquake made stakeholders assign more emphasis on the impact of factors for system resilience of RWSSs.

In this study, there are 41 factors in total, so the top eight factors of relative importance are identified as the most important top 20%. “Leadership”, “Alternative water source”, “Emergency water supply”, “Operation and maintenance funds,” and “Independent Fire-water design” are the key factors recognized by all respondents of the two groups in this study. Among them, leadership is considered to be the most important factor. Wang shows that in natural crises, leaders play an obviously important role (78). Where leaders take on a moral leadership approach (an egalitarian leadership style in which leaders lead by example in the disaster relief effort), this results in higher quality decision-making than occurs with authoritarian leadership, the failure of which can have drastic consequences. Examples of the consequences of poor leadership management are revealed in the Katrina Crisis (79) and in post-disaster recovery (80). In rural areas of China, due to the challenges of both catastrophe scenarios and the institutional environment, strengthening the leadership construction of grassroots leaders will effectively enhance the local emergency response capacity (81).

Bruneau et al. describe system resilience as comprising robustness, redundancy, resource access, and response rapidity with the redundant design of WSSs (15), along with alternative water sources as being the important factor affecting the system resilience (15, 25). In any event, the responsible body that operates the water supply should ensure that the water supply service is not interrupted (7). That is, people in a disaster area must be provided with an emergency water supply through water delivery vehicles, fire engines, or the laying of temporary pipelines. The interruption of water supply after an earthquake can prompt secondary disasters, such as fire, as exemplified by the 1995 Hanshin (Kobe), Japan (25). Therefore, independent fire water supply design is critical. Consequently, the Chinese government issued a special policy to discuss the selection criteria of emergency water sources after the Wenchuan earthquake (82). The poor operation of Kathmandu WSS led to an under capacity to cope with the aftermath of this earthquake. This failure was attributed to a lack of operation and maintenance funds, technical personnel, and system information (35). Indeed, such weaknesses will be more serious in rural areas because water infrastructure, operation, maintenance, and financial sustainability may be suboptimal (1).

The “reconstruction model” was considered as the most important factor by the respondents from Group A. Internationally, reconstruction models are generally divided into donor-driven reconstruction and owner-driven reconstruction. Traditionally, a donation-driven approach is generally considered to be a more suitable model for reconstruction. However, some research has indicated that the owner-driven model is preferable (65), especially when considering long-term disaster resilience (66). There is a growing consensus regarding the link between post-disaster reconstruction and disaster resilience (83). In addition, “fast financing access” (ranked 7 in group A) and “post-disaster water demand” (ranked 8 in Group A) were also considered key factors by respondents who had experienced an earthquake, which is consistent with the research conclusion of UWSS system in literature (15, 25). In the aftermath of an earthquake, people may migrate from seriously damaged areas to safe areas, such as temporary evacuation points, and consequently, water demand will also change. In the most extreme cases, where the WSS is completely destroyed, there may be no adverse consequences since there may be no water demand once people have evacuated. Contrariwise, even where the WSS is undamaged, the increased population at temporary gathering points and other migration areas may be unable to meet the heightened levels of water demand in the short-term (35). Therefore, it is critical to forecast the post-disaster water demand at different locations.

“Degree of system recovery” was ranked as the most important factor by respondents from group B. Apart from the immediate effects of the destruction, disasters present an opportunity to improve the living conditions of those living within a disaster risk area through effective and resilient reconstruction (84). In other words, reconstruction is an opportunity to strengthen the future resilience of a community (66). “Decision-making “and “Professional reserve” were also considered as key factors. Decision-making is defined as clear authorization, which enables highly skilled workers to make appropriate decisions in response to disasters, which is an important factor affecting the organizational resilience of WSSs (7). Due to low population density, large service areas, and income constraints, the operation, maintenance, and financial sustainability of RWSSs are typically suboptimal (1). Moreover, RWSSs tend to lack professional staff. This shows that the respondents from group B have a lower expectation of earthquake response, and thus pay greater attention to the ability of RWSSs to maintain normal operation. This is because the three factors directly affect the ability of RWSSs to resist the interference of manmade or natural disasters, while the ones from group A are more concerned about some specific factors affecting the ability to recover from an earthquake.

To compare whether there was a significant difference between the two groups, a T-test or non-parametric Mann–Whitney U-test was used, depending on whether the data were normally distributed, with p < 0.05 as the level of statistical significance. According to statistical analysis, there were significant differences in Wallis values of 10 factors between the two groups (p < 0.05), and the significance level was shown in Table 5. It indicates that there are differences in direct experience with earthquakes in the importance of specific factors. However, in general, the hypothesis is validated as true, where 31 out of 41 factors are validated without a significant difference in importance between two groups.


Table 5. Significance test results of Group A and Group B.
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The ranking difference analysis of the above key factors and the importance comparison of each were analyzed to determine whether the occurrence of an earthquake affects the perception of stakeholders on the importance of these factors, as seen from the local perspective. Spearman's correlation coefficient ranking method was used to test the consistency of all respondents on factor importance ranking. As it turned out, the importance ranking of the influencing factors is broadly and highly consistent and significant between the two groups (rho > 0.5, p < 0.5), which is consistent with the conclusion of the previous analysis. Even so, certain local differences are evident.



The Important Factors of Seismic-Resilience for RWSSs

The first step in factor reliability analysis is to estimate the sample size (85). To satisfy the ratio of the sample size to the number of variables (5.00) recommended by Bentler and Chou (86), the overall factor analysis of 41 influencing factors cannot be carried out, but must be conducted into two steps: GFs (including 26 factors) and SFs (including 15 factors). As the ratio of GFs is slightly less than 5.00, several factors will later be deleted according to the loading value of less than 0.5 after rotation. To further the data suitability for the analysis, the Kaiser–Meyer–Olkin (KMO) measure of sampling adequacy and Bartlett's test of Sphericity were used to test the applicability of the data. Both KMO values of GFs (0.892) and SFs (0.882) are higher than the recommended threshold of 0.6, indicating that the degree of common variance among factors is high. Meanwhile, the value of Barrett's test is also large (1850.655 and 948.262) and significant (0.000 <0.05), indicating that the data obtained is suitable for factor analysis.

In order to determine the minimum number of components representing the relationship between a group of variables, principal component analysis was used to extract factors. Kaiser criterion was used in this study, and only the factors with eigenvalues of 1.0 or above were retained. In this study, the most commonly used maximum variance method is used, in which a load of each factor in each component is set to a conventional high value of 0.5. Additionally, to meet the ratio of sample size, four factors with loading less than 0.5 are deleted (independent fire-water design, earthquake early warning system, organization structure, and household water reserve), leaving the ratio of GFs at 5.35 and the ratio of SFs at 8.79, both of which are greater than 5. Table 6 shows the factor groupings based on maximum variance rotation. A total of nine factor groups were extracted through principal component analysis, of which the explanation rate of six factor groupings for GFs was 73.036%, with 62.321% for three factors groupings for SFs (see Figure 4), which is higher than the recommended 60% (73).


Table 6. Rotated component matrix.
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FIGURE 4. Scree plot of factors affecting the seismic resilience of RWSSs. (A) CFs, (B) SFs.


Considering the three stages of earthquake disaster prevention, emergency response, and post-disaster recovery, and in accordance with established research on the internal relationship between heavy load factors and grouping factors (77), the nine groups are identified as follows: G1 “Economic resilience”; G2 “Social resilience in the disaster prevention stage”; G3 “Adaptive capacity in the emergency response stage”; G4 “Environmental vulnerability in the disaster prevention stage”; G5 “Restorative capacity in the post-disaster recovery stage”; G6 “Technical resilience in the disaster prevention stage”; S1 “Organizational resilience in the disaster prevention stage”; S2 “Environmental resilience in the disaster prevention stage”; and S3 “Economic condition in the disaster prevention stage.” Cronbach's α value of each group is calculated based on the aggregation factor in each group, as shown in Table 6. All Cronbach α values (0.771 – 0.904) were greater than the critical value of 0.7, indicating that all the groups are reliable. The Pearson bivariate correlation analysis result shows that the correlation coefficient among the factors is high and significant, which indicates that each group can be measured by cluster factor. Considering the space constraints, only the correlations between G1 “Economic resilience” factors are listed in Table 7; thus, the validity of the groups is also verified.


Table 7. The Pearson correlations among factors in G1.

[image: Table 7]

G1— Economic resilience. Economic resilience is an important part of the seismic resilience of WSS (15, 25, 35, 39), which affects other factors indirectly and directly (39). This factor grouping includes seven factors, among which the reconstruction model is considered to be the most important economic driving factor for the seismic resilience of RWSSs. Due to the great threat of earthquakes, the Chinese government has been exploring post-disaster reconstruction models. Different reconstruction models mean different financial allocations. For example, the reconstruction cost of Wenchuan was mainly allocated by the central government since the reconstruction was led by the state, while the Sichuan provincial government was mainly responsible for the funds of Lushan post-earthquake reconstruction. The local government of Aba was mainly responsible for the funds for post-earthquake reconstruction of Jiuzhaigou. In addition to financial allocation, catastrophe insurance, loans, counterpart assistance, and social participation (social donation) are important sources of funds for post-disaster reconstruction of WSS. Rapid access to these post-disaster reconstruction funds directly affects the recovery speed (15, 25, 39). Besides, sufficient operation and maintenance funds help to improve the anti-interference ability of RWSSs during the disaster prevention stage (35). An emergency response plan can also improve the resilience of the system by providing employees with necessary seismic training and awareness (7). In addition, the past experience of earthquake disasters reveals that earthquake intensity strongly impacts economic resilience. Different types of earthquake damage draw on different funds for post-disaster recovery and reconstruction. For highly damaging earthquakes, in addition to national and local government grants, international assistance is even sometimes required (25), such as in the case of the Nepal earthquake (35).

G2— Social resilience in the disaster prevention stage. This factor group includes three factors: place attachment, social trust, and topography. People's sense of belonging to their place of residence and their trust in the local government and military support during a disaster make them more willing to participate in local earthquake relief and post-disaster reconstruction activities. Similarly, as the latest research of Ao et al. on the flood resistance capacity of rural areas emphasizes, strengthening the trust of rural residents in the government's flood control capacity in the disaster prevention stage is necessary in order to effectively improve social disaster prevention capacity (62). Resilience has spatial differences. The resilience of most urban areas is higher than that of rural areas (42, 87), and according to the research of Sung and Liaw in Taiwan, topography is the most important factor causing social and economic differences as the socio-economic resilience of mountainous areas is often relatively low (87). Compared with urban areas, the topography in rural areas of China is complex and changeable. Most water supply pipelines of UWSSs are mainly buried pipelines. However, in rural areas, due to topography constraints, some pipelines are suspended on steep slopes, facing the risk of landslide and mountain flood disasters, affecting the system resilience in the disaster prevention stage.

G3— Adaptive capacity in the emergency response stage. This group is composed of four highly relevant factors: remaining service capacity, water demand after the disaster, emergency water supply, and leadership. The absorptive capacity refers to the ability of the system to absorb and minimize the consequences of the shock with an acceptable amount of effort (25). It is related to the functionality after interruption (14). It is, therefore, no surprise that the remaining service capacity of the system has the highest correlation with G3. Adaptive capacity is defined as the ability of the system to adjust to the undesirable consequences of external shock (25). When water demand is higher than the remaining water supply capacity of the system itself, the emergency water supply can make up for the shortage, with the leadership of decision-makers impacting the adequate supply of water in the emergency response stage.

G4— Environmental vulnerability. This group consists of three factors: earthquake history, the time of the earthquake, and effective partnership. Among which the largest load is earthquake history. Mostafavi et al. studied the earthquake history of the Kathmandu Valley area and found that destructive earthquakes would inevitably occur in the area (35). Many studies have shown that the earthquake may change the local geological environment, thus triggering a variety of geological disasters and aggravating the vulnerability of the environment (46, 64), particularly, destructive earthquakes, such as the Wenchuan earthquake in 2008. In addition, effective partnerships are also considered to be important factors affecting resilience (7). Maintaining a good cooperative relationship with partners during the disaster prevention stage can ensure that the water supply organization can seek resources and help from partners after the earthquake, so as to improve the seismic resilience of the WSS. The water supply capacity of WSSs in the post-earthquake period depends to a certain extent on the timing of the earthquake. Earthquakes occurring during the night or early morning hours may cause more serious consequences since disaster mitigation efforts at night are more difficult to carry out (67).

G5— Restorative capacity in the post-disaster recovery stage. This group includes three factors, among which the load of degree of system recovery is the largest. The restorative ability of the system can be expressed by the recovery speed, where the faster the system recovers to an acceptable level, the higher the recovery ability will be (15, 25). Different systems have different requirements on the degree of recovery. For limited infrastructure hardening, they usually need to recover to greater than 100% of the pre-earthquake level (15). Due to the casualties and infrastructure damage caused by the earthquake, there are potential crises, such as the fire experienced after the Kobe Earthquake of 1995 (60), cholera after the Haiti Earthquake of 2010 (88), and the riots after the Chile Earthquake of 1960 (37), which all affect system recovery. The higher the insight into these crises, the lower the probability of secondary damage to the system, and the higher the recovery ability of the system. Besides, the decision-making of stakeholders also affects the post-disaster recovery capacity of the system (7).

G6— Technical resilience in the disaster prevention stage. This group includes three highly relevant technical design factors: emergency power, seismic design, and alternative water source. The physical vulnerability and subsequent restoration of WSSs, including pipe networks and water sources, refer to the technical dimension of resilience, which has been the core theme of research regarding the seismic resilience of WSSs (25, 61). Although physical strengthening can improve the seismic resilience of the system, if the capital budget, geographical environment constraints, and later operation and maintenance support are not considered, this resilience strengthening may be ineffective, especially in rural areas with relatively poor economic and environmental conditions (37).

S1— Organizational resilience in the disaster prevention stage. Organizational resilience is considered to be a key dimension for evaluating the resilience of WSS (7, 15, 25, 38). There are seven factors in this factor grouping: political will, professional reserve, maintenance information, periodic asset assessment, law and policy, proactive posture, and community publicity. Social resilience to disasters depends largely on the political commitment to building resilience through the allocation of resources, such as investment in early warning systems, disaster vulnerability reduction activities, etc. (89). Thus, the political will of decision-makers is considered to be an important organizational factor since it affects the decision-making and implementation process (7). However, few pieces of research have explored the impact of political will on rural drinking water safety. The research on water supply safety in rural areas of Canada shows that if the complex economic and social factors in rural areas are not considered, political commitment may bring a burden to rural drinking water safety (51). Maintenance records and sufficient professional reserves can effectively shorten the post-disaster recovery period (35). However, in rural areas, there is a lack of professionally trained personnel. Firstly, the wage level and career development opportunities in rural areas are much lower than those in urban areas, and it is difficult to attract professionals. Secondly, the rural terrain is complex and vast, and non-local personnel are usually unable to eliminate pipe network faults in time and effectively. At the same time, the educational level of rural residents is generally relatively low. The training of rural residents will also lead to new problems such as time and cost, which will threaten the drinking water safety of RWSSs (51). In addition, in this study, laws, policies, and proactive emergency drills are also considered to be important influencing factors affecting organizational resilience by stakeholders of RWSSs, which is consistent with the research conclusion of UWSSs (7). Regular assessment of the asset life of the WSS and planning and implementation of repair or replacement investment before failure also contribute to the resistance of the system to earthquake disasters (57). Community publicity and proactive posture are also important measures in improving organizational resilience in the disaster prevention stage. Proactive posture was one of the more important indices in evaluating the organizational resilience of WSSs (7). In addition, research by Ao et al. on the hardest-hit areas in Wenchuan also confirmed that extensive disaster publicity in rural areas was an effective means for improving the disaster prevention capacity at the disaster prevention stage (90).

S2— Environmental resilience in the disaster prevention stage. This group consists of four factors: groundwater stock, environmental pollution, climate conditions, and household water reserve. Recent studies have shown that the environmental dimension is the important influencing factor of resilience that has been ignored for a long time (23, 25). Groundwater stock and environmental pollution directly affect the water source safety of RWSSs. In April 2015, the State Council issued the “action plan for prevention and control of water pollution” in order to improve the water environment (91). This is a guide on the national water pollution prevention and control of China for the years 2015 to 2030. In China, household water reserves, such as wells, only exist in rural areas, which can alleviate the water demand after an earthquake to a certain extent, such as in Kathmandu. However, the water quality of household water sources is not guaranteed. Moreover, the existence of household water sources may endanger the stock of local groundwater (35). Climate conditions will also affect the seismic resilience of the WSS. Generally speaking, the water shortage caused by earthquakes in summer is more serious than those in winter (25, 35). Moreover, for areas with tropical or subtropical climates, the water shortage caused by earthquakes in summer may aggravate further disasters arising from the urban heat island phenomenon (92).

S3— Socio-economic condition at the disaster prevention stage. This factor group is mainly related to Gross Regional Product, cultural level, and employment rate. Employment rate of local residents and GRP are usually used to measure economic resilience (15, 25, 57). Generally, the area with higher level has higher resilience (25, 39). In addition, the cultural level is also considered to be one of the driving factors of resilience (64), In China, the educational level of rural residents is generally low, which affect their employment and income level to a certain extent.




CONCLUSION

Rural water supply systems (RWSSs) are an important class of infrastructure supporting rural development and prosperity. In order to improve the reliability of RWSSs, it is necessary to clearly understand the factors influencing the seismic resilience of RWSSs. This study attempts to identify the factors impacting the robustness of the seismic resilience of RWSSs and to determine the key influencing factors from the perspective of stakeholders. First, a list of 41 factors affecting system resilience was obtained through a comprehensive literature review. This was followed by the semi-structured expert interview to test the validity of the extracted factors for the context of RWSSs. Out of this, a questionnaire was developed to investigate the views of stakeholders of RWSSs on the importance of these 41 factors. According to the results from 123 valid questionnaires, the mean and SD of 41 factors were calculated and sorted. It was found that earthquake experience affects the views of stakeholders on the importance of certain factors. Finally, 41 factor groups were reduced to 9 factor groups through a two-factor analysis. According to the results of factor analysis of GFSs, “economic resilience” is considered to be the most important factor grouping of GFs by stakeholders of RWSSs. This was followed by “social resilience in the disaster prevention stage,” “adaptive capacity in the emergency response stage,” “environmental vulnerability,” “restorative capacity in the post-disaster recovery stage,” and finally, “technical resilience in the disaster prevention stage.” The factor analysis results of SFs showed that “organizational resilience in the disaster prevention stage” is considered to be the most important factor group of SFs by stakeholders of RWSSs. This was followed by “environmental resilience in the disaster prevention stage” and “socio-economic condition at the disaster prevention stage.”

As a result of this study, several implications can be drawn, as follows.

For the seismic resilient construction of RWSSs, the improvement of “soft” resilience (as distinct from technical hard resilience) of organizations, society, and the environment is emphasized. This stands in contrast to UWSS strengthening as described in the bulk of previous research, which prioritizes technical resilience of the system. Compared with UWSSs, the financial resources for the operation and maintenance of RWSSs may be suboptimal (1), meaning that decision-makers operating under the constraints of limited economic resources should give priority to “soft” resilience factors as described here. Technical strengthening measures can continue to be considered when carrying out new construction or post-disaster reconstruction systems that increase standby water sources to the extent that finances and budgeting allow.

It is not appropriate to use fixed weights when evaluating the seismic resilience of RWSSs given the variability in multi-criteria decision-making models used in seismic resilience of RWSSs. The seismic resilience of RWSS is affected by multi-dimensional factors. It is found that the decision-makers experienced with earthquakes are more concerned with the sources of reconstruction funds and water demand after the disaster, while those decision-makers who have never experienced an earthquake are more concerned with the ability of the system to resist external interference in the disaster prevention stage. This study reveals that the decision-makers of different regions have different priorities. Thus, in developing goals related to seismic resilience construction of local RWSS, there may be different resilience targets established across different regions. Largely, this is because earthquake events do not occur evenly in every region, nor do they occur periodically. Therefore, regional considerations and conditions need to be taken into account when developing a seismic resilience evaluation model of RWSSs. This can be done by assigning appropriate weights that reflect local conditions and risk priorities to indicators.

The exploration of factors affecting the seismic-resilience of RWSSs contributes to the body knowledge on resilience of WSSs by identifying relevant factors and revealing the influence that spatial differences bring to a cognitive assessment of their importance as they pertain to seismic-resilience of RWSSs. This understanding helps the various stakeholders to better implement the resilience practices of RWSSs. This is especially true of those managers of RWSSs located proximate to seismic zones but who have not yet experienced a destructive earthquake.

This study is also relevant for other developing countries, apart from China, that suffer frequent earthquake disasters. Local managers of RWSSs can refer to the seismic resilience factors list of RWSSs given in this study and adjust and weigh the factors in combination with the actual situation of local WSSs they experience on the ground in order to evaluate the seismic resilience of their own RWSSs.

However, this study is not without limitations. Due to the constraints of sample size, factor analysis had to be conducted in two parts in order to satisfy reliability requirements, reducing the certainty of the relationship between GFs and SFs. This, however, was not the focus of this study. In future research, it is planned to apply structural equation modeling to fully address and determine the relationship between various factor groups.
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The quality of street space is the comprehensive suitability evaluation from the objective physical environments and the subjective pedestrian perception. Since the existing quality measurement models of street space do not consider both subjective and objective aspects, it is difficult for planners to accurately locate the low-quality streets that need to be regenerated. To solve this problem, this study proposes a new 5D+3S measurement model for street space quality evaluation. This model incorporates the widely acknowledged 5D dimensions of the physical environments (Design, Destination accessibility, Distance to transit, Density, and Diversity), and the 3S dimensions (Sociality, Safety, and Status) of walking perception derived from the keywords clustering on relevant literature. To test the validity of the proposed model, this study makes a comparative analysis on the results of the public assessment, expert scoring, and model measurement to verify whether the measurement results are objective and convincing. The results show that the quality grade obtained by the proposed measurement model is highly consistent with the subjective evaluation outcomes of the public and experts. Thus, the proposed measurement model is effective in quality measurement of the street space, which provides a new idea for future large-scale diagnosis of city public space quality.

Keywords: street space, physical environment, pedestrian perception, comprehensive measurement, validity test


INTRODUCTION

The street is a pluralistic public space that integrates society, economy, and culture. It is the result of an institutionalized human movement and has the economic and social significance that extends beyond the entity identity (1). Their spatial quality reflects the user's assessment of the space's superiority or inferiority, which is influenced by personal values and spatial perception (2). Street space has evolved from a linear three-dimensional space between buildings (3) to a place where space emphasizes urban humanistic vitality and natural factors (4–6). Many cities and institutions propose street scores, walkability indexes, and walk scores for a high-quality street space. These measurements help residents and designers to accurately judge the quality of the street space and to serve as a guide for later decisions about how to improve it.

Sustainable development goals (SDGs) 11.7 proposes opportunities to provide universal access to safe, inclusive, accessible, green, and public space, particularly for women, children, the elderly, and disabled people (7). According to UN-report Habitat's STREETS AS PUBLIC SPACE AND DRIVER OF URBAN PROSPERITY, the majority of public spaces in cities are street spaces (8). Street design guidelines have been issued in cities like Copenhagen and London. However, most cities lack clear standards to measure the quality of a street space. At the moment, research on the quantitative measurement of street space is primarily focused on urban morphology, environmental behavior, and data science, via field research, significant data acquisition, or machine learning methods to obtain and to analyze data (9–11). However, recent research on the quality of urban street space emphasizes the availability of data and technology. The measurement of street space perception, from the perspectives of the users, meets efficiency and refinement requirements, but it lacks comprehensive quality measurement systems. The measurement of street space quality using an objective physical environment and a non-objective subjective pedestrian perception is still a challenge. Additionally, current research on the quality of street space measurement focuses exclusively on the index system's construction, data collection, and processing, omitting verification of the measurement results' credibility or measurement model's validity. However, rather than a standardized measure of tangible space, spatial quality is a value judgment combining subjective and objective values under existing norms. As a result, given the abstract and invisible nature of street space, using reliable standards for result verification remains a challenge for planners and designers.

Big data and artificial intelligence are now widely used in urban spatial research, overcoming traditional spatial data acquisition and analysis limitations. It helps build a more comprehensive street space quality measurement model.

This study aims to develop a comprehensive quality measurement model of street space by integrating multiple influencing factors; the model is then applied to streets in the old town and the model's effectiveness is verified from objective and subjective levels. The main issues are as follows: (1) How to construct a measurement model for evaluating the quality of street space including the objective physical environments and subjective pedestrian perception? How to select the appropriate measurement factors? (2) How to verify the effectiveness combined with the subjective evaluation of people? Are the measurement results of the model consistent with the subjective evaluation results?

This study combs the concept, system, and technical quality measurement methods about street space in Section Literature Review. The methods for constructing the 5D+3S quality measurement model of street space and model validation are introduced in Section Literature Review. Then, Section Literature Review summarizes and analyzes the relevant measurement and verification results. The last section summarizes this study and demonstrates the applicability and limitations of the current study.



LITERATURE REVIEW


Defining the Measurement of Street Space Quality

Streets are spatial entities that are associated with vehicular traffic and material flow, and have a diverse and complex social context (12). A quality is the attribute of an object or its property characteristics as assessed by intended users. So, the quality of street space reflects the subjective evaluation based on the principle that users meet their quality requirement for life, production, and development (13, 14). Different from a mechanized urban space design, Jacobs (15), Gehl (16), and Whyte (17) et al. emphasized the relationships between social activities and spatial perceptions from the perspective of public life. The relevant literature focuses on two aspects of measuring the quality of street space: physical environment and pedestrian perception (9, 18, 19).

In the measurement of the physical environment, academic works have proven that street scale (20), connectivity (21), building density (22), traffic convenience (23), and diversity of public service facilities (24) are the primary factors affecting the quality of a physical environment. For example, the UN-Habitat global public space assessment toolkit measures the quality of the built environment of the street from 12 indicators, such as street intersection, pedestrian path, street greening, and motor vehicle lane (25).

In the measurement of pedestrian perception, a considerable number of studies have measured the perceived qualities of street space, including street safety (26), visual landscape (27), space attraction (28), and activities in street space (9). For example, Carmona measured the perspective of pedestrians from accessibility, attractiveness, comfort, inclusiveness, vitality, uniqueness, and safety (6). However, there is a scarcity of research on the quality measurement of street space that incorporates the two aspects mentioned above.

Nowadays, China's urban construction focuses on urban micro renewal and humanistic design. The function of street space has changed from car centered to people-oriented. Meanwhile, new big data types and machine learning algorithms are widely used in street space research extending the original physical space measurement dimension. Based on the dual connotation of street space quality, the new requirements for urban renewal, and the widespread use of new data processing technology, this study integrates the objective physical environment and the subjective pedestrian perception space for a comprehensive quality measurement.



Major Studies on Measuring Street Space Quality
 
Measurement Systems of Street Space Quality

Based on defining the measurement of street space quality, the measurement systems have mainly revolved around two aspects: physical environment and pedestrian perception. These are generally addressed in Table 1.


Table 1. Representative studies for the quality measurement system of street space.

[image: Table 1]

In terms of measuring the physical environment of streets, the measurement systems involve one or more of the five categories of street functionality, diversity, serviceability, demography, and architecture (37–39), which have been widely confirmed in academic discussions. However, the applicability of different measurement systems in specific empirical studies remains to be discussed. To effectively assess the impact of physical environmental quality on residents' lives, measurement factors must be selected based on the area's actual situation.

In terms of measuring the pedestrian perception of streets, academic discussions and applications have applied the comprehensive multisensory measurement from sensory stimulation and environment cognition, and the dimensions of measuring perspectives are divided into five categories: psychology, vision, auditory, touch, and olfaction (28, 33–36, 40). However, pedestrian activity behavior may change in a controlled environment, and the results may not accurately represent the sensory feedback in the actual streets (41, 42).



Measurement Technologies of Street Space Quality

The measurement technologies of physical environment are based on spatial data that include a traditional three-dimension spatial data, location-based services data (LBS), point of interest (POI) data, and transportation data. Yang et al. (43) used LBS and POI data to calculate the hill number in ecology for determining the degree of spatial mixing. Zhang et al. (44) used a multi-source urban geospatial big data to analyze Baidu's POI data and real-time Tencent user density for the degree of crowding. But, these measurement technologies still face some problems, such as difficult data acquisition, high cost, insufficient accuracy, operability of measurement technology, and so on.

The pedestrian perception measurement technologies are classified into three categories: traditional questionnaire survey, emotional analysis of social media data, and physiologic perceptron analysis. Rollero and Piccoli (45) used traditional questionnaires to investigate the environmental perceptions of citizens. Alexander et al. (46) used a random sample of Swedish adults to test 17 issues that were related to local street aesthetics, safety, and society. The following paragraphs discuss the last measurement technologies, respectively.

First, in terms of social media data analysis technologies, some researchers use semantic analysis to analyze the emotional characteristics of pedestrians in social media data such as text classification, sentiment analysis, and intention recognition. For example, Kovacs-Györi et al. (47) used Twitter data to extract the emotions of pedestrians, and analyze the characteristics of emotions over time. Plunz et al. (48) used a Twitter database with geolocation information to analyze the emotional impact of green spaces on pedestrians.

Second, physiological perception analysis is widely using street view images to measure the pedestrian visual perception, and uses a fully convolutional neural network to segment the street view images (49). Several studies utilized biosensors to evaluate the pedestrian response in different street spaces, including Electroencephalogram (EEG), Eye-tracking Metric (ETM), and pressure tests. These technologies provide new technical references for measuring street space quality. For example, Kim et al. (50) used EEG to assess the relationship between the walking environment and pedestrian perception at night.

Therefore, the measurement technologies of street space quality are based on qualitative analysis and quantitative expression. Machine learning technologies are used to analyze the correlation between street space quality and natural environment, social economy, pedestrian physiological characteristics, and other factors. However, whether the current pedestrian perception measurement methods are equivalent to the actual pedestrian perception of walking is still worth discussing.




Validity Test of Measurement Models

Verifying the relationship between measurement results and human subjective evaluation is still a difficulty in the study field. A few researchers have studied the validity of the measurement model from two aspects: subjective verification, subjective and objective comparison verification.


Subjective Verification

Academic studies mainly adopt the Experts Grading Method to verify the measurement results. Although the rating scale and classification method have subjective deviations, the result is generally considered acceptable, and is highly effective in certain situations (51). For example, Rezvanipour et al. (36) invited experts in different fields to evaluate the relationship between the physical environment and social attributes of the street from the aspects of urban policy, social behavior, and urban aesthetics. Ewing and Handy et al. (33) established an expert evaluation team to qualitatively define the quality of street space and to score different street scenes. While the results of expert evaluation can represent the standardization of space design, they may not accurately reflect the perspectives of participants in urban sociology and environmental behavior research.



Subjective and Objective Comparative Verification

Subjective and objective comparative verification methods are mainly divided into two types: public evaluation and machine learning comparative verification, and expert evaluation and machine learning comparative verification. Both methods use deep learning algorithms such as convolutional neural networks to train sample data sets, and to analyze the consistency between the classification results of the samples and the subjective evaluation results. For example, Liu et al. (52) used the method of expert rating to label images and train the models, then, conducted a field survey on pedestrians and compared the public's rating scores with the machine rating scores. Ye et al. (53) used SegNet to extract the design elements that affect the quality of street space from street view images, produced a Java-based program to collect expert preferences through pairwise comparison, and evaluated the effectiveness of the model through ANN training.

Based on the above discussion, there is a lack of comprehensive subjective evaluation of street space quality from the two levels of expert scoring and public evaluation. In addition, whether the results obtained by training the model only with street view images can reflect the overall quality of street space needs to be verified. Therefore, this study avoids the defects of current effectiveness testing, and comprehensively verifies the effectiveness of the measurement results through six aspects: public evaluation, street classification, expert scoring, data collection, model measurement, and result comparison.

According to the previous studies, this research constructs a multi-dimensional systematic quality measurement model of street space, and comprehensively verifies the effectiveness of the measurement results from subjective and objective.





METHODOLOGY


The Theoretical Framework

The theoretical framework points to four stages in this study: constructing a measurement model, data collection, measuring the quality of street space, and validity test (Figure 1). The research questions tackled in this study link the objective physical environment with the subjective perception of an individual. All the main issues in this study are related to the 5D+3S measurement model.


[image: Figure 1]
FIGURE 1. The theoretical framework.




Study Area and Data Collection
 
Study Area

The old town of Wuchang is located in the central of Wuhan City, with a total area of 7.7 square kilometers (Supplementary Figure 1). It had maintained the first-class administrative center for more than 600 years from the Yuan Dynasty to the Qing Dynasty. The old town has a clear road network (Supplementary Figure 2), but the north-south dual-city pattern is naturally formed due to the obstruction of Snake Mountain. Some traditional street textures are retained in the north, and new urban roads are mainly in the south.



Physical Environment Data

This study applies Baidu Maps API to collect the architecture data, street network data, POI data, and heat map data. The ArcGIS analysis platform processes the original architecture data and simplifies the street networks (Supplementary Figure 3). The 62 streets and 215 street sections were determined as research objects. Concerning the classification of national economic industries, regional functions, and the development of the old town, this study selects 3,066 POI data including five categories: commercial services, public management and public services, transportation facilities, residential buildings, and green spaces. This study collects the 112 rasterized heat maps of each hour from 7:00 to 23:00, between June 1 and 7 in 2021. And, by calculating the average heating value at different time points in each street section, the clustering of active people in the street space is evaluated.



Pedestrian Perception Data

According to the Detailed Regulations for Wuhan Urban Design Management, the neighborhood units in the old town are divided into three levels. The sampling points for collecting street view images are selected according to the different levels of the neighborhood (Supplementary Table 1).

This study uses the DeepLab V3 model (54) trained on the Cityscapes dataset (55) to semantically segment the panorama image for obtaining the proportion of street elements. Limited by the computing device and the size of the collected panorama image dataset, the pre-trained DeepLab model is finetuned on our street view dataset using a transfer learning strategy and achieves mIoU of about 78.8%. The finetuning process is implemented on the open-source deep learning framework TensorFlow (56). Some studies (57, 58) have also illustrated that this segmentation model performed well in Chinese cities. It can segment the panorama into 20 categories, such as sky, road, vegetation, and vehicles, to achieve a pixel-level image segmentation and extract various street space elements (Figure 2). Through the statistical analysis of the segmentation results, the proportion of research elements is obtained, so the segmentation results corresponding to each street scene sampling point are connected with the street section.


[image: Figure 2]
FIGURE 2. Schematic diagram of street view image processing.





Selection of Specific Measurement Indicators
 
5D+3S Measurement Model Basic Framework

When constructing the measurement model, this study mainly expounds from three aspects: index selection, selection reasons, and calculation methods. First, the measurement dimensions include the physical environment and pedestrian perception according to the concept of street space, while the specific measurement levels, indicators, and factors are determined by nature, culture, architecture, economy, infrastructure, and residents. Then, when considering the specific measurement level, a secondary selection of measurement indicators is carried out based on the world's established indicators and literature studies. Finally, the selected measurement indicators are subdivided to define the measurement factors and quantitative methods.

At the dimension of physical environment, many quality measurement systems of street space are aimed at the material space elements. Given the comprehensiveness of the measurement and the comparison of other measurement index systems, the 5D index proposed by Ewing and Cervero has been widely confirmed in the built environment measurement research (29). So, this study focuses on the Design, Density, Diversity, Destination accessibility, and Distance to transit in the 5D index as the physical environment dimension measurement levels in the quality measurement model (24).

From the pedestrian perception dimension, this study clustering literature about street space vitality and pedestrian perception from 2001 to 2021 by CiteSpace software show results that research on the subjective perception of street space mainly focuses on streets' sociality, safety, and status (Supplementary Figure 4).

Based on the above analysis, this study determined the measurement levels in the physical environment dimensions are 5D (Design, Destination accessibility, Distance to transit, Density, and Diversity). Then, the 3S pedestrian perception levels are Sociality, Safety, and Status. In the 5D+3S measurement model, a series of representative measurement index lists are selected to comprehensively evaluate the spatial quality of streets (Table 2).


Table 2. The 5D+3S measurement model framework.
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Calculation of Comprehensive Quality Measurement Value of Street Space

There are 20 measurement factors in this study, and the properties and dimensions between the factors are different. When the values of the index measurement differ significantly, the impact of the high-value index on the comprehensive analysis increases, resulting in a deviation of the results. Therefore, this study selects the min-max data standardization method to re-scale the raw data without changing the original data structure.

To avoid the inaccuracy of the index assignment results caused by subjective evaluation method factors such as personal emotion and cognitive bias (70, 71), this study uses the entropy weight method to objectively assign the index weight. The entropy weight method (EWM) is a well-known and widely used information weight model. In comparison to other subjective weight models, the primary advantage of EWM is that it eliminates human factor interference with index weights, thereby increasing the objectivity of the results of the comprehensive evaluation (81). The degree of differentiation is used to determine the value in EWM. The greater the dispersion of the measured value, the greater the differentiation of the indicator, and thus, the more information that can be derived.

Then, the entropy weight method is applied to calculate the weight (λi) of each index to calculate the Comprehensive Value of Street (CVS). According to the weight of each measurement index, the comprehensive quality λi measurement value formula of street space is as follows:

[image: image]




Validity Test of 5D+3S Measurement Model
 
Objective Validity Test

To verify the effectiveness of the proposed 5D+3S quality measurement model of street space, a hierarchical clustering algorithm is applied to automatically analyze each street index data without human intervention by automatically dividing the street data with similar spatial quality into a cluster. This clustering algorithm is conducted with open-source Python libraries, SciPy, and Scikit-learn. In the initial stage, each record in the street space dataset is regarded as a separate cluster. Then, these small clusters are hierarchically merged into bigger clusters according to the distance criterion with the iteration of the clustering algorithm. In this study, considering the comparison results of some common similarity measurement methods, such as single, average, Ward, and so on, we found that the clustering results obtained by the Ward method are the most content with our data characteristics. In addition, some existing studies (82, 83) also prove that the Ward method had a better performance and robustness. Thus, the Ward minimization variance method is adopted to implement the clustering algorithm, which is formulated as follows:

[image: image]

where s and t are clusters, u is a new cluster composed of s and t, and v is an unused cluster, T = |v| + |s| + |t|, and |*| represents the number of data records in the cluster.

According to the concept of hierarchical clustering algorithm, the hierarchical clustering algorithm does not require a predefined number of clusters, and the number of clusters does not affect the final result of the validity test. So, this study clusters the CVS into three categories (good, medium, and poor) as a simple example of 5D+3S measure model validity test. All the data records are assigned with corresponding category labels, taking the three largest clusters as the final clustering results. Then, further analysis of the original results of the proposed 5D+3S measurement model is implemented through other visualization methods. Furthermore, the clustering results and the comprehensive values of the proposed space quality measurement model are also compared to analyze whether the measurement index values in the proposed model are effective.



Subjective and Objective Comparative Validity Test

Using the selected sample streets as the test objects, this study uses an expert scoring and public sentiment polarity in the social media big data to determine the subjective evaluation results. The CVS is taken as the result of objective verification, which is calculated using the 5D+3S quality measurement model of the street space. By comparing the two verification results, to determine whether the measurement model is consistent with subjective evaluations of people and whether it is capable of reflecting the problems with the street space quality from the perspective of the public.

To avoid the cognition bias caused by the randomly selected residents to score the streets, this study collects the Weibo check-in data, public comment data, and Zhihu Q&A data from June 2020 to December 2020 in the central area of Wuhan, and applies a sentiment analysis to evaluate the quality of different street space from public perception. The public evaluation data are processed by two steps: the high-frequency words extraction according to TF-IDF (84) and the sentiment analysis (85, 86) based on the high-frequency words. Then, the three streets with different sentimental evaluations are selected as sample streets for expert scoring, and the scoring criteria are supported by Street Planning and Design Guidelines in Wuhan. In addition, this study collects the data of physical environment and pedestrian perception about sample streets for objective measurement in 5D+3S model. Finally, the result of 5D+3S measure model, public evaluation, and expert scoring are compared to analyze the relationship between these three results. The specific technical framework is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Technical framework diagram of validity detection.






RESULTS


Comprehensive Quality Measurement Results of Street Space

In order to research the situation of quality distribution, this study takes the street space as the basic unit to obtain the CVS through a numerical standardization and weighted assignment of measurement indicators at all levels. From the perspective of the overall value, the CVS in Wuchang is distributed within the range of [0.018, 0.728], and the mean is 0.251. By calculating the Goodness of Variance Fit (87, 88) (GVF) of the CVS, it can be known that when the number of classifications is equal to 9, it is the inflection point of the GVF curve (89). Therefore, this study uses the natural breaks method in ArcGIS to divide the CVS into 9 categories. The classification results and the proportion of streets in different numerical intervals are shown in Figure 4. It can be seen that the number of streets with low and high comprehensive measure values is quite more, while the number of streets with medium values is less. Thus, the CVS of different streets in the old town is considerably different, showing a polarization trend.


[image: Figure 4]
FIGURE 4. The street proportion of CVS within the interval of Jenks natural breaks classification.


This study analyzes the kernel density of the CVS to analyze the spatial distribution characteristics of different street space qualities in the old town. It divides the grid data of the results of nuclear density analysis into seven levels for visual expression. In Figure 5, it can be found that the north of the Snake Mountain has more streets with a higher CVS and densely distributed high-value points than the south and the other regions, which indicates that high-quality street spaces gather in the area north of the Snake Mountain.


[image: Figure 5]
FIGURE 5. The spatial distribution and kernel density analysis of comprehensive value of street (CVS). (A) The spatial distribution of CVS. (B) Kernel density analysis of CVS.


According to the analysis of the overall pattern of street space quality distribution, the low-value CVS points are concentrated in the area south of Snake Mountain. This area is still under construction, and most roads are new. Streets have lost their humanistic vitality due to the standardization and massive construction. Concurrently, the construction site, road closures, and chaotic traffic all contribute to a poor pedestrian walking experience. In comparison, the scattered low-value points in the area north of Snake Mountain are primarily urban areas to be renewed. These are streets surrounded by old communities and low-end businesses, with outdated infrastructure, heavy traffic, and environmental pressure. Therefore, the old town of Wuchang is not a single cluster of high-quality or low-quality streets, but two kinds of street-quality streets are evenly matched, high and low quality are mixed and distributed.


Measurement Results of 5D Dimensions of Physical Environment

The following results are obtained on the 5D+3S measure of the 5D dimensions in the old town:

(1) In the Design measurement level, each street space's Green View Index and Sky Openness are better. The Street Integration is higher, but the Street Connectivity value is low, and the values of the south and north are distributed unevenly. The integration and connectivity values of the north of Snake Mountain are higher than the southern region (Figure 6A).

(2) In the Destination accessibility measurement level, the overall accessibility of traffic facilities in the old town streets is relatively high. The Network Accessibility is much higher than the average level of the central area, and the high-value points of accessibility of public service facilities are more concentrated. However, there are some current problems in the old town, such as insufficient accessibility of traffic facilities in the streets and lanes, relatively low density of pedestrian road network, a significant difference in accessibility values of public service facilities, etc.s (Figure 6B).

(3) In the level of distance to transit, the distance between the streets from the subway station and bus station is less than the 15-min pedestrian distance. The concentration of bus facilities in the north of Snake Mountain is greater than that in the south, and the overall bus accessibility in the old town is high (Figure 6C).

(4) In the Density level measurement results, the density value of the active population in the old city remains above the medium level from 10 a.m. to 8 p.m. in the street space, the active crowd density is high, and the street vitality is good. At the same time, the building density in the street buffer zone in the old city is low, and the average floor area ratio is 1:48, so the pedestrian walking comfort is high (Figure 6D).

(5) In the measurement results at the Diversity level, the number of public service facilities in most street spaces is insufficient, the types are single, and the Diversity of service groups is inadequate (Figure 6E).

Therefore, in the 5D dimensional measurement of the physical environment in the old town streets, the weak spatial service capacity, low traffic efficiency, and imperfect public service facilities system are the main problems.


[image: Figure 6]
FIGURE 6. Results of the 5D dimensions physical environment quality measurement of street space. (A) Measurement results of design. (B) Measurement results of destination accessibility. (C) Measurement results of distance to transit. (D) Measurement results of density. (E) Measurement results of diversity.




Measurement Results of 3D Dimensions of Pedestrian Perception

According to the 5D+3S quality measurement model of street space, the following results are the 3S dimensions of pedestrian perception:

(1) In the results of Sociality level, the Pedestrian Concentration in the old town street space is quite good, the number of streets with medium and above concentration is up to 83%, and it is highly consistent with the distribution of historical and cultural sites, schools, and commercial space. So, the overall street vitality is good (Figure 7A).

(2) In the Safety measurement results, the average value of Individual Safety is 0.048, and more than half of the streets' values are higher than the average. However, 32% of the street space in the old town is greater than the average, the high-value points are primarily distributed in the south of Snake Mountain, and pedestrian walking safety is lower (Figure 7B).

(3) In the Status measurement results, the proportion of historical and cultural land in the street buffer zone, the sense of cultural atmosphere, and the value of landscape visibility decrease from north to south with Snake Mountain as the boundary, the historical and cultural land in the overall street space is relatively high. However, the values of the Cultural Atmosphere are weak, the Landscape Visibility is insufficient, and the low-value points are distributed in series. It is caused by the changes in the spatial texture of the streets and the pattern of the ancient city in the south of Snake Mountain (Figure 7C).

Therefore, the main problems are the insufficient protection of the overall street pattern of the old city and the lack of protection and display of local cultural resources.


[image: Figure 7]
FIGURE 7. Results of the 3S dimension quality measurement of street space. (A) Measurement results of sociality. (B) Measurement results of safety. (C) Measurement results of status.





Analysis of Validity Test
 
Results of Objective Validity Test

In the clustering process, the dendrogram of the hierarchical clustering algorithm is shown in Figure 8A, where the ordinate represents the distance between the linked clusters, and the abscissa represents the number of data points of CVS contained in the cluster represented by each node.


[image: Figure 8]
FIGURE 8. CVS clustering result graph. (A) Dendrogram of the hierarchical clustering. (B) Two-dimensional planar clustering result plot.


According to the hierarchical clustering result, Class 1 contains 62 data records, Class 2 contains 45 data records, and Class 3 contains 108 data records. In order to illustrate the clustering results more clearly, a t-SNE (90) data visualization technology is applied to reduce the dimension of the original data samples to 2D data. It can be found from Figure 8B that the projection of all the street data records on the two-dimensional plane presents three clear categories, which indicates that the distribution of these samples corresponds to the three clusters in the results of a clustering algorithm.

Then, based on the results of the hierarchical clustering algorithm, the average values of each measurement index value for the street space samples in the three categories are calculated. The radar chart depicting the average values is shown in Supplementary Figure 5A. There are significant differences and separations amongst the index values of the street samples in the three clustered categories. Additionally, Supplementary Figure 5B compares some actual street maps from the three categories of street samples. The results show that the clustering results match the human perception of street space quality.

Furthermore, as illustrated in Figure 9, the CVS distribution is compared to the clustering results. It can be seen that the qualitative outcome of the hierarchical clustering algorithm and the quantitative values of the measurement index obtained using the entropy weight method can also be quite similar. High-quality streets are those that have a high degree of comprehensiveness. Those with a low comprehensive value, on the other hand, are classified as low-quality.


[image: Figure 9]
FIGURE 9. Comparison between the results of entropy method and clustering algorithm for the CVS.


As shown above, the proposed 5D+3S quality measurement model of street space can simultaneously grade the street quality and assign a quantitative quality score to these streets, which can be used by practitioners. The results of the preceding comparative visualization experiments also demonstrate that the proposed 5D+3S measurement model is reasonable and capable of accurately determining the street space quality.



Results of Subjective and Objective Comparative Validity Test

As mentioned in section Subjective and Objective Comparative Validity Test, according to the sentiment analysis and hot word extraction on the text database of public evaluation, all the streets can be divided separately with positive, negative, and neutral sentiments. The top 5 streets in popularity are selected as the studied samples, as listed in Supplementary Table 2. Among them, the street with the highest evaluation is Zhongshan Road, and the street with the lowest evaluation is Luoyu Road. However, the medium-quality streets without good or bad evaluation include Sanyang Road, Nanhu Road, and Youyi Avenue. For the sake of fairness, Youyi Road is selected randomly to represent medium-quality streets. The final three sample streets for expert evaluation are Zhongshan Road, Luoyu Road, and Youyi Road.

First, in terms of expert scoring, this study selected ten local students with a master's degree and ten practitioners in urban planning to establish an expert evaluation team. The specific scoring criteria are based on the following guidelines: Street Planning and Design Guidelines in Wuhan Elements of a Complete Streets Policy, Global Street Design Guide, and the existing highly reliable expert scoring standards (53, 91, 92). According to the scoring criteria shown in Table 3, the quality of the selected sample street is scored from physical environment and pedestrian perception.


Table 3. The criteria for expert scoring.
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Then, this study collects the relevant data about the three streets for objective verification, and the CVS of sample streets are calculated using the 5D+3S measurement model. The results of public evaluation, expert scoring, and CVS are comprehensively compared. It can be seen from Table 4 that the results of public evaluation, expert scoring, and 5D+3S measurement are consistent within a certain error range. The expert scoring of the street with good public evaluation is also high, and the measurement value obtained by the measurement model is also high. This consistency shows that the results of the measurement model are the same as the subjective evaluation of an individual, which proves the effectiveness of the proposed 5D+3S model.


Table 4. The results of the subjective evaluation and the objective validation.
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Therefore, the measurement model can reflect the influencing factors of subjective judgment in evaluating the quality of street space. Meanwhile, the measurement model has no human intervention in the calculation, which can exclude the impact of human subjective emotions on the quality judgment and make the measurement results more objective and convincing.

Although this study only selected three streets in the subjective verification, the research points were sampled from these three streets according to a certain distance interval. Therefore, the total number of sampling points in the verification process is relatively sufficient, which can verify the effectiveness of the measurement model to a certain extent.

Therefore, the spatial quality levels corresponding to the comprehensive values of different street space quality measures are determined according to the comparison results, and the specific corresponding relationships are shown in Table 5.


Table 5. Classification table of comprehensive quality measurement values of street space.
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DISCUSSION


Academic Contributions

This study contributes to the study of urban space for the following reasons. First, the 5D+3S street space quality measurement model incorporates the existing 5D dimensions from the built environment measurement model (24) and the 3S dimensions were derived from the existing pedestrian perception literature. Theoretically, this model transcends the original research dimension of measuring the material space environment. It also aligns with the dual connotation of material external space and the subjective suitability evaluation associated with street space quality measurement.

Second, the open geospatial data platform collects the research data, integrating 3D spatial, 2D geographic plane, and static street view image data for street space analysis. It enriches the data types used in the street space research and serves as a reference for a large-scale street space quality research. This study analyzes data using a semantic segmentation algorithm for street view images and a hierarchical clustering algorithm for comprehensive measurement results. It is a technical guide for collecting and processing a large-scale street spatial quality data. Thus, by taking the advantage of multi-source big data and machine learning algorithms, this research presents a guideline for enhancing the precision and the integrity of street space evaluation.

Finally, as part of the model's validation, this study collects social media data on the activities, thoughts, and behaviors of individual users in a variety of locations and regions for public evaluation, overcoming the limitations of subjective evaluation methods such as expert scoring, questionnaire survey, and interview. This study uses text sentiment analysis to reveal the public's subjective evaluation of personal emotion, material environment, social culture, and other aspects of the urban environment. Due to the advantages of large data sets and high precision, it reduces the cognitive deviation in public subjective evaluations and improves the reliability of objective verification results for the 5D+3S model.



Potential Applications in Planning and Policy

Wuhan is currently in the transitional stage of post-industrialization, between the middle and late stages. Industrial civilization is in the process of evolving into an ecological civilization. Improving the quality of public space in the city will help facilitate the urban transformation, strengthen the comprehensive management capability of the city, address short-term issues of the living environment and livelihood security, and conform to the modern requirements and trends of Wuhan. Thus, as the most heavily utilized public space of the city, the diverse street space is inextricably linked to the environmental quality and humanistic charm of the city.

The 5D+3S model of street space quality measurement is used in this study to determine the 5D dimensions of material space in 62 streets throughout the old city of Wuchang. The study concludes that the current problems of the city include inadequate street space service capacity, inefficient traffic flow, and an inefficient public service facility system. To improve the future material space quality of street space, Wuchang's old city should prioritize improving the rational traffic organization, compound street function optimization, and the construction of a diverse and perfect community life circle, in line with Wuhan's planning requirements for a 15-min community life circle.

Second, by analyzing the 3S dimension measurement results, we can identify the current issues of inadequate street pattern protection and lack of landscape, historical, and cultural resource protection and display. As a result, the top-level design of Wuchang old town should be optimized and improved in the future. The strategies can include protecting the non-renewable cultural gene pool, preserving the spatial pattern of the ancient city, and preserving the context for improving the street environment.

Simultaneously, based on the regional characteristics of the old town, there are other urban core areas that retain some traditional urban spatial patterns but face contemporary issues such as urban renewal and protection, regional vitality revival, and characteristic display. These areas are Nanjing's old city, Suzhou's ancient city, and Hefei Ring Park. As a result, the quality measurement model of street space and policy recommendations have some relevance in these areas.



Deficiencies and Prospects

First, the 5D+3S quality measurement model of the street space proposed in this study comprehensively considers the objective and subjective factors and enriches the classical 5D model of the built environment measurement from the physical environment and pedestrian perception dimensions. However, since the quality influence factors of street space such as policy, management, and maintenance are difficult to measure and to quantify, the integrity of the measurement model and the representativeness of the index system proposed in this study need to be further optimized.

In addition, the street space of the old town in Wuchang has been selected as the research object to verify the effectiveness of the proposed measurement model. However, due to the unavoidable limitations of the old town's emergence, development, and decline, whether the measurement model can be applied to other regions and cities remains verified. Limited by the experimental conditions, this study only selected three streets to conduct the subjective verification experiments. More streets should be added in future research to further verify the model proposed in this study.

In the future, a multi-type street space in different cities will be increased. More research samples will be included to explore the street space's internal quality influence factors to build a more applicable quality measurement model of street space.




CONCLUSION

With the research on the quality measurement theoretical basis of street space, this study selects the quality measurement specific indicators of street space, and constructs the 5D+3S comprehensive measurement model supported by big data technology. The old town of Wuchang is taken as the research area to measure the quality of street space in multiple dimensions with the proposed measurement model. The comparison results show that the measurement model effectively evaluates the quality of street space objectively and without human intervention. The polarization trend of the comprehensive measurement results proved the huge difference in the quality of the streets bordered by Snake Mountain in the study area. Then, the measurement indicator results show that the introduction of humanism 3S indicator also confirms the fact that insufficient street protection in the old city leads to poor pedestrian perception experience in the streets. Finally, the verification experiment results prove the effectiveness of the proposed measurement model, and the measurement results on the validation streets have a high consistency with the expert evaluation. In general, this study is a practical attempt to build a systematic quality measurement model by combining the physical environment, pedestrian vision, walking experience, and other difficult-to-measure perception indicators, which provides a new idea for the research of street space.
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Background: In China, the collective living mode of “multiple people living in one room” is widely used in college students' dormitories; the space environment has high personnel density and poor thermal comfort and healthy environment. The unit-type apartments were completed in the western China science and technology innovation harbor that considers personal independence and public activity spaces.

Aim: The purpose of this study is to explore the applicability, thermal comfort, healthy environment, and the correlation of influencing variables of the new unit-type apartment. Especially the influence of physical parameters on personal space under heating in winter and air conditioning in summer.

Method: The field investigations and questionnaires to conduct a personal study of architectural space, healthy environment, and thermal comfort were carried out, and the measurement tests of the building's physical environment were carried out in winter and summer semesters.

Results: The questionnaires survey shows that the privacy of the unit apartment is satisfactory, and the independent learning and communication is increased. The field measurement results show that due to the narrow space of the private room, the floor radiant heating mode still forms a hot and dry thermal environment in winter, and the temperature fluctuates significantly after the air conditioner is turned on in summer.

Conclusions: The unit-type apartments align with young students' physiological and psychological characteristics and the behavioral aspects of postgraduates, with high comprehensive satisfaction up to 80%. However, the indoor thermal environment quickly fluctuates due to the narrow independent space. Moreover, 90% of the window ventilation ratio shows that it has become the main measure to actively regulate the indoor climate, which is beneficial to students' health but increases energy waste and further aggravates the fluctuation of the thermal environment. More refined regulations should be executed for heating in winter and air conditioning in summer.

Keywords: unit-type apartment, individual independent space, thermal comfort, field measurement, the western China science and technology innovation harbor, questionnaire survey


INTRODUCTION

In the background of the SARS virus pandemic in 2003 and the COVID-19 pandemic in 2019, research on people gathering areas and indoor healthy and comfortable environments in buildings has received more attention. Indoor environment parameters play an important role in human physiology, psychology, and health (1). The college's dormitory is a space complex for students to rest, study, communicate and store private belongings. It is also a residential and intensive activity area for groups of people, its space utilization and comforts directly affect health and quality of life.

In the past 20 years, undergraduates and postgraduates in China have shown rapid growth every year (2). Meanwhile, student accommodation has gradually evolved from an old building with tight space to a direction of standardization, comfort, individualization, and diversification. The facilities and spatial layout of the student dormitory are also gradually improving; the function of the dormitory is slowly changing from the original single bedtime to complex operations such as sleeping, studying, and washing (3). Table 1 shows the most common student dormitory in China, with an area of 15–20 m2; the accommodation types are 8-person rooms and 4-person rooms. It has the characteristics of high population density and is relatively closed (4). The healthy environment, air quality, and thermal comfort of the dormitory are generally poor, and the dormitory still belongs to the centralized living mode of “multiple people living in one room” in a corridor-style collective apartment. Although functional zoning and some structural adjustments have been made, it still lacks attention and protection to students' personalities, habits, privacy, health, and psychology.


Table 1. Typical dormitory and its characteristics.

[image: Table 1]

The studies on the health and thermal comfort environment of student dormitories in the literature are mainly carried out from climatic factors, energy utilization, ventilation, sleep and health, psychology, etc. Most methods used are questionnaire surveys, field measurements, and thermal comfort analysis discussions based on ASHRAE standards. For example, research on human thermal comfort before and after heating supply in dormitories in the cold region (5–7), research on thermal comfort of student dormitories in summer (8, 11, 25, 26), research on thermal comfort throughout the year (12, 13), research on natural ventilation in dormitories (14, 16, 17), research on sleeping environment and sleep quality of dormitory students (18), the influence of student emotions on thermal comfort (19), research on air conditioning equipment in hot and humid areas (20), power consumption research under thermal comfort (27), PMV and energy consumption issues (21, 28), etc. The detailed research contents and methods of literatures are shown in Table 2.


Table 2. Literature review on thermal comfort of university dormitories or apartments.
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From the above literatures, there are many studies on the thermal comfort of university dormitories in China, these university dormitories are located in severe cold areas, cold areas, hot summer and cold winter areas, hot summer and warm winter areas, etc. Compared with foreign student apartments or dormitories, the common feature of Chinese student dormitories is a single unit of 8-person or 4-person, with an area of about 20 square meters. Moreover, due to the similarity of dormitory units and student characteristics, the number of questionnaires is hundreds of levels, with certain representativeness and robustness.

Although the above literature rarely involves unit-type apartments, its research methods and conclusions can inspire.

At present, the concentrated living mode of Chinese college student dormitories is relatively small and densely populated; its structural form determines that it cannot meet the requirements of individualized space and living comfort.

The unit apartment is a new type of student apartment with diversified functions, humanized living environment, and a scientific management model; it has the advantages of both unit houses and apartment houses, its space is moderate, the layout is standard and compact, and it is economical and practical, the public use area is increased, and the indoor living facilities are complete, with solid development potential (29–37).

Although the unit apartment can provide students with diversified life and spiritual needs in terms of function and space, it is still in the conceptual design stage in China in the past years; there are few similar research reports on the unit apartment, especially for postgraduate students, the thermal comfort of apartments, and the thermal environment at home and abroad.

In September 2019, the Western China Science and Technology Innovation Harbor (hereinafter referred to as the “Innovation Harbor”) was completed. More than 20,000 postgraduate students enrolled in 2019, 2020, and 2021. This study takes the unit-type student apartment on the Innovation Harbor campus as an example, using questionnaires, on-site testing methods, and combined with SPSS software, to measure in the winter semester and summer semester, to explore the applicability, spatial integration, and thermal comfort of this new apartment type, and analyze the relationship between the environmental physical parameters and indoor health and thermal comfort in the apartment.

Therefore, Compared with the literature shown in Table 2, starting from the students' spatial needs, psychological characteristics, and physical environmental needs, this study focuses on the applicability and thermal comfort of the new unit-type apartment buildings rarely used in colleges and universities of China, to provide reference significance for the improvement and development of college apartment in the future.



OVERVIEW OF THE UNIT-TYPE APARTMENTS


Layout of Student Apartment

The Innovation Harbor is located in Xixian District, Xi'an, China, with 34.3° north latitude, 108.93° east longitude, and an altitude of 397 m. There are three dormitory groups with a total area of 333,000 square meters. The Innovation Harbor has a warm temperate semi-humid continental monsoon climate with four distinct seasons. Winters are cold, windy, rainy and snowy; springs are warm, dry, and windy; summers are hot and rainy, and autumns are cool. The average annual temperature is 13.0–13.7°C, the average temperature in January is −1.2–0.0°C, the hottest July month with an average temperature of 26.3–26. 6°C, the annual precipitation is 522.4–719.5 mm. Annual sunshine hours 1,646.1–2,114.9 h, the annual dominant wind to the northeast wind.

Figure 1 shows the location map, the external map, the floor plan, and the internal physics of the unit apartment. The overall orientation is north-south and can accommodate more than 20,000 students. All the building adopts unit apartments with two-unit, three-unit, and multiple-unit models. The 11-floor small high-rise design has two households with one elevator. Each unit includes five independent small rooms, a shared living room, and a bathroom, as shown in Figure 1D. The separate room is about 7 square meters, with a single bed, a set of desks and chairs, a wardrobe, and windows that can be opened independently, as shown in 4# of Figure 1D. The shared living room is about 13 square meters, with a sizeable public table and five chairs. The bathroom is equipped with two toilets, two sinks, and a shower room. For the convenience of statistics and the test marking, the number of each room in the apartment is shown in Figure 1C.


[image: Figure 1]
FIGURE 1. Unit-type student apartment in the innovation harbor. (A) Three apartments. (B) Apartment Photos. (C) Apartment plan. (D) Internal photos.




Envelope Structure and Energy Supply Mode

The apartment is a shear wall structure, the main wall is an aerated concrete infill wall, and the outside of the wall is wrapped with a layer of 10 cm thick thermal insulation board. The outer window adopts a single frame double glass steel window. The roof surface adopts extruded foam insulation board, SBS waterproof coiled material, and a cement mortar protective layer.

Each room in the apartment is equipped with a split-type air conditioner used for cooling and temperature adjustment in summer; students can adjust the temperature by themselves. In winter, the radiant floor heating mode is adopted. The heating source is from the non-interfering geothermal heating system of medium and deep geothermal energy, “take the heat but not water,” and the heating temperature can be controlled by adjusting the valve opening in each room.




QUESTIONNAIRE SURVEY


Questionnaire Survey Content

In ASHRAE standard, the definition of human thermal comfort is the conscious state of people's satisfaction with the thermal environment (38, 39). It is determined by human physiology and psychology. Two main factors are affecting human thermal comfort: (1) environmental factors: air temperature, air humidity, average radiation temperature, and air velocity; (2) Human factors: Clothing and activity (40, 41). Some environmental factors will cause local discomfort to the human body, such as the feeling of blowing, the large temperature difference between the head and feet, the asymmetry of radiation temperature (42, 43), etc. Therefore, The applicability, spatial integration, and subjective feelings of the unit apartment were investigated through questionnaires.

1) Subjective questionnaire survey. Including the basic information about the apartment and the respondent, the respondents' evaluation of the apartment, communication among members, and usage of the shared living room; the adaptability of apartment space and environment, space utilization, personal life, and study habits, etc.

2) Thermal environment investigation. Take temperature, humidity, air quality, thermal comfort, etc., as the survey indicators (44, 45), as shown in Table 3. The subjective expression of the thermal sensation perception [−3, −2, −1, 0, 1, 2, 3] is expressed as “cold”, “cool”, “slightly cool”, “neutral”, “slightly warm”, “warm”, and “hot” (46); the humidity sensation perception [−1, 0, 1] is expressed as “damp”, “comfortable”, and “dry”; the thermal comfort perception [4–0] is expressed as “unbearable”, “great uncomfortable”, “uncomfortable”, “slightly uncomfortable”, and “comfortable”; and the air quality perception [−2, −1, 0] is expressed as “very bad”, “poor”, and “good”. The central threshold range of the thermal sensation and the humidity sensation is based on the “Indoor air quality standard” of GB/T 18883-2002 (47). Since the indoor air quality involves not only the physical environment parameters, but also the particulate, chemical and bacterial contaminants, it is difficult to describe it with only one index, therefore, combined with the characteristics of the unit apartment, the fresh air volume is used as the subjective evaluation standard (47), that is, when there is no fresh air, the air quality is very bad, when the fresh air volume is less than 30 m3/h/person, the air quality is poor, and when the fresh air volume is great than 30 m3/h/person, the air quality is good.


Table 3. Thermal environment questionnaire survey.

[image: Table 3]



Survey Results

Since almost all students first settled in the unit-type apartment from an 8-room or a 4-Room undergraduate dormitory, their psychological feelings, space utilization, and thermal environment feelings have a great sense of contrast and effectiveness, the questions involved in the survey are diverse, so the designed questionnaire is not a standard Richter scale questionnaire. Therefore, the reliability and validity of the questionnaire were not tested. However, the content design of the questionnaire covers as much as possible the influencing factors of indoor thermal comfort of unit-type apartments, such as the objective factors (floor, room orientation, and living life, etc.), subjective physiological feelings such as indoor temperature, humidity, and wind feeling, and other potentially influencing factors such as lighting, noise, and air quality.

In total, 368 valid samples were collected, including 200 in winter and 168 in summer. The scope of the survey involves three apartment communities of the whole school and more than 100 apartments in 20 unit buildings. Among the subjects surveyed, 54% were male, and 46% were female. Male and female subjects are evenly distributed in the apartments, and 90% are on floors 2–10, and 10% are on the first and top floors. The proportion of north-facing and south-facing rooms of the apartment is uniform and representative. All the situation of the subjects meets the requirements of this survey. The winter and summer thermal comfort surveys were conducted in December 2019 and July 2020.


The Questionnaire Survey Results

According to the questionnaire, firstly, the unit apartment form fits the physical and psychological characteristics of young students and the work and life patterns of postgraduate students. More release of students' personality, protection of individual habits and privacy, convenient work and rest, and more autonomy in life and studying. Secondly, the female in the apartment prefer quietness, privacy and are accustomed to closing the door. The male is active and communicates actively in the shared living room.

Moreover, in terms of space utilization, personal belongings are placed in individual rooms. The shared books, exercise equipment, scientific research equipment, etc., are placed in the shared living room. The apartment is an exemplary realization of personal and public spaces classification. The unit apartment provides good architectural applicability and spatial integration in the diversity of spatial elements, the harmony and unity of structural elements, and meeting the individual needs of occupants.

Besides, the immediate results of the questionnaire survey were shown centrally in Figure 2. Communication is essential for student's mental health and comfort; frequent communication was defined as more than 5 times a day, or more than 10 min per session, 2–5 times means regular communication, 1–2 times means less communication. The result is shown in Figure 2A. The communication in the shared space is active, and generally in the afternoon, dinner time, and evening.


[image: Figure 2]
FIGURE 2. The basic information results of the questionnaire survey. (A) Communication. (B) Time table. (C) Lighting and Noise. (D) Indoor air quality. (E) Windowing for ventilation. (F) Humidity perception.


The timetable is shown in Figure 2B; due to the characteristics of postgraduate students and the work convenience, more than 80% of the students sleep later than midnight, and more than 60% of students studying in the apartment at night, and male sleep and study later. It shows the convenience of learning and the diversity of life habits brought by individual independent space.

The light and sound environment is shown in Figure 2C; due to the independent window, most students are satisfied with the natural lighting effect of the dormitory; however, about 60% of the students reckon the noise in the dormitory is loud, which mainly spread from outdoor.

Figures 2D,E are the indoor air quality and ventilation, respectively. Due to the small space of the individual room, most students feel not good about the air quality, and they are used to opening windows for ventilation. It brings significant challenges to the energy consumption of heating in winter and air conditioning in summer.

Figure 2F shows the humidity sensation statistics in winter and summer; due to the low relative humidity in winter in the northwest of the Innovation Harbor, most people feel dry during the heating mode in winter; in summer, the relative humidity general tendency is damp sensation, and female are more sensitive to humidity factors.



The Survey Results of Thermal Comfort

The thermal environment survey results were shown centrally in Figure 3. Firstly, due to the significant temperature difference between indoors and outdoor in winter, personnel clothing wear statistics of indoors in winter is shown in Figure 3A. It inferred that the temperature in the room is generally high during the heating supply period. Secondly, Figure 3B showed the air conditioning opening period in summer, the period of the air conditioner is mainly concentrated at night, and it is consistent with the sleeping and studying period in Figure 2B, and males spend more time on air conditioning than female.


[image: Figure 3]
FIGURE 3. Thermal environment survey results. (A) Wearing during winter heating supply. (B) Air conditioning opening period. (C) Thermal sensation statistics. (D) Thermal comfort statistics.


Figure 3C is the thermal sensation statistics in winter and summer. In winter, the indoor thermal sensation is generally high in the floor radiant heating mode, consistent with the clothing worn in Figure 3A. In summer, affected by the summer outdoor environment and window-opening habits, males and females' average TSV (Thermal Sensation Vote) are 1.14 and 1.45, respectively; most of the subjects deviate from the thermal neutral temperature, the indoor thermal sensation are also high.

Figure 3D is the statistical result of thermal comfort. It can be seen that the overall indoor thermal comfort is generally uncomfortable in winter due to the high temperature and low humidity. While in the summer, it is generally a relaxed state, and the gender factor has a weaker influence.

Furthermore, during winter heating, although the indoor temperature can be regulated by the heating valve, few students adopted this method, just opening the window for ventilation, which causes energy waste. This situation puts forward higher requirements for the accurate adjustment of indoor heating.

On the other hand, 90% of students use air conditioning or an opening window for ventilation to adjust the temperature in summer, and 10% choose a fan to cool. Among them, 18:00–24:00 is the main period of air conditioning. More than 85% of students deem that the indoor temperature fluctuates drastically and feels hot and cold alternately with the switch of the air conditioner because of the narrow space of the apartment room; this situation also puts forward higher requirements for the accurate adjustment of indoor cooling.




The Influence of Different Variables on Thermal Comfort Satisfaction


Comparison of Demographic Variables

According to the survey results, the independent sample T-test and one-way ANOVA test in SPSS software were used to compare the differences among subjects of gender, floors, orientations, and dormitory groups. The independent sample T-test was selected for the gender factor due to its dichotomous. At the same time, the one-way ANOVA test was chosen for the aspects of the building orientation, the floors, and the dormitory groups due to their multi-classified. When the significance values P are more significant than 0.05, it indicates no significant difference in this factor. As a result, the significance values P of each parameter was calculated and shown in Tables 4, 5. The results of all the significance values P are more significant than 0.05, which means that the demographic variables of the gender, the room orientation, the floor, and the dormitory group have no effect on the dormitory satisfaction evaluation and do not need to be used as control variables in subsequent studies on factors affecting subject satisfaction.


Table 4. T-test for gender differences independent samples.
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Table 5. One-way ANOVA test of the significance values P.
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Correlation Analysis

The bivariate correlation analysis in SPSS Statistic software was used to obtain the correlations between variables and to measure their prediction or explanatory ability. Due to the different emphasis of questionnaire design in summer and winter, the variables tested are different. The correlation analysis focuses on the variables related to the subjects' thermal comfort satisfaction in summer and the thermal sensation in winter as the bold values shows in Tables 6, 7. As a result, the Pearson correlation coefficients between variables in summer and winter are obtained in Tables 6, 7. When Pearson correlation coefficient R > 0, the two variables are positively correlated, and when R <0, the two variables are negatively correlated. The value of |R| decides the correlation strength.


Table 6. Correlation analysis of variables in summer.
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Table 7. Correlation analysis of variables in winter.
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In the summer survey, the results shown in Table 6 that the thermal sensation, the humidity feeling, the thermal comfort vote, the air quality, and the blowing feeling are all significantly correlated with the thermal comfort satisfaction. While in the winter survey, the results are shown in Table 7 that the temperature, the expecting temperature, the clothing wear, the temperature difference between morning and night, and the humidity feeling are all significantly correlated with the thermal sensation.





PHYSICAL PARAMETER MEASUREMENTS


Test Instruments and Methods

The test period for the winter semester is from December 25, 2019, to January 7, 2020, and the test period for the summer semester is from July 14, 2020, to August 5, 2020.

Three male apartments and three female apartments are selected as the test objects. The apartments on the 2nd, 4th, and 11th floors were chosen by considering the environmental differences between the low, middle, and top floors. Each apartment contains a south-facing and north-facing room, whose numbers are shown in Figure 1C. The measuring instrument is placed in the room's central area with a height of 1.5 m. The test instruments and their accuracy are shown in Table 8. Outdoor weather parameters are recorded by the automatic weather station (Davis-6162).


Table 8. Instruments and accuracy.
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Test Results

The test results in winter and summer were shown centrally in Figure 4. As a background meteorological parameter, Figures 4A,E are the outdoor solar radiation, air temperature, and relative humidity parameters during the winter and summer test period, separately.


[image: Figure 4]
FIGURE 4. Test results in winter and summer. (A) Outdoor parameters during winter test. (B) Indoor temperature. (C) Indoor relative humidity. (D) North, South, and shared living room. (E) Outdoor parameters during summer test. (F) Indoor temperature. (G) Indoor relative humidity. (H) North, South, and shared living room.


The winter's 15-day temperature and humidity test data are shown in Figures 4B,C. According to the statistics of the temperature and humidity test data for different floors and room orientations, the temperature distribution is in the range of 24–29°C, which inferred a heat-based room environment. Among the south-facing of male and female rooms, it is similar and relatively high to that of the north-facing room caused by solar radiation, and the temperature of the male room is low than that of the female room due to the windowing habit for ventilation that is shown in Figure 4E. Furthermore, the shared living room temperature is higher than that of other rooms as a whole because of the windowing habit, shown in Figure 4D. On the other hand, the relative humidity distribution in all the rooms is generally lower than 45% shown in Figure 4C; it also accords with the characteristics of room-drying perception survey data Figure 4F.

The 21-day temperature and humidity test data in summer are shown in Figures 4F,G. Similarly, analysis with winter measurements, the temperature distribution is in the range of 25.5–29 °C, which also means a slightly heat-based room environment. The south-facing of rooms is higher than that of the north-facing room, and the temperature of the shared living room is higher than that of other rooms because there is no air conditioning in the shared living room. More importantly, the relative humidity is generally high than 75%, which fits the characteristics of room-damping perception survey data Figure 2F.

In summary, due to the small area of the individual independent room, the physical parameters are easy to mix uniformly and fluctuate greatly; on the whole, the temperature and the relative humidity fluctuation cycle in the apartment is the same as the fluctuation cycle of the outdoor environment, and it is generally preferred to open windows for ventilation in summer.

In addition, the temperature and relative humidity in the vertical height direction, the carbon dioxide concentration, and the indoor wind speed with the air conditioning were measured, as centrally shown in Figure 5.


[image: Figure 5]
FIGURE 5. Other test results. (A) Indoor sensor arrangement. (B) Indoor wind speed in summer. (C) T and Rh in the height direction in winter. (D) Carbon dioxide concentration.


Figure 5A is the sensor arrangement in the 4# room of a female apartment to test the temperature and the relative humidity in vertical directions, the CO2 concentration, and the wind speed with the air conditioning in horizontal and vertical directions.

Figure 5B shows the indoor wind speed at different horizontal distances and vertical heights. In summer, 70% of males and 90% of females chose to set the air outlet of the air conditioner to blow in the direction of 1.8–2m height to avoid the air conditioner blowing directly at the human body. For all that, the wind speed is locally greater than 0.3 m/s due to the small area of the room; the wind speed fluctuates quickly at the range of standing height. The blowing feeling and the varying wind speed in the field of human movement in the room are apparent, producing local discomfort. Therefore, the air supply mode of the air conditioner should be controlled more accurately.

Figure 5C shows the 3 days consecutive measurement results of the temperature and relative humidity in the vertical height direction of the 4# room of a female apartment in winter. Due to the radiant floor heating mode, the temperature distribution in the vertical height direction shows a gradient decreasing trend, which is consistent with the human thermal comfort; the humidity does not change much in the vertical direction. It shows that the indoor temperature of 4# room is much higher than the normal winter comfortable temperature range in winter, which is the same as that of the south-facing room shown in Figure 4B. The reasons are related to the small space of 7 m2, and although there is a heat source control valve in each room, few students adjust it.

Figure 5D shows a 6-day measurement result of the CO2 concentration in the desk and the wardrobe of 4# room in winter, the CO2 concentration is the highest in the morning (8:00), which is caused by the window-closing during sleep at night. While at noon (14:00) and night (22:00), the CO2 concentration decreases due to the window opening habit, which also illustrates the importance of open windows for ventilation in small spaces.




DISCUSSION


Environment and Space Analysis

The unit apartment of the Innovation Harbor is a new type of student dormitory; compared with the traditional centralized residence model of student dormitory, there are similarities and significant differences. First of all, most of the young students in recent years are growing up in the era of the one-child period; they have grown up in the internet age, emphasizing self-worth, diversified living habits, and an intimate space environment. Moreover, the residents of the unit apartment are mainly postgraduate students, the majors of the postgraduate group are divided, the research direction is meticulous, the study and work styles are more focused, and the schedules are flexible and diverse. Meanwhile, postgraduate students have a solid willingness to gather and communicate.

Therefore, the unit apartment fits young students' physical and psychological characteristics and the features of the study and work at the postgraduate level. The division of individual independent space and public space considers both the individual and gathering characteristics of the living environment.



Suggestions on the Thermal Environment Control

Nearly 4,000 postgraduate apartments and more than 20,000 postgraduate students live in the Innovation Harbor. Whether heating supply in winter or air-conditioning in summer, there is a great potential for energy consumption and energy-saving. From the perspective of building a healthy and comfortable environment and building energy efficiency, the unit apartment also needs to refine the thermal environment's energy supply and regulation mode.

1) A more comprehensive thermal comfort survey and immense data accumulation are needed, including behavioral characteristics and regularities such as postgraduate study, life, work style, rest habits, subjective thermal sensations, and expected environmental parameters. Students need to be guided to form energy-saving habits, such as opening windows for ventilation, turning down or turning off energy supply equipment when going out, and actively adjusting heating flow or air-conditioning temperature when in the dormitory.

2) According to the variables with a strong correlation with heat feeling and thermal comfort satisfaction, the current situation of influencing factors can be improved in a targeted manner, such as air quality, noise, and wind feeling are variables with strong correlation, which will affect the body's hot and comfortable feel to a large extent.

3) In addition to the shared living room, each room in the apartment is compact and small with an independent window, the indoor thermal and humidity environment is easy to fluctuate.

In summer, firstly, five small rooms in an apartment are equipped with five split air conditioners is inappropriate, it not only increases the initial investment, but also easily causes the fluctuation of environmental parameters, and the frequent start and stop of air conditioning in the whole building is also easy to cause fluctuation to the power network. Since the total area of the apartment is about 50 m2, a small central air conditioning system is one of the options for this apartment form, which can be arranged in each small room with air supply outlets and control switches, respectively. On the whole, it can reduce the initial investment and achieve the purpose of energy-saving (48, 49). Moreover, for small spaces, the arrangement and analysis of the airflow field should be carried out to achieve a uniform layout without causing a feeling of blowing at the height of the pedestrian layer, Therefore, the arrangement of the air outlet position requires the simulation calculation and the detailed measurement to achieve indoor comfort (50).

In winter, the radiant floor heating mode is a recognized energy-saving and comfort heating mode that can form a flow field mode with a temperature gradient from the floor to the roof (51). However, as measured in Section Test Results, the simple rated flow mode not only causes the room temperature to be too high but also causes a waste of energy. For winter heating in small spaces, even if the floor heating pipe network was laid, the temperature can be adjusted and controlled through the automatic regulation mode of flow.

Whether heating in winter or air conditioning in summer, both of which require refined energy supply and control modes. The indoor thermal environment can be dynamically measured and adjusted by adding online data collection and intelligent personnel recognition.




CONCLUSION

According to the applicability and thermal comfort of the unit apartment in the Innovation Harbor, field investigation, questionnaire survey, and field test in winter semester and summer semester are carried out; the results showed that:

1) The division of personal space and public space in the unit apartment considers both the individual and gathering characteristics of the living environment, which aligns with the physiological and psychological aspects of young students and the behavioral characteristics of graduate students. The thermal comfort is greatly improved, and the overall satisfaction is generally high.

2) Due to the compact size of the rooms with independent windows, the indoor thermal and humid environment parameters are easy to fluctuate both in winter and summer. To improve the thermal comfort and energy-saving characteristics of apartments, more precise environmental adjustment modes are required.

3) Opening windows for ventilation has become the norm because of the small space, and indoor air quality has also become the first adjusting factor. It is necessary to start with big data on student behavior characteristics and regularities, change the traditional energy supply and regulation mode, and create a healthy, comfortable, and energy-efficient apartment environment.
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Measuring the health benefits of air quality improvement is a new perspective for evaluating government investment in pollution control. Improving air quality can reduce the burden on medical insurance funds and patients themselves; however, patients with higher reimbursement rates are more affected by air quality changes. This study calculated health benefits using medical insurance reimbursement data from a sample city in China. The results show that for every 10 μg/m3 decrease in PM2.5, patients' average medical cost will decrease by CNY 1,699 (USD 263.6), and the loss of ordinary working and living time will decrease by 1.24 days. PM2.5 has a more significant impact on patients with chronic respiratory diseases and inpatients with circulatory diseases. Suppose the city's annual PM2.5 concentration drops to the national standard of 35 μg/m3. In that case, it will bring more than CNY 1.28 billion (USD 198 million) in health benefits, accounting for 18% of the city's annual investment in environmental protection.

Keywords: air pollution, health benefits, medical insurance reimbursement data, induced demand, thermal inversion


INTRODUCTION

Air pollution control is the focus of ecological development in many developing countries, and healthcare costs due to air pollution are receiving higher priority worldwide. Existing studies have constructed a well-established framework for research on air pollution and health outcomes, finding that air pollution is associated with higher infant mortality, morbidity, and healthcare expenditures (1–13).

However, since existing research has generally studied the relationship between poor air quality and health outcomes, evaluating “better air quality” is meaningful, especially for developing countries facing development transformation challenges (14). In 2013, the Chinese government issued an action plan for air pollution prevention and control1 that included systematic measures to combat air pollution. Existing evaluative studies have also found that over CNY 60 billion investments have resulted in significant improvements in air quality2 (15). Essentially, lower air pollution figures are meaningless to the government. Further studies are needed to evaluate the effectiveness of this investment in environmental public finance. Air quality improvement plays an essential role in enhancing productivity from a supply-side perspective (16); however, the health benefits need further study from a demand-side perspective. Public disclosure of environmental information has increased the population's overall health awareness and commitment, accompanied by increased proactive and defensive investments to address air pollution (21). Owing to consumption inertia, improvements in air quality will not change the established consumption habits of those who can defend themselves. However, for people who do not have sufficient self-defense capacity, the health costs resulting from air pollution will be high, which could cause forward health inequality between different people.

This study evaluated the benefits of environmental inputs from a new perspective. At the individual level, air quality improvements are mainly reflected in reduced healthcare costs, which are analyzed according to the morbidity of the two central air pollution-related diseases, namely respiratory and circulatory diseases. In addition, we introduce the concept of lost work hours based on Grossman's (22) health stock model; that is, air pollution may lead to a loss of wage income for patients due to the treatment of illnesses. Chen et al. (23) noted that workers facing air pollution might choose to forego income, highlighting the opportunity cost concept extending the traditional evaluation of health benefits. A link between the environment and the health sector is evident at the government level. Environmental inputs can lead to savings in health insurance spending, and establishing such a relationship will help the government improve the multiplier effect concerning financial inputs.

Estimation with two-step linear squares (2SLS) shows that for every 10 μg/m3 reduction in PM2.5, healthcare expenditures for patients with respiratory and circulatory diseases will decrease by 16%, and the visit duration in days will be reduced by 14%. These values remained robust after changing the instrument variables, adjusting the data structure, and accounting for the effects of population migration and air pollution warnings. Heterogeneity analysis found that air pollution has a more significant impact on the cost of visits for patients with chronic respiratory diseases and inpatients with circulatory diseases and a more substantial effect on the expenditure of drugs and treatment. Further research has found that improvements in air quality can alleviate both the burden of health insurance and individuals. This study found a moderating effect of health insurance reimbursement in the impact of air pollution on health care costs, where patients with higher reimbursement rates are subject to “induced demand” and will potentially face higher healthcare costs. We also find non-linearity, which shows a marginal health benefit increasing for PM2.5, under 90 μg/m3. In terms of economically significant measures, this study found that for every 10 μg/m3 reduction in PM2.5, the health benefits for respiratory and circulatory patients in the city would be CNY 546 million (USD 84.9 million). In contrast, a reduction in PM2.5, the annual average standard of 35 μg/m3 would result in annual health benefits of approximately CNY 1.278 billion (USD 198 million), including CNY 1.032 billion (USD 160 million) in health insurance expenditure savings.

The contributions of our study can be summarized as follows: First, we expanded the calculation range of health benefits for air quality improvement by introducing the concept of lost work hours. Specifically, we estimated the opportunity cost of treating illness by regressing the visit duration on air pollution. Second, we provided a more comprehensive measure of the health benefits of air quality improvement. We calculated the health benefits in the resident and government sectors based on the proportion of costs reimbursed by health insurance. Third, we estimated the causal relationship between air quality and medical health costs. We used a high frequency with extensive observation data from the medical insurance reimbursement system to capture the health cost of patients. Furthermore, we analyze this relationship using instrumental variables to solve the endogeneity.

This paper continues in the following manner. Section Literature Review presents the literature review; Section Theoretical Model is a refinement of the Grossman health stock model; Section Data and Variables is a basic description of the research data; Sections Empirical Methodology, Empirical Results, and Further Analysis present the methodology and results of the baseline empirical analysis and further analysis, respectively; and Section Conclusions provides concluding remarks.



LITERATURE REVIEW

Research on how air pollution affects health falls into two perspectives: the impact of air pollution on people's health outcomes and the cost of defending against air pollution. Chen et al. (2) used total suspended particles (TSPs) as the measurement index of air pollution. They estimated the negative impact of air pollution on life expectancy by taking the heating difference between the north and south of the Huai River as a geographical regression discontinuity design. Janke (3) found that nitrogen dioxide (NO2) and ozone (O3) had a significant positive impact on children's respiratory emergency hospitalizations in England. Schlenker and Walker (7) measured the impact of carbon monoxide (CO) emissions caused by taxiing time of airplanes at the airport. They found that CO significantly increased the morbidity of residents within 10 km of the airport. Deschenes et al. (10) found that air pollution affects body weight through biological channels and causes overweight through behavioral channels, such as increasing calorie intake. Many other studies have focused on the relationship between air pollution and mortality (4–6, 9, 12). The above studies focused on the externalities of air pollution, which is conducive to a deeper understanding of the negative impact of air pollution on working and living.

Another perspective focuses on the cost of defending against air pollution. Existing studies have generally found that air pollution has contributed to increasing mask and air purifier sales (17–19) and increasing commercial insurance purchases (20). Deschênes et al. (24) and Deryugina et al.'s (9) examination of the relationship between air quality and health expenditure in the US healthcare market provided many references for our study; however, the three studies based on the Chinese situation are the most relevant to us. Barwick et al. (25) used China UnionPay credit card consumption data for the period 2013–2015 to study the impact of air pollution on morbidity costs and found a significant relationship between air pollution and health expenditures; they measured the decline in health or non-health consumption when the PM2.5 falls below the World Health Organization's (WHO) air quality standards as the morbidity cost of air pollution. Liao et al. (26), however, used data from the 2016 and 2018 China Family Panel Studies (CFPS) and found that PM2.5, which increases the cost of air pollution by affecting lifestyle (sleeping time and sedentary activities hours), will increase household health care expenditure and out-of-pocket hospital expenditure, and that the effect is more pronounced in younger age groups. Shen et al. (27) focused on the impact of industrial air pollution on health expenditure by region using province-level panel data for the period 2002–2015. They found that air pollution has a greater effect in central and eastern China and a non-linear impact in western China, with a negative impact below the threshold.

In the above studies, Barwick et al. (25) tracked credit card spending in hospitals, Liao et al. (26) utilized information from micro surveys to determine the nature of consumption, which can help researchers identify how air pollution contributes to health expenditure more clearly, both of which were studied from a consumer perspective. We analyzed the medical insurance reimbursement system from a provincial capital city in China for our research. There are some differences between our study and the above literature. First, our data facilitate more accurate identification of medical expenditure from the hospital perspective and allow us to avoid bias due to different payment methods or respondents' subjective judgments. Second, compared to consumer data, the data obtained from hospitals contain richer information about individual medical histories, enabling the study to be conducted in the appropriate pathological context. Furthermore, these data include the specific visit dates for all patients from January 2016 to December 2017; hence, the data better capture daily air quality trends by matching daily air pollution indicators, whereas the annual data of Liao et al. (26) and Shen et al. (27) used only the air quality for the entire year.

However, we should admit that the medical insurance system data still has inevitable shortages. Due to data source limitations, our data cover only 2 years, and it is difficult to prolong the period of data. However, our data might be the newest accessible data from the medical insurance system. As we know, the current data wave also allows us to control series time fixed effects such as year fixed effects, month fixed effects, and day of week fixed effects. Our study also faces the problem of lacking data from more cities. We believe that our research introduces a model to evaluate the health benefits of environmental improvement.



THEORETICAL MODEL

Grossman (22) analyzed health needs and inputs in a utility maximization framework. This study serves as the basis for various theories (24, 25). Deschênes et al. (24) considered the marginal willingness to pay (MWTP) for air pollution in terms of patients' duration of illness due to the effects of air pollution. Barwick et al. (25) further considered the time of exposure to a polluted environment. They subdivided consumption into medical, online non-medical, and offline non-medical consumption. The latter two ultimately yield MWTP for air pollution by solving for the maximization of the utility of the health stock, subject to budget constraints. Based on the above studies, this paper discusses the boundaries of health benefits concerning the characteristics of empirical data.

In this study, MWTP is defined as the health benefits of air quality improvement, mainly for the following reasons. On the one hand, MWTP refers to the cost of optimal healthcare spending, which alleviates the negative impact of air pollution exposure in the model of Grossman (22). It can also be regarded as the opportunity cost of better health outcomes and better living progress with given air quality. This cost will decrease with improved air quality, which means that the health benefits of air quality are another side of the MWTP for air pollution.

On the other hand, the MWTP measures the subjective intention of expenditure in most situations; however, the health benefits can not only reflect the individual revenue of patients who go to the hospital to get better health outcomes with a proactive attitude contain the objective gains of government environment investment. Thus, the health benefits of air quality improvement have enriched the traditional concept of MWPT for addressing air pollution.

For the model, the first is the health stock equation, given that it consists of three components. h0 denotes the health stock of the patient's endowment, m denotes patients' medical expenditure to cope with air pollution, and medical spending can improve health status. g(e) is the health loss due to air pollution, and e(a, m) is the loss of working hours due to air pollution. The higher the pollution level, the more working hours lost; therefore, there is a positive relationship with the level of air pollution. The relationship between health expenditures and lost working hours is uncertain, but the direction of the coefficient does not influence the final result. It is certain that the more working hours lost (time spent on visits), the greater the overall health loss. Therefore, g(e) is an incremental function of e(a, m), as in the existing literature (25). The three components of the health stock are summed linearly in this study, as follows:

[image: image]

In the long run, total income consists of two components: non-wage income, y0, and wage income, W[h(e), e], where wage earnings are proportional to health status and inversely proportional to working hours lost, with a budget constraint, as in Equation 2:

[image: image]

π indicates that the insurance pays an annuity, p is the proportion of out-of-pocket payments, and c is non-health expenditure. As this study does not focus on consumption information other than medical expenditure, it treats c as exogenously given.

Final utility U(h, c, e) is affected by three components: health status, loss of working hours, and expenditure. Equation 5 was first obtained using the Lagrangian first-order derivation:
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The MWTP for air pollution can be obtained using the implicit function theorem, as shown in Equation 6.
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Of which:
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Equation 8 is obtained by differentiating air pollution, health conditions, and working hours lost in Equation 7 and simplifying it as follows:
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Combining Equations 5 and 8 produces Equation 9:
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The denominator of the MWTP can also be directly expressed as [image: image], and dividing by Equation 9 yields
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Expanding and simplifying the above equation yields the final Equation 11:
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The first term on the right side of the equal sign in Equation 11 can be regarded as the cost of paying for healthcare under air pollution, [image: image]. The second term can be considered as the loss of labor efficiency due to air pollution, which can be reflected in the loss of work capacity due to illness or the opportunity cost due to the delay in working hours. This paper does not discuss the loss of utility owing to illness in other areas as a result of data limitations.

Combined with the above theoretical analysis, the empirical part of this study measured the health benefits of air quality in two main ways: according to health expenditure savings owing to improved air quality. First, personal out-of-pocket savings help improve the welfare of those who lack defenses against air pollution, improve consumption structure, reduce subsistence consumption, and release people from other forms of consumption. In addition, savings due to health insurance reimbursement bolsters the sustainability of the health insurance fund and protects the corresponding financial investment. Second, air quality improvement safeguards against the loss of working hours and the consequent loss of wages, raising the population's income in terms of opportunity costs.



DATA AND VARIABLES


The Air Quality Improvement Process

The sample city in our study is a provincial capital city in Western China. In 2017, the GDP of the sample city was over 1,300 billion CNY, ranking in the top 10 of all cities in China, and the resident population was over 16 million by the end of 2017. The basic topography of the sample city is plain, and the sample city also has rich medical resources; in particular, the number of physicians and beds in medical institutions is ranked in the top five of all cities in China. We believe that this sample city could be a representative case in research on the relationship between air quality and health outcomes.

To measure the air quality background of the sample city, we collected a series of pollution indicators to illustrate the air quality improvement process, using descriptive statistics. The pollution indicators for the sample city in 2015–2017 are described in Table 1, where both NO2 and particulate pollution (PM10 and PM2.5) are above China's secondary annual average standard.3 Particulate pollution significantly exceeded the standard. Both PM10 and PM2.5 exceeded the secondary annual average standard by more than 20 μg/m3, about 30% of the days between 2015 and 2017 had mild pollution and above, about 10% had moderate pollution and above, PM10 exceeded the secondary 24-h average standard on 16% of the days, and PM2.5 exceeded the same 25% of the time. According to the sample city's 2016 Environmental Quality Bulletin, air quality was ranked in the lower to middle range of 74 cities nationwide.


Table 1. Sample city's air pollution status.

[image: Table 1]

According to national standards, the air quality of the sample city was not excellent. However, air quality dynamics are of greater interest given the city's topography is not conducive to pollution dispersion. The annual average of the major pollutant indicators for the sample city are shown in Figure 1, with the average AQI and average particulate pollution maintaining a downward trend over the 3 years. The decline observed in 2017 was greater than that in 2016, supporting this study's air quality improvement research.


[image: Figure 1]
FIGURE 1. Annual air quality in sample city, 2015–2017.




Measuring Patients' Exposure to Air Pollution

Although many studies have shown that various air pollutants, such as CO, NO2, SO2, could affect people's health (32, 37, 38), particulate pollutants are the major pollutants in the sample city. Notably, PM2.5 is incredibly harmful to humans (28). PM2.5 exceeded the secondary annual average standard by 38%; PM2.5 is also the leading cause of haze, which people can observe and perceive directly. In most studies, PM2.5 is used as a proxy measurement for air pollution (9, 18, 25), as in our research. Thus, we set PM2.5 as our key independent variable and control the other pollutants (CO/NO2/SO2/PM2.5−10) in our regression to enhance the efficiency of the regress model.

This study matched all air pollutants according to the patient's visit dates (from January 1 2016 to December 31 2017). The following two steps were performed: the daily air pollution concentrations index was first calculated on a forward-moving average and then matched to the patient's visit date to reflect the durational course of the air pollution effect. In keeping with the existing literature, a 7-day moving average window was used in this study, and the results were not sensitive to the moving average window (see Supplementary Material Appendix A). Second, to ensure the consistency of air quality and patient distribution, we obtained the concentrations of pollutants by averaging data from nine different monitoring stations located in the urban areas of sample city. In particular, we matched the patients in 78 public hospitals with air pollution day by day.



Measuring Health Benefits

To measure health benefits, we used detailed health insurance reimbursement data from 78 public hospitals in a sample city. The database provides 563,383,685 expense details, including when each expense was incurred, cost, type of patient, type of patient reimbursement insurance, and diagnosed disease. The data included 869,781 patients with 1,766,690 visits. Health insurance claims were recorded for inpatient and special outpatient visits.4 However, our data did not include patients without health insurance or those who did not use their health insurance for payment (e.g., ordinary outpatients).

Referring to the existing literature (29–32), only samples from patients first diagnosed with a respiratory or circulatory disease, the diseases with the most direct effect, were used in the follow-up regression. The number of visits for circulatory and respiratory diseases was 213,804 and 313,840, respectively, accounting for 18 and 12% of the total number of visits, ranking first and third among the 22 major medical conditions coded as ICD-10.

Table 2 presents the descriptive statistics of the variables. Panel A is a variable description of the health insurance reimbursement data. Regarding total personal costs, patients' average total individual cost was CNY 10,616, and the per capita health insurance reimbursement expense was CNY 8,340, with reimbursement rates of more than 75%. Treatment fees accounted for a higher proportion than drug and consumable fees regarding the cost structure. Of the patients, 70.3% were inpatients, and 72.8% belonged to the Basic Medical Insurance for Urban Employee (UEBMI). In contrast, the other patients belonged to the Basic Medical Insurance for Urban and Rural Residents (URRBMI). Visit duration was obtained by subtracting the admission date from the discharge date, and the visit duration for the sample from special outpatient clinics was set to 1. The visit duration per capita was 8.55 days, and the average number of repeat visits per capita was 3.32, which means that all of the patients in our data, on average, will go to the hospital more than three times in 2 years. Panel B is a variable description from the air pollution and climate databases. For the pollution and climate indicators, we use a 7-day on-moving average.


Table 2. Descriptive statistics of variables.
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EMPIRICAL METHODOLOGY

Although air quality is a relatively exogenous variable for individual behavior, an individual's air pollution exposure can be endogenous. The presence of factors that affect both individual air pollution exposure and patient healthcare expenditure can lead to omitted variable bias. This study focuses on obtaining consistent estimates by controlling for fixed effects and using instrumental variables. For selecting the baseline model, we used the applied microeconometric method because we tried to solve the endogeneity problem to obtain causal inference results.5


Controlling for Fixed Effects

The first method eliminates time-invariant omitted variables and time trends by including dummy variables as much as possible. In addition, hospital records use ICD-10 codes for disease types, which can be further subdivided into 6-digit codes for respiratory and circulatory diseases, reflecting differences on disease type and degree of illness.

Unlike other autonomous consumptions, inter-individual differences in public hospital medical costs mainly reflect disease type and hospital differences. The scope for individual patient decisions related to the expenses of visits is relatively small. Therefore, we controlled for hospital fixed effects and used ICD-10 6-digit codes corresponding to disease-type fixed effects to control for some patient differences to a certain extent. The year, month, and day of week fixed effects are also controlled to eliminate the effects of time trends and specific cyclical events (18).



Instrumental Variables

Given that fixed effects cannot absorb the effects of factors such as possible short-term shocks, including workplace changes and unexpected public events that affect both patient air pollution exposure and visit costs (25), we add instrumental variables to the regressions. In this study, thermal inversion intensity was selected as the instrumental variable in the data context.

Thermal inversion is an atmospheric phenomenon in which the atmospheric temperature appears to be hotter at the top and colder at the bottom. The formation of an inversion layer hinders the diffusion of pollutants. This phenomenon does not directly affect humans, except through channels that affect pollution diffusion; therefore, inversion has become a widely used instrumental variable in air pollution studies (6, 16, 26, 33–36). In this study, thermal inversion data were obtained and processed in the NASA-MERRA2 database by referring to Sager (35) (see Appendix B for details).

Finally, the baseline regression equation used in this study is shown in Equation 12, where footer I denotes individuals and footer t denotes time, where costit includes the cost of the visit and the visit duration in days, both treated logarithmically. PM2.5it is The average PM2.5 during the window period for each patient, weatheritare climatic variables including days of sunshine, surface air temperature, air pressure, relative humidity, air temperature, evapotranspiration, and wind speed that can contribute to respiratory or circulatory diseases (28, 37, 38). Pollutionit represents the additional air pollution indicators shown in Table 2, including sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), ozone (O3), and PM2.5−10 concentrations, with all of the above indicators taken as moving averages for the 7 days before the visit. Xi represents the remaining control variables, including patient type, insurance type, visit duration, and the number of repeat visits6; hospitalirepresents hospital fixed effects; diseasei represents the 6-digit ICD-10 coded disease fixed effects; and T represents the time fixed effects, such as weekends, months, and seasons. The first-stage regression equation is shown in Equation 13, where thermal_ivit is the thermal inversion intensity, and εit, μit is the residual term. All standard errors of the regressions are robust standard errors.
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EMPIRICAL RESULTS


Baseline Results

Table 3 shows the baseline regression results. The first column presents the results of the first stage of the two-stage least squares (2SLS) regression, which shows a significant positive effect of thermal inversion intensity on PM2.5, as expected. The Kleibergen-Paap rk Wald F value of the first-stage regression is well above the critical value that satisfies the correlation requirement between the instrumental and endogenous variables, thus rejecting the weak instrumental variables hypothesis and indicating that the results of the 2SLS regression are reliable. The second and third columns show the effect of PM2.5 on patient visit costs and duration after applying the instrumental variables, with coefficients indicating that for every 10 μg/m3 decrease in PM2.5, visit costs for patients with respiratory and circulatory diseases would decrease by 16% and visit duration would decrease by 14%, both of which are significant at the 1% level. In concrete terms, for every 10 μg/m3 reduction in PM2.5, patients' average cost would be reduced by CNY 1,699 (USD 263.6), and the number of regular workdays lost would be reduced by 1.24 days.


Table 3. Impact of air pollution on the cost of visits and visit duration in days under 2SLS.
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Song et al. (15) are the only scholars to use an approximate database in China with medical insurance sampling data from Shanghai. They showed a 0.36% change in respiratory pulmonary-related medical costs for every 10 μg/m3 change in PM10 compared to the larger estimated coefficient in our study, which may be due to the more direct health hazards of PM2.5. Given that Song et al. (15) did not use instrumental variables to estimate, the results may underestimate the actual coefficients. Liao et al. (26) used micro-survey data without instrumental variables and found a 10 μg/m3 change in PM2.5, and a 2% change in health care costs; the regression results using instrumental variables are more consistent with our study, showing a 10 μg/m3 change in PM2.5, and a 17.1% change in health care costs. Our study's regression results are more consistent with Barwick et al. (25), who used China UnionPay credit card data and found that the effect of PM2.5 on hospital credit card spending with a 7-day lag was also a 16% change in costs for every 10 μg/m3 change in PM2.5.



Robustness Check

Next, we perform a series of robustness checks to consider the effects of changes in the different factors on the benchmark regression results in Table 3.


Wind Speed Was an Alternative Instrumental Variable

Some studies have used wind speed as an instrumental variable for air pollution (25, 26, 34, 36). Thermal inversion central inhibited pollution dispersion by reducing atmospheric flow, wind speed also reflects the degree of atmospheric flow; the faster the wind speed, the faster the pollutant dispersion, and the lower the city's air pollution level. Our study's sample city is located on a plain, where topographical factors affect wind speed less. It is also suitable to choose wind speed as the instrumental variable of PM2.5. However, in our IV-alternative robustness check, only patients with the circulatory disease were tested, as respiratory disease, which has some association with wind speed, may avoid the exogenous hypothesis of the instrumental variable.

The regression results are presented in Table 4, which shows that wind speed significantly reduces PM2.5 concentration. The effects on the cost and visit duration are equally significant but with smaller coefficients than the results using thermal inversion intensity as an instrumental variable.


Table 4. Impact of air pollution to circulatory disease patients with alternative IV.
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Difference-in-Difference Model

Because the data included patients with diseases other than respiratory and circulatory diseases, we used differences in disease type and air pollution between months to construct a difference-in-difference (DID) model. We matched patients pathologically affected by air pollution with patients unaffected to form the control group. Specifically, two diseases with a similar number of visits and cost per visit were selected using 3-digit ICD-10 codes, namely “bronchitis from respiratory diseases” and “arthritis from the musculoskeletal system and connective tissue diseases.7” Patients with bronchitis were assigned to the treatment group (treat = 1), and patients with arthritis were assigned to the control group (treat = 0).

The effect of PM2.5 on the cost of visits to patients with arthritis disease is first examined in Appendix C, Figure c1, and the results of the regression coefficients for different time windows are shown. As expected, no significant effect of PM2.5 was found for the various windows, ranging from 2 to 330 days, thus ensuring the integrity of the control group.

Next, a DID model was constructed to examine time-dependent changes in air pollution based on between-group differences in PM2.5. This study examines changes in the effects of air pollution on the two diseases mentioned above from August 2016 to March 2017, using July 2016 as the base time group.8 The regression equation is given by Equation 14.

[image: image]

The variation in the coefficient βt within a month is shown in Figure 2. No significant difference was found in the overall effect of PM2.5 between disease types from August to October when air quality was better (Figure 3). From November to March of the following year, PM2.5 had a significantly greater effect on the cost of visits for patients with bronchitis than patients with arthritis since the bad air quality showed as Figure 3, supporting the positive finding drawn from the baseline regression results. This result also suggests seasonal differences in the impact of PM2.5 on patients with respiratory diseases, which may result in higher medical costs during seasons with high air pollution.


[image: Figure 2]
FIGURE 2. Time trend of the cost variation factor by disease type.
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FIGURE 3. Time trend of PM2.5 in sample city.




Other Factors That May Affect Identification

In addition to solving the problem of potential endogeneity, three issues may lead to biased identification. The first issue is the variation in air quality. The core explanatory variable PM2.5 differs only temporally between samples in this study. If two patients visited the hospital on similar days, the difference in their exposure to PM2.5, after the moving average, would be further reduced. Therefore, we only retained patients who visited Tuesdays, Thursdays, and Saturdays to amplify the differences in the core explanatory variables. The regression results are shown in columns (1) and (2) of Table 5, with robust regression coefficients and significance compared with Table 3.


Table 5. Robustness check.

[image: Table 5]

Second, regarding the problem of people migration, if patients travel to the sample city from other cities to treat their illness, their exposure to air pollution may not coincide with the sample city in terms of time and space, and directly matching the pollution and climate levels in the sample city may bias the estimation results. Fortunately, patients in the database are those with local health insurance, and their workplaces and residences should be located in the sample city for an extended period; however, as the sample city is a provincial capital city, several of the larger hospitals may have admitted more patients from outside the core urban area. Because of this, we excluded the top ten hospitals in terms of visits; the remaining hospitals have a large local population in terms of proximity. The regression results are shown in columns (3) and (4) of Table 5 and are equally robust.

The third issue is the effect of avoidance behavior. Some residents may reduce their outdoor activities to minimize exposure to negative effects (3, 39). As outdoor PM2.5 may not reflect the proper air pollution levels to which patients are exposed, this paper refers to Janke (3) to add an early warning dummy variable for air pollution as the control variable for the effect of avoidance behavior. Daily, people may pay more attention to AQI values than PM2.5, as AQI is more straightforward for day-to-day comparisons. AQI is also better at reflecting the effect of early warnings; therefore, we calculated the number of times AQI reached pollution levels 7 days before the patient's visit. To determine the endogeneity of AQI similar to PM2.5, we used wind speed as the instrumental variable of AQI. Only patients with circulatory diseases were retained owing to relationship between respiratory diseases and wind speed. Overall, thermal inversion intensity and wind speed were used as instrumental variables for PM2.5 and the number of and AQI exceedances, respectively. Columns (5) and (6) of Table 5 present the results. A decrease in the PM2.5 coefficient is observable, including the AQI exceedance count, but the coefficient is still significant for the cost of visits.




Heterogeneity Analysis

Different types of patients and those with other characteristics may exhibit different responses to air pollution. Patients themselves may self-categorize them based on self-identification differences (7), which can be observed through differences in the impact of air pollution on visit costs.

Some studies grouped samples according to commonly used demographic information, such as sex, age, and income (40–42). Patient disease type heterogeneity has also been explored because of limited demographic information for micro-individuals (3, 7, 43). The inability of the data to differentiate patient characteristics through more detailed demographic variables limited this study. However, relying on the wealth of information about disease types provided by the ICD-10 codes, we analyzed heterogeneity in terms of disease, patient, and cost types.


Disease Types

Differences in the effect of PM2.5 were examined by differentiating disease types into acute and chronic diseases based on ICD-10 codes.9 It is easier to distinguish respiratory system diseases according to the disease name.10 Columns (1)–(3) of Table 6 show the regression results, with a significant effect of PM2.5 on the cost of visits for patients with respiratory diseases under all disease types. These values were slightly higher than the baseline regression in Table 3. PM2.5 has a greater effect on patients with chronic diseases, probably because patients with chronic diseases experience long-term sub-health conditions and are more sensitive to air pollution, including short-term exposure, which is more likely to lead to disease recurrence.


Table 6. Impact of PM2.5 on cost of visit: heterogeneity analysis.
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Patient Type

Since most patients with respiratory diseases in the data were inpatient visits and precisely 50% of patients with circulatory diseases were special outpatients and 50% inpatients, the heterogeneity analysis distinguished visit types mainly for patients with circulatory diseases. Columns (4)–(6) of Table 6 present the regression results, column (4) shows that PM2.5 has a significant effect on the overall cost of circulatory disease visits, with a slightly lower coefficient than a respiratory disease. Further differentiation of patient types shows that PM2.5 has a statistically more significant effect on inpatients. The non-significant impact on special outpatients is mainly because special outpatients with circulatory diseases are specifically prescribed regular hospital visits; therefore, the cost of visits is less affected by short-term environmental changes.



Cost Type

According to the treatment method, the individual costs can be divided into drugs, consumables, and treatment costs. Columns (7)–(9) of Table 6 show the regression results, indicating that PM2.5 has a more significant effect on drug and treatment costs, indicating that air pollution mainly increases the cost of drug and treatment and has a relatively small impact on treatment modalities such as surgery. In the current Chinese healthcare reform, improving air quality will also help reduce the proportion of drugs.





FURTHER ANALYSIS

Further analysis discusses three main aspects: first, to examine the differences in the impact of PM2.5 on health care expenditures via different payment methods and with varying types of insurance, that is, to explore the moderating role of health insurance in the impact of PM2.5 on the cost of visits, which entails an empirical analysis of the interaction between health insurance reimbursement rates and air pollution in the theoretical model; second, to examine the non-linearity of PM2.5 with the threshold identification method; and last, to measure the health benefits of air quality improvement, based explicitly on regression coefficients and sample data.


The Impact of Health Insurance Reimbursement

Based on detailed information about patients' payment types, we can distinguish the costs associated with reimbursement and out-of-pocket expenses, where the former are paid by the health insurance coordination fund and the latter are the portion of the total visit cost personally borne by the patient after removing the part of the health insurance pays. Hence, the out-of-pocket cost can reflect patients' personal payment pressure due to the cost of the visit. Panels A, columns (2) and (3) in Table 7 show the effects on reimbursement and out-of-pocket costs, respectively. The regression coefficients are all significant at the 1% level. Converted to specific amounts, for every 10 μg/m3 decrease in PM2.5, the per-patient savings on average health insurance expenditure will be CNY 1,501 (USD 233), and the actual personal health care burden will be reduced by CNY 368 (USD 57).


Table 7. Impact of PM2.5 on cost of visit: further analysis, consider reimbursement.
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The following section examines how PM2.5 impacts visit costs based on insurance reimbursement. Such differences may arise from moral hazard issues related to these two aspects of health insurance. First, patients expect lower treatment costs after purchasing health insurance–known as “ex-ante moral hazard”–and thus needlessly consume public resources. Second, medical personnel may use different treatments according to different reimbursement types, ultimately reflected in differences in medical costs (46).

This study's data set showed two patient classifications by insurance type: basic medical insurance for urban employees (UEBMI) and basic medical insurance for urban and rural residents (URRBMI). The reimbursement rate of UEBMI is higher than that of URRBMI, providing an opportunity to identify the second moral hazard problem in this study. The regression results of the interaction term between PM2.5 and reimbursement type are shown in Panel B of Table 7. The regression coefficients of the interaction term under different payment methods are significantly positive, indicating that PM2.5 has a significantly higher positive effect on health care expenditures for UEBMI patients than URRBMI patients. This result may be due to several factors. On the one hand, most urban workers with stable jobs and higher incomes are more willing to consume higher medical expenditures; however, it may be that the reimbursement rate for urban workers' health insurance is higher, and physicians differentiate treatment and medication based on insurance type, making the visit more expensive. We believe that the latter is more critical because patient characteristics have limited decision-making power concerning the cost of the visit, as the attending physician largely determines the treatment mode and cost. This result, therefore, provides potential evidence for the existence of the “induced demand” phenomenon.



Non-linearity Identification of PM2.5

Although we identified that air pollution significantly increased health costs, policymakers need to consider not only the greatest degree to reduce the medical cost but also economic development opportunities; if the impact of air pollution on the cost of medical care is non-linear, it is more conducive for policymakers to find an appropriate point to balance the relationship between the two.

Ostro (47) was the first to focus on a threshold for the effect of winter air pollution on mortality in London, and the discussion of non-linearity has been addressed in many follow-up studies. Most of the identification methods in the literature fall into two categories: first, transforming continuous air pollution variables into discrete ones (18, 41) to observe differences in the effects of various levels of air pollution, and second, conducting an air pollution value with a threshold dummy variable and identifying the impact of interaction regression (7, 36).

In this study, the second method of identification was more general. First, a dummy variable is generated to determine whether the PM2.5 concentration exceeds the potential threshold. A series of dummy variables are constructed based on the distribution of PM2.5 in the data, starting from 50 to 130 μg/m3 in steps of 10 μg/m3; if the current PM2.5 exceeds the threshold, the dummy variable is 1; otherwise, it is 0. The regression equation is shown in Equation 15, where βj is the coefficient of concern, and the coefficient represents the difference in the effect of air pollution above the threshold compared to the effect below the threshold. Figure 4 shows the regression results at the different thresholds.

[image: image]

Figure 4 reflects a marginal increasing effect of air pollution in concentrations of PM2.5, below 90 μg/m3, in the interval of 50–80 μg/m3 where the pollution index is concentrated. After reaching a 90 μg/m3, the non-linear effect of the marginal increment tends to disappear.


[image: Figure 4]
FIGURE 4. Non-linearity of PM2.5.




Back-of-the-Envelope: Measuring the Health Benefits of Air Quality Improvement

The health benefits of air quality improvement include mortality, morbidity, medical visit costs, defensive consumption costs, work time, and productivity (40). In the existing literature, numerous studies examine mortality and morbidity; they also provide economically meaningful measures, such as the reduction of pollution to a certain level, the number of visits (3), the magnitude of the decline in deaths (40), or defensive consumption reduction (18, 25). This study focuses on measuring the health benefits of air quality improvement in terms of healthcare cost savings on the cost of visits and the reduced loss of labor income corresponding to visit duration.

The economized health benefits measured in this study based on the available data are a conservative estimate. Three aspects reflect the conservativeness of the estimation. First, the study sample only includes information about patients who have received health insurance reimbursement, and the data can only observe the population who have incurred health care behavior. The data cannot observe the impact of air pollution on the population that does not seek medical treatment. Second, there is a starting line for public health insurance reimbursement. The data mainly includes relatively high-cost patients, excluding general outpatients with relatively minor medical expenses; thus, the measured economic benefits may lower the real benefits. Third, the disease types of interest in this study are limited to respiratory and circulatory diseases. However, air pollution may also have pathological effects on other diseases such as mental illnesses (41). However, to ensure the reliability of the regression coefficients, only the two predominant diseases were included in the measurement.

The health benefits are calculated as follows:

Health gain for one unit of PM2.5 reduction

= (medical cost savings for one unit of PM2.5 reduction + wage loss reduction for one unit of PM2.5 reduction) × (1 + morbidity factor)

Table 8 shows the calculation process and results, with a conservative health gain of over CNY 546 million (USD 84.9 million) per year for each 10 μg/m3 reduction in PM2.5. Based on the existing national secondary annual average PM2.5 of 35 μg/m3, a reduction in the current annual average PM2.5, which would result in an annual health gain of at least approximately CNY 1.278 billion (USD 198 million) or about 18% of the city's 2016 environmental investment.11 Using the impact factor for reimbursement costs and per capita, health insurance reimbursement costs would result in at least CNY 1.032 billion (USD 160 million) in health insurance savings in 1 year or about 10.34% of the city's 2016 health insurance pooled fund expenditure.12


Table 8. Health benefits of measured air quality improvements.
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CONCLUSIONS

Identifying the health effects of air pollution is a hot research topic in environmental and health economics, and measuring the health benefits of air quality improvement is of sufficient relevance in the context of the country's ongoing efforts to tighten air environment management. In this study, through a theoretical analysis of the health stock model, the impacts of air pollution on medical expenditures and visit duration were identified, and the health benefits to be gained from air quality improvement were estimated. The medical insurance reimbursement system data matched with daily pollution information provide a better identification setting in this study, which uses PM2.5 as the main proxy for air pollution, addresses endogeneity in identification as much as possible by controlling for fixed effects and employing thermal inversion intensity as an instrumental variable for air pollution and selects 7 days as a moving average window for PM2.5 based on sensitivity analysis. The baseline model results showed that for every 10 μg/m3 decrease in PM2.5, patients' health care expenditure would decrease by 16%. Visit duration would be reduced by 14%, corresponding to an average reduction in patients' health care costs of CNY 1,699 (USD 263.6) and a reduction of 1.24 days in normal working hours lost.

In this study, robustness checks were conducted in several ways, including replacing wind speed with an instrumental variable, constructing a DID model, changing the data structure, and adding AQI warning variables. Heterogeneity analysis revealed that PM2.5 has a more significant effect on visit costs for patients with chronic respiratory disease and circulatory inpatients and that PM2.5 more significantly affects the cost of drugs and treatment than the cost of consumables. Further analysis found that air quality improvement can reduce the burden on both health insurance funds and patients themselves, as demonstrated by the finding that for every 10 μg/m3 reduction in PM2.5, each patient will save 1,501 CNY (USD 233) on average health insurance expenditure. The actual personal burden of medical expenses will be reduced by 368 CNY (USD 57). Health insurance reimbursement has a moderating effect on the impact of air pollution on medical costs, with patients with higher reimbursement rates facing higher healthcare expenditures. This result may reflect induced demand from the supply side of healthcare. There also exists a non-linear relationship between PM2.5 and medical expenditure for PM2.5 concentration under 90 μg/m3. Finally, relying on regression coefficients and sample data, we found that for every 10 μg/m3 reduction in PM2.5, the city's health benefits for respiratory and circulatory patients would be CNY 546 million (USD 84.9 million) and a reduction in the PM2.5 concentration to the annual average secondary standard of 35 μg/m3 would result in annual health benefits of approximately CNY 1.278 billion (USD 198 million) or ~18% of the city's annual environmental investment, while savings on health care expenditures would be CNY 1.032 billion (USD 160 million) or about 10.34% of the city's annual health care pooled fund expenditure.

For the policy implications of the paper, first, we analyze the relationship between air quality and medical cost. However, our research is a case study based on a representative city; it could be a mode reference on assessing the public health benefit of environment quality improvement. Second, identifying the outcome of air pollution is a hot topic for interdisciplinary research in environmental and health economics. Measuring the health benefits of air quality improvements also provides a useful complement to existing research in the context of the country's ongoing air environment management. Third, we believe that air pollution has additional economic costs beyond health costs, particularly the induced demand and non-linearity shown in the impact process, which will expand the traditional scope of assessing environmental investment.

This study had several limitations. First, the data were from one city; the findings are limited to the sample city and cannot be generalized to the whole country. Second, our data cover only 2 years, from January 1, 2016, to December 31, 2017, representing a relatively short time frame and, consequently, cannot measure the long-term effects of air quality improvement. Third, our research is limited to the data of the medical insurance system and lacks multi-source data, which may affect the scientificity of the results. We will find more data sources to complement our research in future studies. We will continue to focus on policy estimates of air quality to create a more comprehensive air quality assessment.
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FOOTNOTES

1Available online at: http://www.jingbian.gov.cn/gk/zfwj/gwywj/41211.htm?tdsourcetag=s_pcqq_aiomsg (accessed January 18, 2021).

2Available online at: http://www.xinhuanet.com/politics/2018lh/2018-03/17/c_137045643.htm (accessed October 18, 2020).

3The national concentration limits for basic items of ambient air pollutants are divided into annual average, 24-h average and 1-h average. The different averaging times are divided into primary and secondary standards, and the values for primary standards are lower than those for secondary standards. Each indicator's exceedance frequency is compared to the secondary 24-h average standard.

4Special outpatients are patients with certain prescribed chronic diseases who are still eligible for reimbursement under the basic social health insurance when they visit public hospitals' outpatient departments, while ordinary outpatients are not eligible for reimbursement under the basic social health insurance. The special outpatient category includes 22 diseases, such as coronary heart disease, hypertension III, and diabetes mellitus.

5We also believe that the machine learning is more frontier method to analyze this question, especially for the non-linearity identification (48). In comparison, the machine learning method emphasize the micro perspective of the deep relationship between air pollution and illness process in sample individual perspective, we focused on the effect of air pollution in a comprehensive level, applied micro-econometric method would be better to capture the macro relationship and calculate the health benefit of air quality improvement.

6The patient type includes inpatient and special outpatient, the insurance type includes UEBMI and URRBMI. The visit duration in days is no longer included among the control variables when it is treated as dependent variable.

7The sample contains 15,659 visits for bronchitis, with a per capita visit cost of CNY 5,224, and 16,457 visits for arthritis, with a per capita visit cost of CNY 4,177.

8Period from August 2016 to March 2017 covered an enough variation of air quality and a consistent time section during the time window of our data. As Figure 3, in July 2016, a pretty good air quality month in 1 year, PM2.5 was almost under 50 μg/m3. Thus, we use July 2016 as the base time group.

9The effect examined is the different between disease, rather than the effect between short- and long-term of air pollution (44, 45). Given this study's regression design, a longer time period can be chosen to reflect the long-term effects of air pollution, but it will reduce the instrumental variables' exogeneity (see Appendix A); despite the data's high temporal frequency, it is still less than a 2 year time span, so this study mainly examines the effects of short-term air pollution exposure.

10Acute diseases include mainly the following codes: J00, J01, J02, J03, J04, J05, J06, J20, J21, J22, J45, J46, J47. Chronic diseases include J30, J31, J32, J33, J34, J35, J36, J37, J38, J39, J40, J41, J42, J44, J60, J61, J62, J63, J64, J65, J66, J67, J98.

11The city invested more than CNY 7 billion in environmental protection in 2016, according to data from the city's 2016 Environmental Quality Bulletin.

12The city's consolidated fund expenditure totaled CNY 9.984 billion in 2016, according to data from the city's 2016 Human Resources and Social Security Business Development Statistics Bulletin.
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In tunnels, lighting not only affects visual performance, but also non-visual aspects such as drivers' physiological fatigue and mental stress. The non-visual impacts in the interior zone of long tunnels are particularly prominent as drivers are confined for a long time. To alleviate this problem, this study aims to investigate the relationship between drivers' physiological and psychological states and lighting environments. The physiological signal test system (MP150) breathing belt was used to record the changes of heart rate variability (HRV) of drivers when passing through the interior zone of a long tunnel under various lighting conditions. In particular, sympathetic indicators of physiological fatigues and the ratio of low frequency and high frequency (LF/HF) representing mental load were obtained. By analyzing the temporal variation in these two indicators, it is found that environmental luminance perception can more accurately reflect drivers' physiological and psychological states in the long tunnel than road luminance. An increase in road luminance or background luminance will result in a decrease in the mental stress, thereby reducing fatigue sense. Compared to simply increasing road luminance, mental stress of drivers decreased more obviously when the background luminance of long tunnel increased. Based on this, this paper proposed a method to regulate non-visual effect by adding contour markers without increasing light source intensity for the improvement in lighting performance, driving safety, and energy efficiency in long tunnels.

Keywords: interior zone, long tunnel, heart rate variability, perceived ambient luminance, physiological fatigue, mental stress


INTRODUCTION

In long tunnels, reasonable lighting design is one of the important tasks for engineers and designers to ensure driving safety. Traditional tunnel lighting studies have paid attention to the driver's luminance adaptation, to address the luminance problem at the entrance and exit of the tunnel. However, for long tunnels, existing studies are far from enough to solve these problems. Meanwhile, existing technical reports and specifications have not particularly presented technical indicators for long tunnels. There is a gap between light performance and driving comfort and safety in the interior zone in long tunnels. According to the Statistics of Road Tunnel Traffic Accidents in China from 2012 to 2016 (1), the number of casualties caused by tunnel accidents in 2016 increased by 25% compared with 2012. Most accidents are related to the rear-end collision of vehicles in tunnels.

In the interior zone of long tunnels, due to the low luminance of the road, non-visual impacts such as driver's physiological rhythm and psychological state change, making drivers prone to fatigue and sleepiness, which potentially leads to accidents. Meanwhile, the driver's operation can be potentially reduced, where the amount of visual information can be reduced by about two-thirds compared with ordinary road sections, which leads to fatigue-related distraction (2, 3).

The research on lighting environment has long been carried out based on the human visual pathway. It has been established to meet the requirements of illuminance level and visual recognition, cognitive efficiency, color rendering of light source, and glare evaluation methods (4, 5). However, research in the past 20 years has shown that lighting not only directly affects people's visual system, but also physiology and psychology. In 2002, Berson et al. (6) from Brown University discovered the third photoreceptor cell “retinal ganglion cell” (RGC) and verified its non-visual effects, started research on the effects of light on human physiology. Pier-re Philip (7) investigated the effect of fatigue on driving behavior by comparing the normal group and the sleep-deprived group. The results showed that fatigue had a significant impact on driver's reaction time. Forsman et al. (8) studied driver's moderate fatigue and concluded that steering wheel variability data and lane offset variability data can be used as the characteristic parameters of fatigue. Yamaguchi et al. (9) used a hand-held fatigue detection system to evaluate the driver's sympathetic excitement through the activity of salivary enzymes and concluded that the decrease in sympathetic excitement means that the driver is immediately fatigued. de Naurois et al. (10) found that some subjects reached sleepy state after 10 min of driving in simulation test, and this time would be shorter in real driving. Wang et al. (11) established a calculation model of driving fatigue index based on fuzzy mathematical evaluation by simulating the change rules of dependent variables such as EEG, ECG, eye movement, and driving performance. Although neuroimaging studies have shown that both the prefrontal cortex and parietal lobe have light-induced activities related to visual-spatial ability and executive function (12), the blue-rich light has only partially explored these processes. Exposure to high luminance will preferentially reduce reaction time, sleepiness, and auditory failure and improve alertness (13). There is growing evidence that the spectrum and luminance environment can have a strong impact on visual task performance, safety, and comfort (14, 15). It should be noted that lighting choices increasingly inclined to profit from non-visual impacts (16).

Tunnel lighting also strongly affects human psychology. Psychologically, a lot of repetition in a short time is prone to boredom and reduces sensitivity to repetitive stimulation. The repeated dim visual environment in tunnel makes the driver easy to fall into “tunnel hypnosis” state, reduce concentration and alertness, which causes serious hidden dangers. Meanwhile, the decrease of alertness will further aggravate physiological fatigue. Some scholars explained the relationship between the increase in physical fatigue and the increase in mental load in non-visual impacts from the aspect of driving workload (17, 18). In recent years, researchers have found that drivers need enough visual stimulation to keep their nerve activity excited and maintain sufficient alertness. So, they attempted to improve the sidewalls and contour markings in the tunnel to improve driver's comfort (19). Min et al. (20) analyzed the natural responses of young subjects under different speeds and driving modes by testing their EMG, heart rate, and skin temperature. The results showed that mental load increased with the increase of speed, and it increased significantly when stopped or accelerated. Craig and Tran (21) studied the relationship between various psychological signals and driving fatigue by recording the blinking phenomenon and face color of subjects and pointed out that psychological factors are related to self-evaluation. Besides, some scholars focus on the influence of spectrum and color temperature on alertness, job performance, and work efficiency (12, 22). For the illumination sources with high relative spectral value in the shortwave direction, illumination can strongly improve alertness, reduce reaction time, and subjective sleepiness and improve cognitive performance for tasks requiring concentration (23–25). It solves the problem of driving and subsequent sleepiness under low color temperature light sources (8). The study also found that the above phenomena are particularly obvious under continuous illumination, especially under short wavelengths around 460 nm (13, 23). The above research fully shows the relevant factors in tunnel lighting not only improve driver's physiological fatigue, but also reduce mental stress and reaction time to obstacles, and improve the driving comfort. At the same time, the reaction time of the driver facing obstacles in the tunnel is reduced and the driving comfort is improved (26, 27). These factors include road luminance, sidewall luminance, color temperature, and relative spectral values in the shortwave direction, etc.

Although previous studies have focused on the non-visual impacts of lighting in the interior zone of long tunnels, there is a lack of research on ways to improve light environment. In recent years, tunnel lighting designers have begun to focus on this field by changing part of the lighting environment in the interior zone to improve the problem of reduced driver's alertness for long-term driving (28). Some have adopted the method of setting special light bands in the interior zone (29), some have used the effect of surface pavement materials to facilitate mutual reflection of light (30), and some have studied the impact of improving the reflectivity of tunnel sidewall materials (31) and improving safety aids in tunnels (32) on driving safety. In fact, as the mechanism has not been perfected, this research only focuses on the impact of light on human visual load. There are studies on the changes in the light environment in tunnel to relieve driver's fatigue (29), but it is not clear that the range of light and the luminance of light belt setting area have different degrees of fatigue relief. To sum up, present understanding of photobiological effect is limited, and the evaluation methods for driver fatigue are mainly divided into subjective evaluation and objective evaluation. Subjective evaluation methods mainly adopt questionnaires or evaluation scales, such as Karolinska Sleep Scale (KSS) and task load index, which can directly reflect driver's physical fatigue and mental load. However, subjective evaluation is greatly affected by individual differences and is highly subjective, so it is often used for qualitative comparisons. Objective methods for detecting driver fatigue are numerous, which often include physiological measurements (33) (mainly including brain and heart activity) and body measurements (34) (mainly including eyelid movement, head movement, and facial expression). However, the collection of objective physical data has corresponding various conditions and is more affected by an individual. Therefore, mathematical models should be skillfully used to eliminate individual influences and analyze objective laws when processing data. This study uses sympathetic nerve activity (SA) and low frequency and high frequency (LF/HF) separated from HRV data in electrocardio (EEG) by software as dependent variables to observe and analyze drivers in different intermediate luminance environments. Additionally, the study aims to investigate as follows:

1. Changes in driver's physical fatigue and mental load in long tunnel with low perceived ambient luminance;

2. Driver's physical fatigue and mental load characteristics under the condition of changing road luminance or changing perceived environment luminance;

3. The reason for reducing physical fatigue and alleviating mental load after adding contour section.



METHODS


The Variables Selected by the Experiment

In the long tunnel driving behavior, the driving safety is not only affected by the road luminance, but also the overall environmental lighting level in the driver's field of view including the road. Under the condition of the same road luminance, drivers' visual perception and non-visual effects will be completely different due to the difference of environmental luminance and color temperature in the viewing area. In a long tunnel, when the driving speed is too fast, the driver's visual area will be significantly reduced and has an obvious inverse relationship with the speed. In this paper, the average luminance within the visual area is defined as the perceived ambient luminance, which includes the road luminance and the luminance reflected from the sidewall of the tunnel into the human eye under the irradiation of the headlights. The specific calculation of the perceived environmental luminance under a certain speed can be based on the relationship between Thomas's perceived range and the speed. For example, when the driving speed is 80 km/h, the background luminance norm perceived by the driver in the dynamic field of view is the cross-section in the range of 31° with the long tunnel as the center. Figure 1 shows the corresponding range of perceived ambient luminance at different speeds. The perceived ambient luminance is different from the overall background luminance, which emphasizes the visual perception range of the driver. However, it is difficult to obtain the perceived ambient luminance accurately. The maximum field angle of traditional point-of-view luminance meter is only 1, which makes it difficult to measure and calculate the perceived ambient luminance in such a large range. Thanks to the development of an equivalent screen luminance meter, the ambient luminance in polar coordinates can be measured. In this paper, pavement luminance and perceived environment luminance are considered as independent variables.


[image: Figure 1]
FIGURE 1. The driver's range of perception at different speeds.


In the actual operation of the tunnel, adding lighting can significantly improve the luminance of the road surface and the perceived ambient luminance. In consideration of energy-saving and traffic flow and other relevant factors, the road luminance in the interior zone is regulated in CIE technical reports and other countries. According to Chinese Guidelines JTG/TD70/2-01-2014 (35), the road luminance value in the interior zone of the tunnel is determined according to the design speed, traffic flow, and other factors, as shown in Table 1.


Table 1. JTG/T D70/2-01-2014 about the value of road luminance in the interior zone of tunnel.

[image: Table 1]

According to the content in Table 1 and different driving speeds, 3.5, 6.5, and 10 cd/m2 were selected as road luminance under the condition of maximum traffic flow and analyzed as independent variables of the unset profile markers. Contour markers with different densities were set at the lowest luminance (3.5 cd/m2) and included in the comparison group.

Electroencephalography (EEG) and electrocardiogram (ECG) are the most common indicators of physiological and psychological changes in the human body, and ECG is more appropriate when the subject is under stress. In ECG measurements, a person's heart rate measures the number of beats per minute. But most of the time, the heart rate stays in a very stable range and there is no significant difference. Therefore, the dependent variable involved in this study is not ECG or heart rate directly, but heart rate variability (HRV), which reflects the difference between adjacent R-R intervals, which is an indicator that can accurately reflect the real physiological and psychological conditions of drivers under driving pressure. In practice, the continuously measured ECG waveform is usually used to directly calculate and analyze the discrete degree of the corresponding heartbeat interval. In HRV, a large number of frequency domain and time domain indexes can be separated, and the related indexes in the time domain and frequency domain are often used as indexes to analyze the physiological and psychological changes of the subjects. For example, standard deviation of NN (SDNN) intervals is used to analyze ECG cycle variation by calculating the standard deviation of 24-h normal heartbeat interval. Generally speaking, the younger the age, the greater the value of SDNN. Number of pairs of NNs that differ by more than 50 ms (NN50), the number of heartbeats in an ECG that differ by more than 50 ms between normal adjacent beats, is used to evaluate a person's state of emotional tension. Sympathetic nerve activity (SA) can directly evaluate the degree of excitement. Low-frequency (LF) power or high-frequency (HF) power represents the balance degree of autonomic nerve activity.

In this paper, indicators of physiological fatigue and psychological load were selected based on the literature (36, 37), SA was used as an indicator of physiological fatigue, LF/HF ratio was used as an indicator of psychological load, and a mathematical model was used to conduct a comprehensive score analysis of the two indicators.



Setting of Experimental Conditions

To get closer to the real driving situation, this paper chose Dongyangguan Tunnel in Changzhi City, Shanxi Province, China (Figures 2A,B) for field test. Dongyangguan tunnel is 8,360 m long. According to the setting requirements of the test section, the research group selected the interior zone of the tunnel about 6,300 m for round-trip driving, and the test distance was 12,600 m in total. The lighting arrangement of the tunnel is symmetrical lighting arrangement. In this paper, two different types of experimental groups were set up in the inner area of the long tunnel. One is to control the experimental conditions of ground luminance by stepless dimming of LED without contour mark. According to the provisions of Table 1, 3.5 cd/m2 (experimental group A), 6.5 cd/m2 (experimental group B), and 10 cd/m2 (experimental group C) were selected as road luminance for the experiment. In the other category, contour markers with 8-m spacing (experimental group D) and 4-m spacing (experimental group E) were set on the latter half of low-luminance road surface (3.5 cd/m2), and the length of contour markers was 6,300 m, 1.2 m above the ground. The details of the five experimental groups set in this paper are shown in Table 2. To accurately measure the road luminance and the perceived ambient luminance under vehicle lights, a PR-920 light screen luminance meter was used to measure the different road brightness and perceived ambient luminance.


[image: Figure 2]
FIGURE 2. (A) Exterior view of experimental long tunnel. (B) Interior view of experimental long tunnel.



Table 2. Five different experimental conditions were set in the experiment.

[image: Table 2]

To explore the difference between simulated driving and actual driving, the research group selected Dongyangguan Tunnel in Changzhi City, Shanxi Province, China for field test. In addition, the interior zone of the tunnel was selected as the test section, which was driven at 80 km per hour for 10 min with cruise control enabled.



The Experiment Equipment and Subjects

The main instruments used in this experiment are PR-920 light screen luminance meter and MP150 multichannel physiological signal meter. The testing process of PR-920 screen luminance meter. The characteristic of this luminance meter is that it can measure the luminance of the screen through the captured picture information, which avoids the shortcoming of too small field angle of traditional luminance meter. Specifically, in the case of low luminance, the imaging luminance meter can be multiple sampling overlay, which makes the measurement more accurate.

The physiological monitoring instrument is MP150 multiguide physiological signal instrument and supporting breathing band produced by Biopac Company. This type of breathing band is suitable for outdoor real-time measurement of respiratory rate, heart rate, and HRV, and the data obtained are accurate and easy to use.

The driver's heart rate data are recorded in Biopac's portable breathing strap, which is connected to the computer via Bluetooth. Two cameras are installed in the car to ensure that the driver maintains a fixed sitting posture. The measurement characteristics are as follows:

(1) Sampling frequency: 50 Hz, system delay <50 ms;

(2) Acquisition parameters: real-time ECG;

The vehicle used in the experiment is GAC Mitsubishi SUV (made in China, capacity: 2.5 L). Auxiliary devices are voltage regulators and personal computers.

Gender, age, and driving age all affect the accuracy of HRV measurement. A total of 10 healthy male volunteers were enrolled with an average age of 30.6 years (standard deviation: 2.2). Each driver had a valid license corresponding to the test vehicle, and the average driving experience of the drivers was 9.6 years (standard deviation: 3.9). They had normal hearing and normal vision or corrected vision. All subjects are proficient in driving this type of vehicle without serious accident experience, and the subjects are healthy without physical or physical defects, diseases, or sleep disorders. They were also asked to avoid alcohol, caffeine, and drugs for 24 h before the test and to maintain a normal sleep schedule for at least eight h a night before the test. Participants entered the test after giving informed consent for their physiological information to be collected.



The Experiment Procedure

Two h before the experiment, subjects were required to undergo a 2-h long highway driving process and then complete the assembly of the portable breathing belt of Biopac. The tester puts on the MP150 portable physiological signal measurement system for the driver and informed the test task. The subjects sit in the driver's seat of the car in a comfortable posture and keep a visual posture in front. The tester sits in the passenger seat of the car and connects the sensor on the bandage to the computer through Bluetooth function. AcqKnowledge 5.0 software is used for real-time monitoring and recording. Physiological data of subjects in initial condition (HRV) shall be recorded before the test begins. After that, the experimental conditions of lighting in the tunnel were adjusted to experimental condition A as shown in Table 2. Subjects were asked to start the car at the entrance section of the tunnel and ensure that the driving speed of the car could reach the designed driving speed of 80 km/h before entering the interior zone of the tunnel. Due to the limitation of tunnel length, the subjects entered the tunnel in reverse direction first, turned around immediately at the end of the first half of the experiment, and then drove to the starting point. When starting the car, the subjects started the software system and began to record their original heart rate indicators. After all drivers complete a lighting test, adjust the lighting mode in the tunnel to test conditions B, C, D, and E and repeat the above test process. The order of subjects was shuffled throughout the experiment to avoid differences caused by the order of conditions.

According to the different experimental conditions set, the original data collected by the MP150 physiological system are processed as follows:

(1) The original ECG data were exported and filtered to calculate the HRV using AcqKnowledge 5.0 software.

(2) The initial time interval of HRV data processing was set as 30 s, and all time domain and frequency domain indicators of each subject were averaged within 30 s.

(3) The sympathetic nerve activity index SA and the ratio of LF/HF were selected from the processed time domain and frequency domain indexes.

(4) The statistical significance of SA and LF/HF was explained.




RESULTS

By conducting 10 tests for each experimental condition (1 test for each of 10 subjects), 180,000 sets of data including SA and LF/HF were obtained during the experiment, and the data that deviated significantly from the fluctuation range were excluded. After that, the data are condensed every 30 s to obtain 6,000 sets of data. Analysis of variance (ANOVA) was used to analyze the reliability of the data, which includes three sources of variation, LF, HF, and SA. The results of variance analysis are shown in Table 3. To analyze the significance of physiological indexes at different sections of the tunnel, the normal distribution test was carried out for these 6,000 groups of data. The results show that after Shapiro–Wilk test, the data of each group accord with normal distribution. According to the above results, the ratio of SA to LF/HF separated by HRV has a significant difference in different experimental groups in the interior zone of long tunnel.


Table 3. Test results.

[image: Table 3]


HRV Changes of Subjects Without Contour Markers (Experimental Conditions A, B, C)

Under the condition that road luminance is only changed without contour markers, the average SA and LF/HF ratio in HRV of the tested driver change with driving time, as shown in Figure 3. The average value of the LF/HF ratio in the HRV of the tested driver varies with the driving time, as shown in Figure 4.


[image: Figure 3]
FIGURE 3. When the road luminance is 3.5, 6.5, and 10 cd/m2, the variation trend of average SA of the subjects.



[image: Figure 4]
FIGURE 4. When the road luminance is 3.5, 6.5, and 10 cd/m2, the variation trend of average LF/HF ratio of subjects.


As can be seen from Figures 3, 4, when the road luminance level in the tunnel is low luminance (3.5 cd/m2), the perceived environmental luminance is also 2.71 cd/m2, the lowest in the experiment setting. With the increase in driving time, SA and LF/HF of the tested show significant changes. These changes are manifested as follows: 1. SA decreased slowly from 5 min before to sharply after 5 min; 2. LF/HF rose rapidly from the beginning of the test. In this test, the average SA of the test subjects changed relatively slowly in the first 5 min, fluctuating around 0.295, but decreased rapidly from the 6th min until 0.265 at the end of the test, which indicates that the accumulated rate of fatigue of the test drivers was different. At the same time, the average LF/HF of the subjects reflected the continuous increase of the psychological stress they were under during the test. SA and LF/HF have a completely different variation trend under low road luminance, which rises from 0.412 to 0.435 at the beginning of the test. When the road luminance in the long tunnel area changed to medium luminance (6.5 cd/m2), and the ambient luminance changed to 3.52 cd/m2, the sympathetic activity index (SA) of the tested drivers fluctuated in the range of 0.2960–0.2980 and showed a significant downward trend as time went on. But it was 0.2963 at the endpoint of the final experiment. This value is larger than SA in the case of low road luminance. The LF/HF trend reflecting psychological load is similar to 1/SA, which can be regarded as the same accumulation rate of psychological load and physical fatigue under the condition of moderate road luminance. The physical fatigue and psychological load of the tested drivers are more influenced by individual factors such as age, driving experience, and adaptation to closed space.

When the road luminance of long tunnel continues to rise to 10 cd/m2, the perceived environmental luminance becomes 3.85 cd/m2, SA decreases from 0.2985 to 0.2970, and LF/HF fluctuates between 0.421 and 0.422. Through SA and LF/HF data, it was found that the accumulation rate of physical fatigue and mental load slowed down, and the accumulation rate of mental load was more gentle. The results indicate that the fatigue and psychological load of the subjects will not decrease significantly with the increase of road luminance when the driver is at high luminance level, and the physiological fatigue plays a dominant role over time. In actual tunnel operation, the increase of road luminance does not have a simple linear relationship with the reduction of physiological fatigue and psychological load of drivers. The setting of pavement luminance should not be as high as possible. Increasing the level of pavement luminance will cause waste of energy consumption.



The HRV Changes of Subjects After Adding Contour Marking

In the contrast group after the addition of contour markers, the road luminance was kept unchanged at 3.5 cd/m2. Contour markers with a spacing of 4 and 8 m were added in experimental conditions D and E, respectively, in the latter half of the journey. Due to the influence of headlights, the perceived ambient brightness of the tested drivers was significantly increased to 3.54 and 4.51 cd/m2. Under such experimental conditions, the relationship between SA and LF/HF in the tested drivers over time is shown in Figures 5, 6.


[image: Figure 5]
FIGURE 5. The variation trend of SA in subjects' HRV over time when using square delineators with 8 and 4-m spacing.



[image: Figure 6]
FIGURE 6. The variation trend of LF/HF ratio in subjects' HRV over time when using square delineator with 8 and 4-m spacing.


It can be seen from the experimental results that the road luminance of 3.5 cd/m2 is similar to that of the driver in the half distance without contour mark. SA fluctuated in a small range near 0.295, and LF/HF fluctuated between 0.416 and 0.420. The ratio of SA and LF/HF changed significantly during the half period when the contour marker was set. The variation trend of SA shows that the physiological fatigue degree of drivers decreases, and the increase of SA increases with the increase of the setting density of contour markers (from 8-m spacing to 4-m spacing) and finally increased from 0.315 to 0.325 at the end of the test, an increase of 3.17%. However, the LF/HF ratio, which reflects the psychological load, only decreased from 0.4210 to 0.420, decreasing by 0.24%. This indicates that in the range of subjects' perception, environmental luminance is one of the obvious stimulus factors. The greater the increment of environmental luminance, the faster the feedback of SA, the faster the degree of sympathetic nerve excitation, and the higher the upper limit of physiological fatigue improvement. The psychological load of drivers decreased after the setting of contour markers, but the degree of psychological load of drivers did not decrease obviously with the increase of setting density. It indicates that psychological load is associated with physiological fatigue degree of drivers to a certain extent, but SA and LF/HF ratio is still a relatively independent indicator, and the increase of fatigue degree of drivers (physiological aspect) does not affect the increase of psychological load (psychological aspect) to the same extent.



Fuzzy Evaluation Model for Synthetic Fatigue

The existing evaluation methods mainly include regression analysis, factor analysis, gray relational analysis, and fuzzy comprehensive analysis. Fuzzy comprehensive analysis aims to quantify some evaluation objects with unclear boundaries and difficult to quantify, and it is suitable for the overall evaluation of evaluation objects with different attributes or affected by different indicators. Therefore, this paper adopts fuzzy comprehensive analysis to analyze and evaluate the driver's physiological indicators. Referring to the commonly used classification method in fuzzy mathematics (38), using k-means clustering analysis to cluster sample data of different indicators, the value ranges of different levels can be obtained:

I. After calculating the distance between all samples and each center point, assign the samples to the corresponding category of the nearest center point.

II. After reassigning the categories, calculate the corresponding center point of each category, as shown in Equation (1).

[image: image]

In Formula (1), Pi is the ith cluster center after reclustering; N is the number of samples in the category corresponding to the cluster center.

III. Repeat steps 1 and 2 several times until the end of the iteration. The value range of evaluation grade of each measurement index can be obtained, as shown in Table 4.


Table 4. The value range of evaluation factors.

[image: Table 4]

Based on the evaluation principle of fuzzy mathematics, this paper refers to the determination method of membership function in Zhou (35). For m factors, after calculating membership degree, if {ri1, RI2, RI3... Rin} is set as the I row, so a fuzzy matrix R0 which integrates M evaluation factors and N evaluation levels is formed and the membership degree is calculated as follows: Assume that the status value of the evaluation index is λ I, and the allowable range of this value is [API, BPI], and [AIJ, BIj] is the value interval of each evaluation grade. For each set of evaluation factors uij (I = 1,2..., m), the evaluation grade set vj (j = 1,2..., n) membership degree rij, the value of rij can be obtained in Formula 2.

[image: image]

where RIj is the membership degree of evaluation index Ui corresponding to different grades of Vj. λ I is the average value of the sample data of the evaluation index, and its value range is [API, BPI]. API is the minimum value of the evaluation index, and BPI is the maximum value of the evaluation index. The value range of each evaluation grade corresponding to the evaluation index is [AIJ, BIj], where AIJ is the minimum value of the evaluation grade and BIj is the maximum value of the evaluation grade. By calculating the membership function, the membership matrix of each index corresponding to each level is obtained. The membership matrix of SA and LF/HF of subjects is shown in Table 5.


Table 5. Membership matrix.

[image: Table 5]

To comprehensively evaluate the physiological fatigue and psychological load of drivers, entropy weight method is adopted to calculate the weight of indicators (36), and the weight values of SA and LF/HF are obtained, as shown in Table 6.


Table 6. Index weight.

[image: Table 6]




DISCUSSION


Under Low Road Luminance

Physiological fatigue and psychological load for drivers at low road luminance were broadly similar to those reported in the literature (13, 34). The SA index selected in this paper is negatively correlated with driving time as a whole, and the fatigue degree of drivers accumulates with the increase of driving time. SA increases relatively slowly and fluctuates in the first 5 min, but increases rapidly from the 6th min. However, the selected LF/HF index increases rapidly when the driver starts to set off, so the time point at which physiological fatigue starts to intensify and accumulate is different from the time point at which psychological load starts to accumulate. It indicates that the physiological fatigue caused by long tunnel driving is different from the fatigue caused by insufficient sleep, which is in a state of lack of alertness first. At the same time, according to China tunnel lighting standard, the road luminance level of the interior zone is set according to the same standard. The standard is reasonable for the road luminance setting of the interior zone of medium and short tunnels, but the road luminance setting for the interior zone of long tunnels needs to be improved.



Mathematical Model Evaluation

In this paper, to comprehensively evaluate the physiological fatigue and psychological load of drivers, a fuzzy mathematical evaluation model was established according to the SA and LF/HF indexes measured in the experiment. On the basis of obtaining the membership matrix and index weight, the matrix is calculated by Python according to Equation (3).

[image: image]

where t is the result vector of fuzzy comprehensive evaluation, t = (T1, T2..., TN), W is membership degree matrix, and R is index weight vector. After obtaining the result vectors, assign values to different fatigue degrees and define the score vector S = (50, 60, 70, 80, 90) T. The vector product of T and S is the final comprehensive score F, which represents the comprehensive fatigue scores of physiological fatigue and psychological load of the subject. The above methods were repeatedly used to calculate the comprehensive fatigue scores of physical fatigue and psychological load of the subjects under 5 different experimental groups in the interior zone of the long tunnel (hereinafter referred to as the comprehensive fatigue scores). As shown in Figure 7, the higher the comprehensive fatigue score is, the more tired the driver is, the lower the alertness is, and the higher the psychological load is.


[image: Figure 7]
FIGURE 7. Comprehensive fatigue scores of physical fatigue and psychological load in different experimental groups.


As can be seen from Figure 7, after entering the interior zone of the long tunnel, the comprehensive fatigue score of the subjects in experimental condition A was the highest. This is consistent with the lowest road brightness and perceived environmental luminance in experimental condition A, which indicates that the comprehensive score is inversely proportional to the perceived environmental luminance. After the road luminance of group B and group C increased, the perceived environment luminance increased at the same time, and the comprehensive score decreased significantly compared with the low luminance environment, but the comprehensive score of group B and group C had few differences. This phenomenon may be caused by the fact that the experimental groups A, B, and C are all single lighting scenes and do not perceive the change of environmental luminance. The driver will still be in comprehensive fatigue after the increase of driving time in the long tunnel, but the fatigue accumulation rate of different environmental luminance is different. The above shows that the road luminance in the interior zone of the long tunnel is not the better if it is set higher. If there is no effect of auxiliary lighting setting, the road luminance setting in experimental group B can meet the comprehensive fatigue score of the driver in the long tunnel. However, the energy consumption required by experimental groups B and C to improve the road luminance is far higher than that of group A. The comprehensive fatigue scores of experimental groups D and E were better than those of A, B, and C. This indicates that without additional increase in road luminance, wall profile markers can effectively improve the physiological fatigue and psychological load of drivers and effectively save energy consumption. The higher the density of profile markers, the higher the perceived environmental luminance, and the more obvious the comprehensive improvement of fatigue degree.



Reasons for Contour Marking to Improve Driver's Comprehensive Fatigue

Previous studies have explained the effects of adding auxiliary lighting facilities on reducing physiological fatigue of drivers from two aspects of visual comfort and non-visual effects. From the perspective of visual comfort, the addition of contour marks provides a method to improve the light environment of highway tunnel with low illumination mainly focusing on line of sight induction (39). The tunnel sidewall with high luminance can optimize the driving environment and improve the visual parameters of drivers (40). From the perspective of non-visual effects, it is generally believed that short wavelengths and light can affect the circadian system of humans (24), especially in inhibiting melatonin, thus reducing fatigue and activating body functions (41). The headlights of the vehicle used in the test were white LED with a color temperature of 6,500 K. Therefore, this paper considers that in addition to the increase of the perceptual environment brightness, the perceptual light environment composed of mixed light may also be one of the factors to improve the driver's comprehensive fatigue. The high perceived luminance level and the percentage of blue light in the mixed light under the action of contour markers produced a stimulus that alleviated driver fatigue and had a positive effect on driver alertness in long road tunnels (42, 43). Due to the difficulty of real-world driving tests, the number of subjects in this study was limited, so the influence of statistical factors such as gender and age was not taken into account. Future studies can increase the sample size and expand the experimental conditions. In addition, the design parameters of contour markers can be further optimized and improved with the help of simulation experiment scenes to reduce the comprehensive fatigue of drivers more effectively.




CONCLUSION

To study the characteristics of physiological fatigue and psychological load of drivers in long tunnel, a real vehicle driving test was carried out in tunnel environments with different road brightness and enhanced tunnel environments with contour targets based on Dongyangguan Tunnel in Changzhi, Shanxi Province. Careful consideration of the test results and discussion can lead to several conclusions. They are as follows:

(1). Perceived ambient luminance is an important index to evaluate the lighting quality of the interior zone of a long tunnel. It includes the road luminance and the luminance reflected from the sidewall of the tunnel into the eyes under the irradiation of the car lamp and is related to the driving speed. However, there is only a value range for road luminance in the existing specifications, which is still defective in the physiological and psychological evaluation of drivers during driving.

(2). According to China tunnel lighting standard, in the interior zone of long tunnel with low perceived ambient luminance, the driver's comprehensive fatigue will fluctuate at first and increase rapidly after 5 min of driving. Note this standard is reasonable for the luminance settings of short and medium tunnels, but the luminance settings of long tunnels need to be improved.

(3). The road luminance of the interior zone of the long tunnel is not better if the road luminance is set higher. If there is no effect of contour mark, even if the road luminance reaches 10 cd/m2, its comprehensive fatigue score still reaches 82.284 points, which is higher than 82.151 and 81.042 points after setting contour mark. It indicates that the lighting environment with the perception of environmental brightness changes can effectively reduce the physiological fatigue of drivers, improve the psychological load, and save lighting energy consumption.

(4). As the setting density of contour marks in the interior zone increases, the overall fatigue of the driver is improved more quickly, and energy consumption can be effectively saved at the same time. The higher the setting density of contour markers, the higher the perceived brightness of the environment, and the more obvious the effect of comprehensively improving the degree of fatigue.

This paper provides a new idea for the lighting design of the interior zone of long tunnel by putting forward the non-visual effect of drivers' perception of ambient luminance on driving in long tunnel. That is, under the condition of not increasing the original lighting energy consumption, the traffic safety settings such as the outline sign in the tunnel can improve the driver's alertness in the long tunnel, reduce his fatigue, and reduce his psychological load. However, the subjects selected in this paper have few differences in age, and the gender difference of drivers is not taken into account, which can be further improved in the subsequent indoor simulation experiment.
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There is still a scarcity of literature on the specific mechanisms of the linkage between the built environment and obesity. As a result, this study investigated whether and how physical activities mediate the associations between the objective built environment and the BMI of elderly people. To investigate the effect of the duration and intensity of physical activity on the effect of the built environment, the study made use of the bootstrap method. In general, we discovered that physical activity duration has a huge mediating effect on the elderly people in Shanghai, especially with respect to the density and accessibility of facilities (gyms, parks, fast-food restaurants) that can greatly stimulate physical activity in elderly people to reduce their BMI. There were both direct and indirect effects on their BMI, which means that the health benefits of green spaces for older people may be more complicated than first thought.
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INTRODUCTION

According to the World Health Organization's key facts on obesity, worldwide obesity has nearly tripled since 1975. Most of the world's population lives in countries where the mortality rate of overweight people is higher than that of underweight people. Obesity is now so prevalent in the world's population that it is beginning to supplant undernutrition and infectious diseases as the leading cause of illness (1). Many studies have found it to be associated with an increased risk of type 2 diabetes (2), coronary heart disease (3), hypertension (4), respiratory disease (5), and premature death (6). Less than 5% of adults over the age of 65 in the United States and Sweden met physical activity recommendations (7, 8). It is known that the built environment, such as proximal green spaces, recreation facilities, and street design, can reduce the risk of obesity through a change in people's behavior (9–13). The physical characteristics of the urban environment have ever since influenced how city residents live and work, as well as having a direct impact on their mobility and social interactions (14, 15). For example, Colom et al. (16) discovered that older adults who lived in more walkable neighborhoods had higher levels of physical activity and a lower BMI. Hirsch et al. (17), on the other hand, conducted a longitudinal study and discovered that the relationship between BMI and neighborhood walkability is weak in older adults. According to Creatore et al. (13), there is still a lack of evidence that a more walkable urban neighborhood design could increase physical activity, particularly for different built environments and demographic groups of people.

As for the relationship between the built environment and obesity, emerging global evidence has revealed the indirect pathways by which the built environment influences the risk of obesity, but research on the elderly group is still limited, particularly for China. From 1975 to 2014, the number of obese men and women in China surpassed that of the United States, making it the world's first obese country (18). Many studies confirm that the daily lives of the majority of elderly people revolve around their homes (19). Thus, it is critical for local municipalities to provide a health-oriented built environment that encourages physical activity in the prevention of obesity. In this vein, this study would be aware of the specific mechanisms of linkage between the built environment and obesity, and would investigate whether physical activities mediate the associations between the perceived built environment and the BMI of elderly people. Valid samples came from 10 communities in Shanghai's Yangpu district, where 17.3% of the 60-year-old population lived in 2017. We chose 12,780 samples from these 10 communities. We used a statistical estimation method similar to Preacher and Hayes (20) and Wang et al. (21), employing bootstrap mediation analysis to reflect how physical activity time and intensity mediate the health effects of the traditional 5D features on elderly people's BMI, such as density, land-use mix, street design, accessibility to transit, and accessibility to local amenities.



LITERATURE REVIEW


Built Environment and Obesity

Numerous studies have established a fundamental consensus that the built environment influences an individual's healthy behavior choices and activity processes, resulting in a variety of health outcomes such as diabetes, depression, cardiovascular disease, and so on. Existing literature indicates that the built environment has a high potential to promote physical activity, which is thought to be a significant deterrent to overweight and obesity (14). People who live in areas with more compact street networks, higher population density, higher walkability, higher land use mixed use, better aesthetics, and less convenience of facilities and side work will walk more (22). For example, Black et al. (23) and Frank et al. (24) confirmed that residents in communities with poor walking environments will have problems such as being overweight or obese, and that land-use mix is the most prevalent built-environment attribute to have an impact on BMI (25, 26). In addition to calorie expenditure, the availability of food stores in the neighborhood may also influence residents' energy use (27). In Salt Lake City, Utah, Xu et al. (28) In Salt Lake City, Utah, Xu et al. (28) found that the number of fast-food restaurants near people's homes was a strong and positive predictor of their weight and obesity.



Different Pathway From Built Environment to BMI

Given this, the current evidence does not establish a clear relationship between built-environment features and obesity (10, 29), due to the wide range of built-environment measures (10, 14, 30, 31). According to some studies, objective and perceived environments have a different or inverse effect on physical activities (29, 32, 33). According to Gebel et al. (34), those who perceived their neighborhood as less walkable were less active than those who had determined the same objectively. Stowe et al. (31) discovered that neighborhood walkability affects youth BMI differently depending on geographic location, with positive, negative, and no associations found in urban, rural, and peri-urban areas, respectively. Furthermore, the relationship between physical and built environmental variables and obesity varies according to people's sociodemographic status, such as age (29, 35). This is because people's physical functions deteriorate with age, and age-related functional limitations may make overcoming environmental barriers more difficult (36). Clarke and George (37) confirmed that older adults in residential neighborhoods were less able to perform daily utilitarian activities. According to Li et al. (22), an increase in fast-food restaurant density of a standard deviation results in a 7% increase in overweight and obesity rates among 50–75-year-old adults in Portland. The environment appears to play a more important role in the decline in functioning associated with aging; however, older adults have been the least studied age group, with inconsistent results (38, 39). Colom et al. (16) and King et al. (12) discovered that older adults who lived in more walkable neighborhoods had higher levels of physical activity and a lower BMI. However, Berke et al. (40) discovered that low BMI levels were not found in higher walkability neighborhoods, particularly for men. Xiao et al. (41) use a multilevel two-part model to investigate the relationship between the built environment (neighborhood greenness) and whether and how much physical activity occurs; and they only find that eye-level greenness increases the likelihood of total physical activity and active transportation occurring. The built environment has different effects on older people based on what they do for exercise.

Some scholars recently advocated further research into the specific mechanisms of the linkage between the built environment and obesity (29, 42), as the built environment may work to influence overweight through mediators such as different levels of physical activity, travel mode, sedentary behavior, and social capital (16, 21, 26, 43). According to Poortinga (44), the majority of the mediations of PA on neighborhood environment and obesity are limited, implying that there are other unobserved mediating variables that negatively affect health outcomes in highly walkable neighborhoods. In comparison, Wang et al. (21) discovered that physical activities mediated 46.2% of the contribution of the home environment to adolescent BMI in China, and Koohsari et al. (43) confirmed that light and moderate-to-vigorous physical activities partially mediated the relationships between walkable urban design attributes and older adults' BMI in Japan.

To our knowledge, there is little evidence on the indirect pathways through which the built environment influences obesity risk, particularly among the elderly in China. According to statistics, the proportion of Chinese citizens over the age of 60 was 17.3% in 2017. This figure is expected to rise to 39% by 2050, but Shanghai has become an aging city, with 35.2% of its citizens over the age of 60 at the end of 2019. Based on this premise, this study seeks to bridge the existing gap in literature by investigating whether and how physical activities mediate the associations between the objective built environment and the BMI of the elderly. (1) The health effects of the traditional 5D built-environment features, such as density, land use mix, street design, accessibility to transit, and accessibility to local amenities, on the elderly's BMI. (2) The interaction effect of the built environment, physical activity, and BMI in Shanghai's elderly.




STUDY AREA AND DATA SOURCES

The study used the 2015 Shanghai Yangpu District Diabetes Health Records database to screen out health records of subjects over 60 years old with both BMI and physical activity level records as sample data. Twelve thousand seven hundred eighty valid sample data are present in Figure 1, covering 118 residential communities in five streets of Yangpu District, namely Siping, Jiangpu, Pingliang, Daqiao, and Dinghai.


[image: Figure 1]
FIGURE 1. Map of the study area and respondents' locations.


Table 1 shows the attribute distribution of valid samples. According to the sample's gender, age, self-reported health, diet behaviors, physical activity duration and intensity, and BMI distribution, the number of women in the study sample is slightly more than men, with an average age of 73 years. Over 70% of the elderly are in good health conditions and eat regularly. Regarding their level of exercise, most participants engage in physical activity on a daily basis with varying intensities and duration, in spite of the fact that more than 50% of the elderly are overweight or obese.


Table 1. Descriptive statistics for the study variables.
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Measures
 
Health Outcomes

Since the second half of the nineteenth century, when Nightingale's environmental theory was first proposed, people have recognized the built environment's influence on health outcomes (45). As research advances, more people recognize that the built environment plays a critical role in the quality of medical care and may have an effect on certain health outcomes. Apart from disability, physical impairment, asthma, cardiovascular and cerebrovascular diseases, hypertension, and self-rated health, obesity is one of the most important health outcomes involved. BMI (kg/m2) is an internationally recognized standard for determining a person's obesity and health status. We drew on previous research on obesity in the elderly (46, 47), employing Chinese local criteria for obesity and overweight in the elderly. It suggests the BMI classification with cut off points for older adults, BMI <24 is considered normal, between 24 and 27.9 is considered overweight, and more than 28 is considered obese. The subject's BMI, calculated by dividing one's weight in kilograms by one's height in meters squared, as a dependent variable to determine the mechanism and influence relationships between the built environment, physical activity, and BMI, as well as to provide support guidance for the elderly (48).



Physical Activity

Physical activity is usually evaluated in terms of duration, frequency, intensity, and type (49). Direct methods of assessing physical activity include self- or interviewer-administered questionnaires, diary annotation, and mechanical or electronic motion sensors such as pedometers, surveillance cameras, self-contained body-action recorders, or remote-reading telemetric devices (50). We use physical activity status (physical activity duration and intensity) as a mediator variable to establish the influence path and calculate the size of the mediating effect. Participants reported the intensity of the activities they engaged in as well as the average number of hours they spent performing the activities per day. Physical activities' intensities were divided into three categories: light, moderate, and vigorous. Light activities included planting flowers and doing housework; moderate activities included jogging/running, dancing, and playing badminton; and vigorous activities included lifting weights and riding. Physical activity durations were divided into <1 h, 1–2 h, and more than 2 h.



Built-Environment Characteristics

The built-environment elements that affect health outcomes include the 5D variables of the built environment: density, diversity, design, distance to transit, and destination accessibility (51). The relationship between the built environment, physical activity, and health outcomes can be investigated through a variety of quantitative indicators such as land-use mix, residential density, and street connectivity. The literature discusses the residents' age, occupation, and socioeconomic status (SES), as well as neighborhood safety, food environment, and self-reported health. Certain built-environment elements are specifically designed to influence certain health outcomes. In the field of obesity research, elements such as land-use mix, transport system design, leisure and entertainment facilities, and the food environment are crucial factors. In this study, we screen built-environment variables based on the 5D built-environment framework, as well as examine several related types of physical activity facilities (hospitals, parks, gyms, fast-food restaurants) (see Table 2).


Table 2. Sample built-environment characteristics.

[image: Table 2]

Population density was operationalized as the number of individuals per hectare. Data on population density was retrieved from the Sixth National Census. The road net density was equal to the ratio of the total length of all roads in a certain calculation area to the total area. The entropy algorithm created by Frank et al. is used to quantify the degree of land-use mix. This approach is notable for its ability to accommodate a wide range of land-use types. The entropy score is equal to 1 if the land use is as diverse as possible, which is the underlying premise of the computation, and the entropy score is 0 when the land usage is as homogeneous as possible (52). The elderly's activity scope and modes differ from those of ordinary adults. We, therefore, choose a 500-m radius buffer zone (approximately a 10-min walking distance) around the sample residence to calculate the number of facilities (hospital, park, gymnasium, fast-food restaurant) to ensure the calculation method of destination accessibility is consistent with the elderly's characteristics. The degree of land-use mix and destination accessibility were calculated by ArcGIS software.
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Statistical Method

Following Wang et al. (21), the bootstrap mediation analysis was used to explore the mechanism between built-environment characteristics (X), physical activity (M) and BMI (Y). While assuming that the independent variable X has a direct influence on the dependent variable Y, it is also expected that the mediating variable M has an indirect effect on the dependent variable. One or both effects may be present at the same time, or neither of these outcomes is true. Using physical activity as a mediator variable has become increasingly common, and existing studies have fully proved that different types of physical activities will be affected by different elements of the built environment (53). Moreover, environmental concerns for illness prevention and treatment have received considerable academic interest (11).

There are four common methods to test the mediation effect: stepwise regression, product coefficient Sobel test, coefficient of difference test and Bootstrap method. The most frequently used approach for examining the mediation effect is Baron and Kenny's stepwise regression. Fitting four regression equations reveals the link between the three essential variables; among them, equation ϵ is the error term of the model, and a, b, c, and c', respectively, represent the regression coefficients (54). However, the stepwise regression method has the lowest test effectiveness of the several methods. When the mediating effect is insignificant or a suppression effect exists (54), the stepwise regression method has difficulty detecting it, and may miss certain true mediating effects (55). The bootstrap technique is a more reliable approach compared to other test methods for mediating effects. It is a well-known approach that can be used to substitute the Sobel method and test the product of coefficients directly. Bootstrap sampling is a statistical technique founded on the concept of standard error, wherein a mediating effect is present if the 95% confidence interval does not include the number zero. There is no mediation if the 95% confidence interval contains zero (56).

Furthermore, independent SPSS entails additional steps for the use of intermediary and adjustment models, and multiple models must be tested in sections only. Hayes addressed this gap by developing a plug-in for intermediary and adjustment effect analysis on the SPSS and SAS-based programs. PROCESS is an SPSS plug-in that implements a deviation-corrected percentile bootstrap method. It enables researchers to conduct direct analysis of mediation and adjustment models. This article uses the bootstrap method to ascertain whether physical activity acts as a moderator between the built environment and health outcomes, as well as the size of the moderate effect. All mediation analyses are controlled for participants' age, gender, self-reported health and diet habit (see Figure 2).


[image: Figure 2]
FIGURE 2. The logical flow of research methods.





EMPIRICAL RESULTS

The bootstrap-mediated analysis model comprises three models: (1) Model 1 used the mediator variable 1, i.e., physical activity intensity, as the dependent variable to examine the effects of relevant factors such as residents' built-environment and socioeconomic characteristics on it; (2) Model 2 used the mediator variable, physical activity time, as the dependent variable; and finally, (3) Model 3 examined the effects of physical activity intensity, physical activity time, community built-environment characteristics, socioeconomic characteristics, and other confounding variables on the residents' BMI. The bootstrap approach was used to examine the direct, indirect, and total influence of built-environment characteristics on BMI, and the proportion and significance of indirect effects via physical activity intensity and time (see Figure 3, Table 3).
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FIGURE 3. Physical activity mediation model controlled for sex, age, self-reported health, and eating habit. *** p < 0.001; ** p < 0.01; * p < 0.05.



Table 3. The regression results of three models.
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The results of Model 1 and Model 2 indicated that the elderly's physical activity is influenced by all five dimensions of the built environment: density, diversity, design, distance to public transit, and destination accessibility. Among these, land-use mix, road network density, number of parks, gymnasiums, and fast-food restaurants all have an effect on both the intensity and time of physical activity. The more diverse the land use, the lower the residents' physical activity intensity (β = −0.9569, p < 0.001) and physical activity time (β = −0.6750, p < 0.001). The greater the road network density, park accessibility, and gym accessibility, the lower the intensity but longer the duration of residents' physical activity. This may be because the elderly are more likely to choose low-intensity but prolonged physical activities such as walking when facilities such as road network density, parks, and gyms are increased. As for fast-food restaurants, residents may voluntarily participate in physical exercises of higher-intensity and longer duration to burn excess calories after consuming more fast food (β = 0.0186, p < 0.001 and β = 0.0020, p < 0.01, respectively). Residents' physical activity intensity was primarily influenced by community population density (β = 0.0002, p < 0.001); the higher the community population density, the greater the residents' physical activity intensity. However, community population density had no significant effect on residents' physical activity time. Furthermore, access to public transportation and the number of hospitals had a significant effect on physical activity time (β = −0.0066, p < 0.001 and β = −0.0537, p < 0.001, respectively). However, they had no significant effect on the intensity of residents' physical activity. Greater distances to the bus stop and more hospitals around the community meant that residents spent less time being physically active. This may be due to the fact that, with an increasing distance to bus stops, the elderly were less willing to walk to their destinations. In terms of control variables, self-rated health and dietary habits had no significant effect on physical activity, although gender and age did, as women had more physical activity time (β = −0.0275, p < 0.05). Moreover, the elderly's physical activity time increased with age (β = 0.0021, p < 0.001).

Model 3 incorporates the combined effect of factors such as physical activity and built-environment characteristics on the elderly's BMI. Results from this model indicated that physical activity intensity, time, park accessibility, age, and gender, all affected the elderly's BMI. The duration of physical activity has been shown to reduce the elderly's BMI, whereas the intensity of physical activity has been shown to increase the elderly's BMI. This may be because prolonged low-intensity physical activities, such as swimming and jogging, have been shown to promote fat loss and weight loss (57), whereas high-intensity exercises, such as fast running and other intensity training, increase muscle mass, and thus, body weight. In terms of destination accessibility, the more accessible a park is, the higher the residents' BMI. Women have a greater BMI, while older people have a lower BMI.

Using the bootstrap method, Table 4 evaluates the mediating role of physical activity intensity and time on the elderly's BMI. Combining the regression models and bootstrap analysis results indicated that physical activity acts as a mediator between the three dimensions of the built environment, including diversity, distance to public transportation, and destination accessibility aspects. Even though population density and road net density had significant effects on physical activity, the bootstrap analysis showed that no significant mediating effects of physical activity were found among population density, road net density, and BMI.


Table 4. Bootstrap results of mediating analysis.
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First, the distance to public transportation and the number of hospitals were positively correlated with physical activity time; an increasing distance to the bus stops and more number of hospitals in the community caused elderlies to have less physical activity time and a higher BMI. Second, physical activity intensity and time had inverse effects on the relationship between land-use mix, fast-food restaurant accessibility, and BMI. The higher the land-use mix or the fewer the fast-food restaurants, the lower the elderly's physical activity intensity and the lower their BMI. However, higher land-use mix or fewer fast-food restaurants meant lower physical activity time and a corresponding increase in BMI for the residents, thus indicating that there may be no significant overall effect of land-use mix on the elderly's BMI. Third, gym accessibility can indirectly reduce BMI through both intensity and duration of physical activity. Lastly, park accessibility can directly increase the elderly's BMI levels. Park accessibility can also indirectly decrease the elderly's BMI levels by decreasing physical activity intensity and duration, with physical activity serving as a partial mediator.



DISCUSSION AND CONCLUSION

Building upon the relationship between the built environment and residents' health outcomes, this study re-examined how physical activities in Shanghai mediate the association between the objective built environment and the elderly's BMI. We used the bootstrap method (20, 56) to investigate how the built environment affects overweight adults via physical activity mediators, including the traditional 5D built-environment variables (density, diversity, design, distance to transit, and destination accessibility). In summary, we discovered that physical activity time has a huge mediating effect on the elderly in Shanghai, particularly for the density and accessibility of facilities (gyms, parks, fast food restaurants) that can greatly stimulate physical activity to reduce BMI. Indeed, our findings add to the existing research in three ways:

First, we presented an additional set of physical activities that could partially or completely moderate the associations between home-based, objective built-environment qualities and the BMI of senior people (21, 43). We discovered that the built environment and its elements can promote two types of PA (activity intensity and activity time) concurrently. Built environment that supports physical activity (such as pedestrian-friendly streets and high accessibility to community activity facilities) can ensure that the elderly can perform high-quality PA in a safe and comfortable place. The time and intensity of PA will be affected by the built environment, which in turn affects the BMI index. However, activity intensity and activity duration had opposing effects on the elderly's BMI (Model 3), with activity time serving as a greater mediator between the built environment and BMI. One probable explanation is that aerobic and anaerobic workouts use different weight-loss systems (58).

Furthermore, we found a consistent results that calorie expenditure related facilities features are fully medicated by the physical activities (21). The effect of gym accessibility on BMI, for example, is largely mediated by physical activity duration (48.7%) and intensity (13.04%), respectively, whereas activity time mediated a 23% contribution of bus stop proximity on BMI. According to Frank et al. (25) and Saelens et al. (59), people living in a neighborhood with high population density, high land-use mix, and high connectivity have a lower BMI, but built-environment features related to walkability have been dropped in our model. Moreover, the mediation effect of PA also disappears on road network density and population density. One probable explanation is that the differences in built environments across communities in Shanghai's Yangpu District are not distinct enough. Furthermore, with the exception of Rutt and Coleman (26), we discovered that the influence of the degree of land mix on BMI can be mediated by activity intensity and duration. This, however, posed an opposite moderating effect. Increasing the land-use mix that led to the increase in walking for transportation was related to less moderate intensity and lower BMI. The elderly could benefit from less moderate intensity (such as walking or jogging) even when they were inactive for the majority of their lives. Less moderate intensity PA would still be related to increased energy expenditure and, theoretically, lower BMI for the elderly. However, a higher land-use mix resulted in less physical activity time and, as a result, an increase in BMI for the resident. It is well known that older people are among the most sedentary and physically inactive groups, with the increase in land use mix, residents' physical activity types changed, and the time of physical activity changed simultaneously. As Sallis et al. (14) stated that variations in built-environment types may result in inconsistent findings, and Noordzij et al. (60) stated the effect of mixed land use on physical activities such as cycling/walking is still unclear. In terms of calorie-related built environment, it has been discovered that food accessibility boosts senior people's BMI. It is possible to explain this by stating that cultural differences and eating habits cause inconsistencies in the influence of food accessibility on the BMI of the elderly. According to Raja et al. (61), when restaurants dominate non-residential land use, a diverse land-use mix in a community may be favorably related to BMI.

Third, we found that urban parks have both direct and indirect impacts on BMI, implying that the health benefit mechanism of green spaces for the elderly appears to be more complex (41). Many studies have now emphasized older people's sedentary behaviors in green spaces, such as resting, conversing, picnicking, and table gaming (62–64). According to Webster et al. (65), the elderly in the United Kingdom were more inclined to sit in parks rather than exercise, as more physical recreation occurred on the hard surface than in green space.

Our findings have far-reaching policy implications for the growth of health-focused communities in an aging city. According to this study, land-use mix, road network density, and accessibility to public facilities such as hospitals, parks and green spaces, and fitness centers, all have a substantial correlation with physical activity, influencing individual BMI via the mediating effect of physical activity. As a result, in community planning, it is recommended to avoid the development mode of super-large developments or to improve the provision of services and facilities for varying community purposes. Community activity centers, park green spaces, and so on provide facilities and places for older people to engage in physical activities in a comfortable and safe environment, as well as help promote healthy behavioral choices for outdoor activities. It is recommended that, in addition to improving parks and community activity centers to promote people's physical activity, more types of public activity spaces be developed and services be provided to carry out related activities, such as proposing public health-friendly space intensification models and developing the sharing potential of unused spaces.



LIMITATIONS

There are two main limitations to this paper. Firstly, the measurement method for built-environment variables can be further optimized. For example, the measurement of park accessibility in this paper was measured as the number of parks in the buffer zone of the research object's residence, but the factors that affect the use of parks for the elderly also include the quality of greening, area, and facilities. In future research, more influence factors can be included, and the built environment can be measured more accurately and comprehensively.

Secondly, the Bootstrap method was used in this paper to examine the mediation effects between the built environment, physical activity, and BMI. Currently, it is recognized that the Bootstrap method directly tests the coefficient product ab, which is useful in various complex models. However, the bootstrap method also has limitations in that it may underestimate the direct impact effect (66). Moreover, since the research data is cross-sectional, the causal relationship between the urban built environment indicators and health outcomes cannot be proved. An environmental intervention should be tried in the future. Longitudinal data should be collected, and a model that can deal with multiple mediator variables, hierarchical data, and longitudinal data should be found to find out what caused the relationship.
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Rural communities have become a hot topic in academic circles because of their graceful natural environment and great healing potential. However, existing research still lacks attention to the street space in rural communities and rarely considers its integrated visual and soundscape design in terms of their effect on public health. As a result, the healing potential of rural community streets cannot be fully used in design practice. Relevant audiovisual materials were collected from a field investigation in four rural communities in southwestern China. Based on these data, the subjective and objective healing index data of subjects under comprehensive audiovisual conditions were collected and analyzed through laboratory experiments. The results revealed that type of street space affects healing potential, and the artificial–natural enclosed and natural semi-enclosed streets are the street types with the best healing effect. When the total sound pressure level was 55dB(A), the sound combination with birdsong accounting for 70% had a significant positive effect on improving the healing effect of rural community streets. In contrast, the sound combination with birdsong accounting for 50% or less had no significant effect on improving healing. The subjective healing perception of street space in rural communities was significantly positively correlated with aesthetic preferences. There was also a significant correlation between subjective healing perception and physiological index data in the audiovisual combination. This research explored the impact of different types of street space and sound combinations on the healing effect of rural community streets in an integrated audiovisual environment and provided a scientific basis for the healing landscape design of rural community streets in an integrated audiovisual environment. It was expected to provide new ideas for the construction of rural community landscapes, including acoustic landscapes, to promote physical and mental healing.

Keywords: rural community, streetscape, audio-visual interactions, restorative potential, aesthetic preference


INTRODUCTION

As the scale of cities increases, psychological stress and environmental deterioration have seriously threatened urban residents' health. People tend to get close to the natural environment to recover from stress (1, 2). Rural communities' beautiful natural scenery and quiet acoustic environment are the main characteristics of rural communities that distinguish them from built-up urban areas (3). This also results in rural communities having better healing effects than urban environments, making them an ideal place to which urban residents can travel to restore their physical and mental health (4). Streets are the leading basic service facilities for production and life in the vast rural areas. With continuously increasing construction, their status and role in the development of the entire rural community have become increasingly prominent. However, most rural community streets are still dominated by basic functions such as ensuring traffic in the planning and design process, which ignores their healing potential (5). It is worth noting that there are indeed some roads in rural communities that do not match the definition of urban streets in the usual sense (6). According to the actual situation of rural communities, the streets explored in this study refer to open public linear spaces that meet transportation needs, and whose spaces mainly include the space surrounded by the bottom interface and the side interface, and can be perceived as a whole space.

With the emergence of the soundscape concept, the research scope of the acoustic environment has expanded from traditional noise control to multidisciplinary research (7). Related studies have found that the study of the healing potential of the environment by visual perception alone cannot provide comprehensive guidance for actual landscape design (8). Research on integrated audiovisual environments, including soundscapes, could improve the impact of the real environment on people's body and mind (9). Research on the healing potential of rural community street landscapes in an integrated audiovisual environment can provide a scientific basis for the planning and design of rural community street landscapes and meet the aesthetic and healing needs of the public through multisensory experience.


Street Healing Environment

The theory of healing environment was an important experimental psychology research result from the perspectives of reason and experience (10). Linked with empirical design, attention recovery theory (ART) (11), proposed by Kaplan, provided strong support for the view that the environment has a healing effect. ART argues that the healing environment has four characteristics: being away, fascination, extent, and compatibility, which represent the four-stage gradual influence process of the environment on people's emotional and cognitive recovery (11). Natural landscape elements are considered important indicators for predicting the potential of environmental healing. At present, most research on the healing environment focuses on natural green spaces or green spaces in high-density urban environments (12–14). In recent years, because of their natural characteristics, the streets have received attention from scholars for their potential healing effects. Shao et al. researched urban commuter streets and found that “terrain undulations” and “green plants” could promote subjects' healing experience; elements such as buildings, walls, and cars would hinder subjects from obtaining healing perception to varying degrees (15). Jiang et al. and Xu et al. found a positive correlation between green visibility and healing potential in urban life-type streets through virtual media studies such as images and that the more open the street interface, the more attractive it was (16, 17). Mohamed et al. proved that different kinds of trees near urban streets reduced subjects' negative psychological states of stress, fatigue, confusion and anxiety in different ways (18). These studies have discussed in detail the factors influencing the healing effectiveness of streets in the context of the landscape's visual elements, but most of their research focuses on a single type of street in a high-density urban environment, with less attention paid to the street environments of rural communities, much less to the study of different types of street healing environments in rural communities, making it difficult to summarize the methods for enhancing the healing potential of various types of streets in a targeted manner.



Audiovisual Integrated

Research on the healing environment from the perspective of visual or auditory perception has found that natural visual features (such as water, trees, flowers) and natural auditory features (such as birdsong and the sound of running water) has a positive predictive effect on the healing potential of the environment (9, 19). However, the environment is an ecological entity that includes landscapes, soundscapes and human (20), and its effects on human health and wellbeing also accumulate through a variety of sensory pathways. In particular, the interaction between vision and hearing has a significant impact on the healing potential of the environment. Previous studies have found that visual stimuli affect the comfort and preference evaluation of soundscapes, and vice versa (21, 22). For example, the evaluation of soundscape with visual landscape is significantly higher, audiovisual stimuli associated with nature are thought to have better health benefits than visual stimuli alone (9), and natural landscape elements can improve the quality of residential restoration and reduce traffic-related annoyances by visually identifying and screening noise sources (23, 24).

Sound recognition and classification has become indispensable to research on the integrated audiovisual environment, and its impact on the healing potential of the environment cannot be ignored. In natural parks, traffic noise had a negative impact on the beauty, preference, naturalness, and security of the scenery (25), whereas birdsong was considered the natural sound that most enhanced environmental aesthetic preference and healing perception (26). The interaction between traffic noise and birdsong has also attracted academic attention. Birdsong has been proved an effective way to improve soundscape quality, especially in reducing noise damage to health (7). In addition to the type of sound, loudness is also an important predictor of restorability. Sound pressure level (SPL) is a common physical quantity for sound loudness measurement (27), with a direct effect on noise-induced annoyance; and within a certain SPL range, different sound types can play a certain role in intervention. For example, when traffic noise increases, louder birdsong can effectively improve soundscape quality, but when the traffic noise exceeds 57.5dB, annoyance increases as birdsong SPL increases (7). The interaction between the sound type and the SPL has been shown to have a certain impact on the environment's healing potential, but existing research lacks further discussion on this aspect.



Research Questions

In addition, controversies remain in the current healing environment research based on the integrated audiovisual environment. For example, some studies have pointed out that a higher green viewing rate causes people to overestimate the perceived loudness of noise (28). This is contrary to the conclusion, in a large number of published research results, that greening can alleviate noise annoyance (29). This may be because experiments in real environments are affected by many uncontrollable factors; the use of controlled laboratory experiments can provide a realistic and immersive audiovisual reproduction system to avoid such problems. The reproduction method based on audio external playback and virtual image is more realistic and reliable for overall soundscape quality, sound-related attributes and environment-related spatial attributes. Therefore, this research has been conducted in the laboratory to improve sound type and SPL processing precision and reduce the influence of other factors.

In view of the above discussion, the main research questions of this study are as follows:

(1) What are the differences in the subjective perceptual evaluations of different types of rural community streets?

(2) How does the interaction between sound type and sound pressure level affect the subjective perception evaluation of rural community street environments?

(3) What is the relationship between visual aesthetic preference, auditory subjective loudness and subjective perception of healing in rural community street space in an integrated audiovisual environment?

(4) What is the correlation between subjective healing perceptions and objective physiological data?




MATERIALS AND METHODS


Study Area and Photographs

Street pictures have the advantages of convenient operation and strong experimental control. It has been proved that there is no significant difference from the experimental data when viewing the actual landscape (30–32). The photographs used in this study were taken in four rural communities in the Pidu District of Chengdu, Sichuan Province, China (Figure 1). After field investigation, the rural street environment was divided into nine types according to spatial openness and street interface elements by five experienced landscape architects. These include artificial enclosure, natural enclosure, artificial–natural enclosure, artificial semi-enclosed, natural semi-enclosed, artificial–natural semi-enclosure, natural–artificial semi-enclosure, artificial open, and naturally open type. Artificial enclosure, artificial semi-enclosed, and artificial open were the street landscape types with a higher degree of manpower in rural communities. The two sides of their interface were composed of buildings, walls, or hard pavement, but the height of the buildings on both sides of the street in the rural community is about 3–8 m, much lower than that of the urban buildings, and the building density was also lower.


[image: Figure 1]
FIGURE 1. Study area and the location of nine different types of streets.


Artificial–natural enclosure was a type of landscape with a moderate degree of artificiality. One side of the street is surrounded by buildings or walls, and the other side is surrounded by trees. Artificial–natural semi-enclosure and natural–artificial semi-enclosure type referred to one side of the street surrounded by buildings or trees, and the other side was open farmland or square. Natural enclosure, natural semi-enclosure and naturally open had the lowest degree of manpower. Compared with urban streets, farmland was a unique interface element of rural community streets.

According to the above classification, nine rural community streets in the study area were selected as the research objects, and field photos were taken in May 2021 when the weather was clear and haze free (PM2.5 < 100). Shooting took place in the morning and afternoon, between 9:00 and 11:30 and between 13:00 and 16:00. The Nikon D7500 SLR camera was used to shoot street photographs. The camera was placed on a stand with a height of 1.5 m. The shooting angle was parallel to the road surface, and the position was centered on the sidewalk. The shooting maintained a horizontal frame and a certain depth of field to capture the main features of a given scene. A total of 312 photographs were taken. After excluding those that did not meet the requirements, 119 candidate street photographs remained, including 15 sheets of artificial enclosure streets, 15 sheets of natural enclosure streets, 12 sheets of artificial–natural enclosure streets, 13 sheets of artificial–natural semi-enclosure streets, 17 sheets of natural semi-enclosure, 15 sheets of artificial–natural semi-enclosure streets, 12 sheets of natural–artificial semi-enclosure streets, 10 sheets of artificial open streets, and 10 sheets of naturally open streets. These photos were imported into Adobe Photoshop 2019CC software to remove the text, symbols, and other irrelevant factor in the photographs. The brightness, color saturation, and contrast of each photograph were adjusted for consistency to eliminate the perceptual deviation caused by the photographs itself. A representative photograph of each landscape type was selected by five landscape architects. Their criteria included good photographic quality and wide differences between different types of street space. Finally, nine photographs were selected as experimental materials. each of which represents one rural community streets type (Figure 2). Because this research aimed to explore the differences in the healing potential of different types of rural community streets at the visual level, the street photographs with the most typical characteristics were selected rather than the strongest or most attractive landscape photographs.


[image: Figure 2]
FIGURE 2. Pictures of the different street types taken in study area.




Sound Collection and Combination of Audiovisual Scenes

In this study, birdsong and traffic noise were recorded by field investigation. Mono source audio was recorded near the source without interference from other sounds. The recording were placed on a tripod 1.5 m above the ground and more than 3.5 m from other reflectors. No rain, snow or thunder and lightning occurred during the measurement and acquisition period, and the wind speed was <5 m/s. Although an analysis based on sound level measurements was not the main objective of this research, sound levels (dBA) were also recorded in order to obtain a guidance of the physical sound levels at the rural community streets. To accomplish this, a total of 9 sampling points were set up, all located within 5 m of the research objects, and the measurement time for each sampling point was 10 min (33). The average of the LAeq values measured at 9 sampling points was used as the final rural community street environmental SPL, and the LAeq value is 55dB(A). The two audio clips with the best recording effects were imported into Adobe Audition CC2017 software and processed into clear and complete audio with the same frequency. Finally, the two sound audios were combined according to different sound pressure level ratios, and three composite sound audios composed of two sound types and three SPL were interactively combined (Table 1) for 30 s each (34). The SPL calibration of the above audio was done using Zhaohua Electronics CRY318 artificial ear wearing SONY 1000XM4 noise reduction headphones. During the calibration process, the volume was adjusted using Adobe Premiere so that all sound signals were close to 55.5dB(A).


Table 1. Sound combinations.

[image: Table 1]

The nine visual images and four composite sound combinations extracted by the survey were combined one by one in Adobe Premiere software, and finally 36 sets of audiovisual scene videos were obtained as control experimental materials. The duration of each set of videos was 30 s.



Participants

Luo et al. used college students as research objects in the research on the perception and restoration of rural blue-green space and obtained good results (35). Therefore, college students who had been under chronic stress and sub-health conditions for a long time were selected as the research objects of this study. Posters on campus were used to recruit students meeting the following requirements as participants in this study: (1) between the ages of 19 and 26; (2) in good physical and mental health, without alcoholism, smoking, or other bad habits; (3) no major recent life changes; and (4) normal vision and hearing.

Studies have found that people are more likely to experience healing when they are alone (36). Participants in this experiment were asked to participate one by one, and there was no external interference during the experiment. Fifty-seven people were recruited for this experiment, including 28 males and 29 females, with an average age of 22.6 ± 1.7 years old. During the entire study period, participants were asked to avoid drinking and vigorous physical activity. The experiment was completed in approximately 40 min. The study was approved by the local ethics committee of the College of Landscape Architecture, Sichuan Agricultural University, China; all subjects voluntarily participated in the experiment.



Measurement of Participants' Perception
 
Subjective Evaluation Questionnaire

The subjective evaluation questionnaire of this study consisted of three parts: the visual aesthetic quality (VAQ) of visual perception of landscape, the tranquility rate (TR) in auditory perception, and the restorative components scale (RCS). VAQ, defined as “beautiful and striking” (37), was rated using a 5-point Likert scale (ranging from 0, “totally disagree,” to 4, “totally agree”). “Quiet” and “Noisy” were used to describe the two ends of the tranquility rate (ranging from 0, “very noisy,” to 4, “very quiet”) (38). The RCS developed by Laumann et al., used as an evaluation tool for subjective healing perception in this study (39), consisted of four dimensions: being away, fascination, extent, and compatibility. Four items suitable for street environmental assessment were selected as a short modified questionnaire (40) (Table 2), and subjects used 0–4 points to describe the degree of agreement between each question and their actual perception. The score of each dimension was obtained by calculating the average score of 57 subjects, and the average of the overall scores of all dimensions was taken as the overall healing perception score of each audiovisual scene.


Table 2. The restorative components scale used in this experiment.
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Physiological Indicators

Pulse and blood pressure measurement with the OMRON HEM-7124 portable blood pressure meter (41). When the human body was in a relaxed state, diastolic and systolic blood pressure decrease, whereas in a high-pressure and tense state, diastolic and systolic blood pressure increase. At rest or relaxation, the parasympathetic nervous system becomes more functional, pulse becomes slower, and blood output at each stroke decreases. When the individual is in a state of high tension or stress response, sympathetic nervous system excitation increases, parasympathetic nervous system excitation decreases, and the body shows a rapid pulse.




Procedure

The experiment was carried out in a laboratory that was ventilated, quiet, and soundproof with no visual disturbance (Figure 3). In addition to the participants, a staff member was present in the laboratory. The staff did not need to communicate with the participants during the experiment. Images and audio and informative information were presented in the slideshow.


[image: Figure 3]
FIGURE 3. Experimental scene [(a) the participants was waiting in the waiting room to rest and fill in relevant information; (b) the experimenter is conducting the experiment].


The experiment was carried out May 22–27, 2021. The daily average temperature and humidity during the experiment were 24.3 ± 2.3°C, 76.2 ± 9.9%. The participants were randomly divided into groups of ten. Participants received an email 1 day before the experiment containing experimental precautions and process details. This helped participants to complete the experiment smoothly and reduced field data collection errors. On the day of the experiment, the participants arrived in the experimental lounge to sit and wait for 10 min and fill in the written informed consent form and personal information. Afterward, the participants were asked to sit in front of a blank computer screen in the laboratory and wear noise-canceling headphones and a portable blood pressure monitor, and the staff measured the participants' initial heart rate and blood pressure. During the experiment, the participants first watched nine silent photographs and then experienced 27 groups of audiovisual scenes with added sound combinations. All scenes were presented in random order. Each photographs and scene were displayed continuously for 30 s (30), and subsequent scenes were displayed after an interval of 1 min. During the interval, the participants were asked to rate the VAQ, tranquility rating (TR) and RCS of the previous scene, and the staff measured the participants' heart rate and blood pressure and recorded them (Figure 4).


[image: Figure 4]
FIGURE 4. Flow chart of single-person experiment for visual landscape and auditory soundscape evaluation.




Data Analysis

SPSS 22.0 was used to process the obtained data in this study. Reliability analysis was used to test the internal consistency reliability of the data from the 57 subjective evaluation questionnaires obtained in the experiment. Multivariate ANOVA was used to analyze the differences of subjective evaluation results under different street types and sound combinations in rural communities. The Kruskal-Wallis test was used to analyze the effect of street type and sound combination on the participants' physiological indicators. Finally, Pearson correlation was used to explore the correlation between VAQ, TR, RCS, and physiological index data of street space in rural communities under audiovisual interaction.




RESULTS


Internal Consistency Reliability

Cronbach's alpha value was used to measure the internal consistency of all subjective evaluation scales in the experiment. It is generally believed that Cronbach's alpha value >0.801 represents good consistency within the data (32). Between-group reliability test analysis showed that the RCS under visual photographs stimulation and the RCS under combined audiovisual stimulation had high internal consistency. Specifically, the Cronbach's alpha value of the questionnaire evaluated under the visual image stimulus was 0.925, and the Cronbach's alpha value of the questionnaire was evaluated under the audiovisual combination stimulus of 0.913.



Influence of Street Type and Sound Combination on the Subjective Perception Evaluation of Street Space in Rural Communities
 
Difference Analysis of Street Type and Sound Combination on the VAQ

Multivariate ANOVA showed that different street types and sound combinations had significant effects on the VAQ of street space in rural communities, and there was no interaction between street types and sound combinations (p = 0.96 > 0.05).

As shown in Figure 5, the average score of VAQ of all types of streets in rural communities was super-moderate (>2 points), indicating that the overall landscape condition of rural community streets was good, but there were significant differences in scores among different types of streets. Specifically, the VAQ score of artificial–natural enclosed (V3) streets was the highest (3.26 ± 0.84), which was significantly higher than that of all types of streets except natural semi-enclosed (V5) streets. Followed by natural semi-enclosed (V5) streets, its score was significantly higher than other types of streets (3.22 ± 1.08) except for that of artificial–natural enclosed (V3) streets and natural enclosed (V2) streets. Artificial semi-enclosed (V4) streets (2.86 ± 0.98) and artificial–natural semi-enclosed (V6) streets (2.86 ± 0.93) had the lowest VAQ evaluation, significantly lower than natural enclosed (V2) streets, artificial–natural enclosed (V3) streets, natural semi-enclosed (V5) streets, and natural open (V9) streets.


[image: Figure 5]
FIGURE 5. Comparison of visual aesthetic quality (VAQ) for different street types (A) and different sound combinations (B).


And the overall VAQ evaluation (3.39 ± 0.68) of the street images with the S1 sound combination was significantly higher than that with silent images only (3.24 ± 0.78), whereas the score of street images with S2 sound combination was significantly lower than that with silent images only (3.02 ± 0.77). Street images with S3 sound combination scored the lowest (2.42 ± 1.17). Results revealed that the VAQ evaluation of street space in rural communities was significantly improved by the sound combination with 70% birdsong but significantly decreased in the sound combination with 50% or less birdsong.



Difference Analysis of Street Type and Sound Combination on Auditory Subjective Loudness Evaluation

Multivariate ANOVA was used to explore the influencing factors of TR of street photographs in rural communities. The results showed that both street type and sound combination had significant influence on the TR of rural communities, and there was an interactive relationship between street type and sound combination.

Simple effect analysis was used to explore the interaction between street types and sound combinations. It was found that the participants' TR for artificial–natural enclosure (V3) streets was the highest (3.32 ± 0.82) and significantly higher than that of artificial enclosure (V1) streets, artificial semi-enclosed (V4) streets, artificial–natural semi-enclosure (V7) streets, and artificial open (V8) streets when viewing photographs without sound. The TR of artificial semi-enclosed (V4) streets was the lowest (1.79 ± 1.25) and was significantly lower than that of natural enclosure (V2) streets, artificial–natural enclosure (V3) streets, natural semi-enclosed (V5) streets, natural–artificial semi-enclosure (V6) streets, and naturally open (V9) streets. After S1 was added, the TR of natural semi-enclosed (V5) streets was the highest (3.16 ± 0.85), but it was significantly higher only than that of artificial semi-enclosed (V4) streets and artificial-natural semi-enclosure (V7) streets, whereas the TR of artificial-natural semi-enclosure (V7) streets was the lowest (2.18 ± 1.09), significantly lower than that of natural enclosure (V2) streets, artificial–natural enclosure (V3) streets, natural semi-enclosed (V5) streets, natural–artificial semi-enclosure (V6) streets, and naturally open (V9) streets. After S2 was added, the TR of natural enclosure (V2) streets was the highest (2.04 ± 1.24), significantly higher than that of artificial semi-enclosed (V4) streets (1.37 ± 0.98). In the context of S3 sound combination, street type had no significant effect on TR of street space in rural communities (Figure 6).


[image: Figure 6]
FIGURE 6. Comparison of different types of street TR.


For street types other than artificial semi-enclosed (V4) streets, there was no significant difference in TR when viewing images without sound and adding S1 sound combination (Figure 7). All types of street photographs combined with S1 had significantly higher TR than those combined with S2 or S3. The TR of all types of street photographs combined with S2 were significantly higher than those of S3. In conclusion, the sound combination with 70% bird song (S1) improved the TR of street space in rural communities more than other sound combinations (S2 and S3) and brought people more peaceful auditory experiences.


[image: Figure 7]
FIGURE 7. Comparison of street TR under different sound combinations.




Effects of Street Type and Sound Combination on Subjective Healing Perception

Multivariate ANOVA was used to analyze whether different types of streets and different sound combinations differed significantly in subjective healing perception of street space in rural communities. It was found that different types of streets and different sound combinations had significant effects on the evaluation of RCS of street space in rural communities and that there was no interaction between street types and sound combinations.

The questionnaire results (Figure 8) showed that the RCS score of artificially enclosed (V3) streets was the highest (2.42 ± 0.88), which was significantly higher than that of all types of streets except naturally enclosed (V5) streets. The score for natural semi-enclosed (V5) streets was 2.30 ± 0.91, significantly higher than that of other types except for artificial–natural enclosed (V3) streets. The lowest RCS score was found in the artificial semi-enclosure (V4) streets (1.81 ± 0.98).


[image: Figure 8]
FIGURE 8. Comparison of RCS scores for different street types (A) and different sound combinations (B).


The RCS evaluation of the street photographs with the S1 (2.26 ± 0.69) was significantly higher than the score when only watching the photographs without sound (2.35 ± 0.83), whereas the street photographs with the S2 were significantly lower than the score when viewing the silent photographs was (2.10 ± 0.80), and the street image that added the S3 sound combination had the lowest score (1.28 ± 0.92). The results showed that the sound combination with 70% birdsong (S1) could significantly improve the subjective healing perception of the street space in rural communities, whereas the sound combination with 50% birdsong or less (S2 and S3) had a significant negative impact on the subjective healing perception of the street space in rural communities.




Effects of Street Type and Sound Combination on Objective Physiological Indicators

The Kruskal-Wallis test showed that neither the street type nor the sound combination in the rural community had a significant effect on the participants' pulse, whereas the sound combination had a significant effect on the participants' systolic and diastolic blood pressure (Figure 9). The data demonstrated that no matter what sound combination was added, the participants' systolic and diastolic blood pressure were significantly lower than those who only watched the silent photographs, but no significant between-group differences were found for the three sound combinations.


[image: Figure 9]
FIGURE 9. Comparison of systolic blood pressure (A) and diastolic blood pressure (B) under different sound combinations.




Visual Aesthetic Quality (VAQ) and Subjective Healing Perception

The results of Pearson correlation showed that when viewing the artificial–natural enclosed (V3) street photograph Under silent conditions, there was no correlation between the VAQ and the scores of “fascination” and “compatibility” factors. After the addition of S3 sound combination, the VAQ of natural semi-enclosed (V5) streets was not correlated with the evaluation of the four healing factors. In the rest of the audiovisual combinations, there was a significant positive correlation between aesthetic preference and various factors of RCS (Table 3). Overall, for all audiovisual scenes, there was a significant positive correlation between VAQ and total score of RCS. It showed that the VAQ of rural community streets was a positive predictor of subjective healing perception.


Table 3. Pearson's correlation results between VAQ and evaluation of RCS.
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Tranquility Rating (TR) and Evaluation of RCS

When viewing the silent artificial–natural enclosed street (V3) photograph, there was no correlation between TR and “Fascination.” But in other audiovisual combinations, there was a significant positive correlation between TR and various factors of RCS (Table 4). The TR of all audiovisual combinations was significantly positively correlated with the total score of RCS. Therefore, the TR of street space in rural communities was also an important predictor of subjective healing perception.


Table 4. Pearson's correlation results between TR and evaluation of RCS.
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Subjective Healing Perception and Physiological Indicators

Based on the above results, it was found that the sound combination had a significant effect on the participants' physiological indicators. Canonical correlation analysis was used to explore whether there was a relationship between subjective healing perception and physiological indicators under the influence of different sound combinations. The results showed that there was a significant correlation between evaluation of RCS and physiological index data in the street audiovisual combinations except for the silent street photographs. When the street photographs were combined with S1, the higher the evaluation of the four factors in RCS, the smaller the participants' pulse rate and the higher the systolic and diastolic blood pressure. When street photographs were combined with S2, with the increase in the evaluation of the four factors in RCS, participants' pulse rate and systolic blood pressure decreased and diastolic blood pressure increased. In the audiovisual combination of street photographs combined with S3, participants' pulse rate and diastolic blood pressure decreased and systolic blood pressure increased with the increase of “extent” and “compatibility” factor evaluation scores. The opposite was true when “being away” and “fascination” increased (Table 5).


Table 5. Results of canonical correlation analysis between RCS evaluation and physiological data.
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DISCUSSION


Influence of Streetscape Type on the Subjective Perception Evaluation of Streets in Rural Communities

There were significant differences in participants' VAQ and RCS score for different types of streets. Specifically, the VAQ and RCS scores of artificial–natural enclosed streets and natural semi-enclosed streets were significantly higher than those of other types of streets. Literatures had pointed out that a more visually perceived natural landscape element in the streetscape would bring better physical and mental healing effects (42). The rural cultural imagery and farmland could increase to the rural landscape preference (43). The more obvious the characteristics of the rural environment, the more it can make people feel far away from the daily life of the city (being away), attract people's attention and interest (fascination), and arouse people's rich thinking and association (compatibility) (35). This study further proved that rural community streets with enough greenery, local characteristic structures, and farmland landscape could significantly improve people's visual aesthetic preference and healing perception. Unexpectedly, although artificial buildings were defined by many studies as landscape elements that have negative healing impacts (44), participants rated the artificially enclosed rural community street in this study as highly preferred and perceived it as healing. This may have something to do with the pleasant street aspect ratio (45), because rural communities have much lower building density and height than cities, which makes them visually more open, natural, and attractive, rather than stressful and oppressive.



Effect of Sound Combinations on the Subjective Perception Evaluation of Streets in Rural Communities

The sound combination had a significant effect on the subjects' visual aesthetic preference, subjective healing perception, and blood pressure. Compared with the silent images, the VAQ and RCS of the subjects were significantly improved, and their blood pressure was significantly reduced when they experienced the audiovisual combinations related to S1. Participants reported significantly better healing sensations when stimulated by nature-related sounds rather than silent images of urban green spaces (9). This study went a step further and found that even in the presence of traffic noise, louder birdsong could significantly improve the healing properties of streets in rural communities. However, when the proportion of bird song decreased to 50 and 30%, the VAQ and RCS score of the scene presented by the same image gradually decreased below the scores of participants observing the silent image. The masking effect of sound should explain this conclusion. Hao et al. demonstrated that bird song does indeed have a masking effect on road traffic noise (32) and can distract people from the type of sound (46). However, this masking effect is significantly reduced when the noise is louder and people's attention is again focused on sound type. Noise often makes people anxious or irritable, which counteracts the therapeutic effects of the environment. While birdsong seems to provide a positive healing experience in either space (31), and traffic noise is the unmistakable “ambience spoiler,” when the two become a composite sound, the situation must be discussed separately. Through quantitative empirical study, this study indicated that adding low-volume birdsong (50% or less) has no significant effect on the healing potential of rural community streets and did not improve the noise environment.



The VAQ, TR and Evaluation of RCS

The population's aesthetic preferences play a crucial role in the relaxation and healing experience (47). Previous studies have pointed out that visual aesthetics should not simply be associated with the healing effect of the environment (48), but audiovisual perception elements should also be considered as important restorative characteristics of aesthetic value (9). This study proved that there was a positive correlation between the healing perception evaluation and aesthetic preference evaluation of different audiovisual combinations in rural community streets. Moreover, with the increase of the proportion of birdsong in the sound stimulus, participants' healing perception evaluation and aesthetic preference evaluation of the same street photographs increased, and vice versa.

Green space is said to have a significant positive correlation effect on environmental TR (49), and a good visual environment can reduce the perceived sound level by as much as 10 dB (50). This study demonstrated that subjective auditory loudness was influenced by visual and auditory interaction, and the higher the VAQ of the street, the quieter the sound perceived by people. At the same time, when the proportion of traffic noise in the sound combination reached 70%, the visual environment had no significant difference in the participants' evaluation of subjective loudness, which decreased significantly compared with other sound combinations. This finding might indicate that in future environmental planning and design, we should consciously enhance street beauty degree and avoid artificial noise in rural communities so as to create street spaces with restorative potential.



Physiological Indicators and Evaluation of RCS

In empirical studies on environmental therapeutic efficacy, physiological index data and subjective evaluation were usually combined as the reference standard of environmental healing effect. For example, in the forest recovery study, VAQ was not significantly correlated with eye tracker indicators but had a significant linear correlation with the tranquility rate (TR) (31). Through the canonical correlation analysis between physiological index data and RCS evaluation, this study pointed out that there was no correlation between physiological index data and the evaluation of the RCS when participants only viewed street photographs. In the case of combined audiovisual stimulation, there was a significant correlation between the physiological index data and evaluation of the RCS. Generally speaking, the greater the proportion of birdsong in the audiovisual combination, the higher the evaluation score of the RCS and the lower the pulse, but the blood pressure showed a non-linear trend, possibly because the factors affecting blood pressure are more complex (such as age, sex, and body mass index) (32). Subsequent studies should investigate different populations in detail.



Implications and Limitations

Empirical studies using a simulated environment with a combination of photographs and audio proved effective, but participants' responses to the landscapes shown in the photographs may be limited by their imagination. Therefore, we suggest the use of VR technology in future quantitative research on the impact of multisensory experience on mental health. In addition, in the context of China's efforts to develop rural community construction, exploring the spiritual recovery needs and preferences of people from different demographic backgrounds is of irreplaceable importance, and studies on participants across broader social and cultural backgrounds are still needed to confirm the validity of the current findings. Finally, the use of two-voice composite audio might be too ideal for a realistic environment. In future research, different types of sound stimuli could be considered to enrich research results (such as other common rural animal sounds), and the finer sound combinations would be considered. Introducing more sophisticated physiological measurement equipment in future research to detect changes in people's physiological and mental states may also be possible.




CONCLUSION

As an important aspect of creating a healthy public environment in rural communities, improving street visual landscape and soundscape quality can improve the healing effect of rural community, thereby bringing great health and wellbeing to people. This study indicated that natural landscape factors, rural cultural imagery, and natural sounds can significantly enhance the healing utility of street spaces in rural communities. The data showed that streets with sufficient natural landscape elements and unique rural cultural intention had a significant positive impact on people's visual aesthetic preference, subjective environmental loudness perception, and healing perception. The therapeutic efficacy of street images in rural communities increased significantly with the addition of compound sound with 70% bird song and then decreased gradually with the decrease of bird song and the increase of traffic noise. Therefore, this study points out that the therapeutic effect of rural community streets can be improved by enhancing the rural cultural intention of streets and planting green plants, improving people's visual aesthetic preference and reducing subjective sound loudness. In addition, the soundscape in the streets of rural communities can be optimized to improve the therapeutic efficacy of the streets of rural communities by increasing the proportion of sound levels of birds with positive therapeutic efficacy. Qualitative and quantitative research results complement each other to improve scientific nature and reliability and may also promote more interesting findings in future research.

In view of China's unique national conditions, the rapid development of urban and rural integration in China, and the background of the new national spatial planning, our study provided new insights into the construction of a healthy public environment in rural communities from the standpoint of audiovisual integration. Therefore, designers of future rural community street spaces should consciously provide bird habitats, form beneficial therapeutic landscapes through site optimization and plant screening; and sound the horn to reduce noise in the street environment, so as to give greater play to the healing effect of the audiovisual experience of rural community street spaces.
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The impacts of perceived neighborhood environment on adults' health and life satisfaction have drawn increasing academic attention. However, previous studies usually examine multi-dimensional (physical, mental, and perceived) health and life satisfaction separately, and few studies dealt with them simultaneously. Moreover, limited research revealed the mechanisms behind the effects of perceived neighborhood environment on health and life satisfaction, as well as how such effects are moderated by socio-demographics. Therefore, employing the 2016 China Family Panel Study Dataset and using structural equation modeling, this study delves into the complicated relationships among perceived neighborhood environment, health behavior, health outcomes (i.e., body mass index, self-rated health status, and depression), and life satisfaction. Notably, it considers mediation and moderation simultaneously. It finds: (1) Better perceived neighborhood environment significantly promotes physical activity and reduces sedentary behavior, smoking, and drinking; (2) Health behavior fully mediates the effects of perceived neighborhood environment on health; (3) Perceived neighborhood environment significantly affects life satisfaction both directly and indirectly (through health behavior and health outcomes); (4) Socio-demographics moderate the above relationships. This study disentangles the complicated impacts of perceived neighborhood environment on adults' multi-dimensional health and life satisfaction, thus providing policy makers and practitioners with nuanced knowledge for intervention.

Keywords: perceived neighborhood environment, health outcome, life satisfaction, health behavior, China, structural equation modeling


INTRODUCTION

The strikingly rapid urbanization and economic development in China in the recent decades have incurred both benefits and threats to people's health and life satisfaction. From 1978 to 2021, the urbanization rate of China rose from 17.92% (1) to more than 64% (2); China has also been the second-largest economy globally since 2010. As a result, the income, health resources, and quality of life of Chinese urban residents have dramatically improved (3). However, the rapid development has also brought about a variety of problems, e.g., deterioration of environmental quality (4), intensification of socio-economic inequality (5), prevalence of unhealthy lifestyles (e.g., physical inactivity, sedentary behavior, smoking, and excessive drinking) (6), severely challenging people's health and life satisfaction (7, 8). China is currently among the countries with the highest burdens of non-communicable diseases, e.g., cardiovascular disease (9), obesity (10), diabetes (11), cancer (12, 13), and stroke (14). China also encounters an increased prevalence of mental disorder (15). Moreover, unexpectedly, a downtrend in life satisfaction of the general population has been observed along with the unprecedented development in China (7, 16).

As the predominant milieu for urban residents' daily lives, the residential neighborhood has notable health- and life satisfaction-related significance. Neighborhood environment characteristics include physical and social dimensions (17), and they are frequently gauged through objective measures or subjective opinions (perceptions) (18, 19). It remains under dispute if and to what extent perceived neighborhood environment exerts a different effect on people's health or life satisfaction compared with objective neighborhood environment (20). Yet, according to the Theory of Planned Behavior, one's behavior is largely affected by his/her intention, while the intention is decided by attitudes, subjective norms, and perceived behavioral control (21–23). Thus, residents' perceived neighborhood environment is more directly associated with their behaviors and consequently probably affects their health and/or life satisfaction more significantly. Therefore, understanding the impacts of perceived neighborhood environment on health and life satisfaction is indispensable and beneficial for mitigating the abovementioned threats.

Indeed, how the perceived neighborhood environment influences people's multi-dimensional health (e.g., physical, mental, and perceived health) and life satisfaction has drawn increasing academic attention.

As a frequently used indicator for physical health, body mass index (BMI) has been widely confirmed to be impacted by perceived neighborhood environment. For example, Fish et al. found that in Los Angeles, the adults who perceived their residential communities to be unsafe had a significantly higher BMI than their counterparts (24). An international study based on the data from 17 cities across 12 countries, including Australia, USA, UK, Columbia, and China, confirmed that perceived neighborhood safety (safety from traffic or crime) and accessibility to diverse destinations and facilities (e.g., supermarket, school, and transit station) had significant negative effects on adults' BMI (25). Likewise, some other components of perceived neighborhood environment, such as perceived social cohesion (26, 27), neighborhood noise (28), and neighborhood cleanliness (29), were all found to be significantly associated with BMI.

In terms of mental health, perceived neighborhood environment has been examined more frequently as a determinant. Roh et al., for instance, found that perceived neighborhood safety, social cohesion, and overall quality significantly positively affected depressive symptoms of a sample of Korean American adults (30). Zhang et al. also confirmed the significant effects of perceived neighborhood environment on mental health in Shanghai (19). Similarly, Robinette et al. found that perceived neighborhood cohesion was associated with lower level of depression and revealed that it effectively mitigated the detrimental impacts of COVID-19 lockdown on mental health (31).

Self-rated health status represents people's confidence in his/her health condition, which is derived from his/her health literacy, access to health facilities and services, and peer comparisons. Self-rated health has been widely recognized as an effective indicator of health (32). The effects of perceived neighborhood environment on self-rated health have also been examined. For instance, Stronegger et al. found that better-perceived neighborhood environments (e.g., safety, quietness, social cohesion, and better infrastructures) were positively related to higher self-rated health (33). Liu et al. found in Mainland China, Japan, and South Korea that perceived neighborhood facilities, noise, safety, and social cohesion had significant positive effects on self-rated health (34).

Life satisfaction is a broad indicator of well-being and quality of life (35), and it covers multiple domains, such as residential satisfaction, job satisfaction, travel satisfaction, and health-related satisfaction (36). Some studies have explored how perceived neighborhood environment affects life satisfaction. Zhang and Zhang, for instance, found that higher perceived neighborhood environment (e.g., safety, public facilities) were positively associated with life satisfaction (37). Based on their empirical study in Beijing, Ma et al. revealed that higher perceived neighborhood safety, better physical and social environment, and facilities (especially transport-related) significantly positively influenced residents' life satisfaction (38). Perceived neighborhood relationship and social cohesion were found to be significantly positively related to life satisfaction in Rotterdam (39).

Although the above studies provide fruitful insights, three significant research gaps can be identified. First, prior studies have predominantly examined the impacts on multi-dimensional (physical, mental, and perceived) health and life satisfaction separately, and few have dealt with them simultaneously in one study. Given that the perceived neighborhood environment may influence these dimensions of health and life satisfaction differently, a comprehensive understanding of such impacts that integrates the above insights is necessary. Each dimension of health and life satisfaction are vital to people's quality of life. A more comprehensive understanding of how they are influenced by the neighborhood environment can enlighten decision makers with a full-scale knowledge regarding the benefits or detriments of neighborhoods, and thus they can more effectively put forward intervention strategies for promotion of people's quality of life. Second, seldom have researchers explicitly disclosed the mechanisms behind the effects of perceived neighborhood environment on health and life satisfaction, despite some notable exceptions examining the mediating roles of health behavior (predominantly physical activity) on the relationship between perceived neighborhood environment and health outcomes (33, 40, 41). Third, despite the potential population-related heterogeneity, very few studies have investigated whether and how socio-demographics moderate the impacts of perceived neighborhood environment on health and life satisfaction.

Therefore, using the structural equation modeling method and employing the 2016 China Family Panel Study (CFPS) dataset, this study deeply probes into the effects of perceived neighborhood environment on multi-dimensional health and life satisfaction simultaneously, taking both mediation and moderation into consideration. It aims to answer the following three research questions: (1) Does perceived neighborhood environment affect multi-dimensional health and life satisfaction differently? (2) What are the mechanisms behind the effects of perceived neighborhood environment on multi-dimensional health and life satisfaction? (3) Does socio-demographics significantly moderate the abovementioned effects? This study contributes to the research in the following three aspects. First, it delves into multi-dimensional health and life satisfaction simultaneously, thus revealing how the perceived neighborhood environment impacts them differently. Second, through mediation analysis, it shows how perceived neighborhood environment indirectly influences health (through the mediating role of health behavior) and life satisfaction (through the mediating role of both health behavior and health outcomes). Third, through moderation analysis, it uncovers how perceived neighborhood environment affects different population groups (age-, gender-, and hukou-induced) differently.

The remainder of this article unfolds as follows. Section Research Design describes the research design. Section Results presents and analyzes the research results. Section Discussion and Conclusions further discusses the research findings and concludes the article.



RESEARCH DESIGN


Conceptual Framework and Research Hypotheses

Based on the literature reviewed in the last section, this study proposes the conceptual framework as shown in Figure 1, illustrating the relationships among the perceived neighborhood environment, health behavior, health outcomes (i.e., BMI, self-rated health status, and depression), life satisfaction, and socio-demographics. As presented, perceived neighborhood environment may have direct impacts on the health and life satisfaction of the residents. In the meantime, it probably (1) indirectly impacts health through the mediating effects of health behavior and (2) indirectly impacts life satisfaction through health behavior and health outcomes. Moreover, some socio-demographic features (e.g., age, gender, and urban hukou status) may moderate the abovementioned relationships.


[image: Figure 1]
FIGURE 1. Conceptual framework.


Thus, six hypotheses are proposed based on the framework, which will be verified with structural equation modeling (SEM), as put in Table 1.


Table 1. Hypotheses of this study.
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Data Preparation

The data this study utilizes is extracted from the dataset of China Family Panel Studies (CFPS). The CFPS is a nationally representative longitudinal survey focusing on Chinese communities, families, and individuals, launched by the Institute of Social Science Survey (ISSS) of Peking University in 2010. The CFPS focuses on a wide range of economic and non-economic topics, including economic activities, education outcomes, family dynamics and relationships, migration, and health. By now, there have been 5 waves of surveys conducted in 2010 (baseline survey), 2012, 2014, 2016, and 2018, respectively. The CFPS utilizes a multi-stage, multilevel, implicitly stratified probability sampling method that is in proportion to population size. The surveys cover 25 out of 31 provincial administrative units of China and 95% of the whole population (excluding the residents in Hong Kong, Macau, and Taiwan), which obtain rather representative samples (see Figure 2). The CFPS is one of the largest national longitudinal surveys in China, which provides a valuable database for exploring Chinese people's health and quality of life at the national level. The surveys involve residents in both urban communities and rural villages, and the respondents include children, adolescents, and adults. This study extracted the subsample of adult urban respondents (i.e., those who are 18 years old and above and residing in urban communities) from the CFPS 2016 dataset for analysis. The CFPS 2016, rather than the latter dataset, i.e., CFPS 2018, is chosen because it is the latest dataset with complete perceived neighborhood environment variables available. Then, 21 variables of the CFPS 2016 survey are selected as our key variables, indicating the perceived neighborhood environment, socio-demographic characteristics, health behaviors, health outcomes, and life satisfaction of the respondents. Afterward, the extracted data is cleansed by excluding the responses with outliers or missing values in terms of the selected key variables, thus obtaining a dataset of 5,259 adult respondents for further modeling. The statistical description of each selected variable (mean value and standard deviation (SD) for the continuous variables and the proportion for the categorical variables) can be seen in Table 2.


[image: Figure 2]
FIGURE 2. Provinces covered by the CFPS 2016 survey.



Table 2. Summary statistics of all the variables.
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Operationalization and Measurement of key Concepts

The key concepts of this study (i.e., perceived neighborhood environment, health behavior, health outcome, life satisfaction, and socio-demographics) are all very broad and contain several latent dimensions. Hence, they are operationalized and measured as latent variables, indicated by the observed variables extracted from the abovementioned dataset, as presented in Table 2. Specifically, life satisfaction and three types of health outcomes, i.e., BMI, self-rated health status, and depression, are selected to act as the endogenous variable in our analysis. While BMI and self-rated health status are observable variables, depression and life satisfaction are both latent variables, which are indicated by 6 and 3 observed variables, respectively. Among them, BMI can indicate people's physical health, self-rated health status can represent people's perceived health or health consciousness, and depression can reflect people's mental health. Meantime, life satisfaction, as a multi-domain indicator, can effectively represent people's overall well-being and quality of life. It is worth noting that to reveal the impacts of perceived neighborhood environment and health behavior on different aspects of residents' health more specifically, the key concept health outcome will not enter the later SEM model directly, while the three sublevel variables will instead. Health outcomes have dual roles in our analyses. They are of key interest to us and will act as endogenous variables. Also, they will act as mediators for the relationship between perceived neighborhood environment and life satisfaction. Health behavior is indicated by 5 observed variables, taking physical activity duration, sedentary behavior duration, smoking, and drinking into account. Health behavior will act as a major mediator in the later analysis. Perceived neighborhood environment, which will act as the exogenous variable, is indicated by 6 observed variables, reflecting the public facilities, safety, and social cohesion of the neighborhoods. All the observed variables of the perceived neighborhood environment are assessed and rated by the respondents, thereby indicating their subjective perceptions of their residing communities. Socio-demographic variables include age, gender, and hukou (household registration system in China) status; they will act as moderators in the further analysis.

To validate the operationalization and measurement, a confirmative factor analysis (CFA) is estimated to test if the latent variables can be adequately explained by their observed variables, with Amos 26. The estimated factor loadings of latent variables on the observed variables are shown in Table 2 (in the brackets after the codes, all with p < 0.01).



Structural Equation Modeling (SEM)

The SEM nowadays is widely applied in such research domains as urban studies and public health. It is capable of incorporating unobservable latent variables and observable indicators and dealing with multiple causes and outcomes, that is, dealing with not only the relationship between independent and dependent variables but also the relationship between dependent variables themselves. Thus, the SEM enables us to identify both the direct and indirect relationships among different variables. Furthermore, the SEM examines the complicated effects simultaneously, thus avoiding the potential biases induced by traditional stepwise regression analyses.

Hence, after operationalizing and validating the key concepts, SEM models are conducted with maximum likelihood estimation in Amos 26. The perceived neighborhood environment acts as the exogenous variables, three selected types of health outcomes and life satisfaction act as endogenous variables. Health behavior acts as the mediator, and socio-demographics as moderators.

The SEM is fitted in two stages. The first stage focuses on the direct and/or indirect impacts of perceived neighborhood environment on the residents' health outcomes and life satisfaction and the mediating role of health behavior. The fitted model in this stage is named the default model.

In the second stage, three socio-demographic variables (age, gender, and hukou status) are entered, and their moderating effects on the aforementioned relationships are examined. Age and gender are fundamental demographical characteristics of people, and their moderating effects are widely documented in health research (42, 43). Meanwhile, Hukou, i.e., the household registration system in China, takes a discriminative attitude toward the internal migrants (without local urban hukou) and excludes them from a variety of social welfares (44). It, therefore, creates a migrant-local dualistic structure in Chinese society. Thus, its potential moderating effects on the built environment-health/life satisfaction associations are also worth exploring. Since lots of categorical variables are involved in the model, this study applies multi-group analysis to examine the moderating effects of these demographics. Specifically, we separately compare the above-mentioned relationships of male vs. female, older adults (45 years old and above) vs. younger adults (44 years old and below), and internal migrants (those without a local urban hukou) and local residents (those with a local urban hukou).

We select several goodness-of-fit measures to assess the performance of the estimated model, including Goodness-of-fit index (GFI), adjusted GFI (AGFI), comparative fit index (CFI), parsimony-adjusted normed fit index (PNFI), parsimony-adjusted comparative fit index (PCFI), root mean square error of approximation (RMSEA), and standardized root mean square residual (SRMR). For a good model, RMSEA should be below 0.08, SRMR should be below 0.05, GFI, AGFI, and CFI should be above 0.90, and PNFI and PCFI should be above 0.50.




RESULTS

This section presents the model testing and the detailed estimation of the models.


Model Testing

The default model fits quite well to the data, as indicated by the model fit indices presented in Table 3. Specifically, the RMSEA is 0.061, well below the suggested value 0.08. The SRMR is 0.043, below the suggested value 0.05. In the meantime, the GFI, AGFI, and CFI are all above 0.9, and PNFI and PCFI are both above 0.5. Furthermore, the p-value is above 0.05 as suggested. All the indices imply a good model fit. No post-hoc modification was conducted due to the good fit of the model.


Table 3. Model fit of the default SEM model.
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Our hypothesized model is presented graphically in Figure 3, in which all the standardized regression weights are presented. The ellipses represent the unobservable latent variables, while the rectangles represent the observed variables. For distinguishing the components more clearly, the measurement components are presented by utilizing thin lines while the structural components by bolder lines. Further, the weights that are statistically significant at the 5% level are shown by using full lines, while the insignificant ones are by lines of dashes. As follows, we will present and discuss the complicated relationships among perceived neighborhood environment, health behavior, health outcomes (i.e., BMI, self-rated health status, and depression), and life satisfaction.


[image: Figure 3]
FIGURE 3. Path diagram of the default model (Full lines indicate weights that are statistically significant at 5% level; otherwise, dash lines).




Mediation: Relationships Among Perceived Neighborhood Environment, Health Behavior, Health Outcomes, and Life Satisfaction

As presented (Figure 3 and Table 4), the perceived neighborhood environment has significantly positive effects on health behavior. This finding indicates that the residents who perceive their communities to be with better environment (specifically, better and/or more adequate public facilities, fewer noises or trashes, higher safety, higher social cohesion) tend to have a healthier lifestyle, including more physical activities, less sedentary behavior, and less smoking and/or drinking. This finding is understandable. Such higher-perceived-quality communities can provide adequate, safer, and comfortable open space for the residents, thus attracting more physical activities and simultaneously decreasing their sedentary duration. Moreover, people residing in those higher-perceived-quality communities are usually in higher socio-economic status, and they are widely confirmed to be less likely to consume tobacco or alcohol (45, 46). This finding are consistent with some prior studies (20, 33, 47–50).


Table 4. Indirect, direct, and total effects (standardized weights).
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The perceived neighborhood environment has no significant direct effects on BMI. By contrast, health behavior significantly negatively affects BMI (−0.09, p < 0.01), which echoes many prior studies that confirmed the positive effects of sedentary behavior, smoking, and drinking and negative effects of physical activity as well as their joint effects on BMI (51–56) and/or abdominal-type obesity (particularly for smoking) (57). As shown in Table 4, the indirect effects of perceived neighborhood environment on BMI are also significant (−0.013, p < 0.01). The above results indicate that the effects of perceived neighborhood environment on BMI are completely mediated by health behavior.

As expected, more frequent health behavior leads to higher self-rated health status (0.65, p < 0.01), which is in line with some previous research (58–63). This finding is reasonable as people who have more physical activities and yet take less smoking, drinking, or sedentary behaviors may be more confident in their health conditions. However, the direct effects of perceived neighborhood environment on self-rated health status are statistically insignificant. Apparently, health behavior completely mediates the effects of perceived neighborhood environment on health status (0.098, p < 0.01).

Regarding depression, the direct effects of perceived neighborhood environment are insignificant, yet health behavior has significantly negative effects (−0.39, p < 0.01). It proves that health behavior is also beneficial for mental health, in accordance with many prior findings (64–69). In addition, the indirect effects of perceived neighborhood environment on depression are significant (−0.059, p < 0.01), suggesting that health behavior plays a fully mediating role in the effects of perceived neighborhood environment on depression, echoing some prior findings (41).

In sum, perceived neighborhood environment has no significant direct effects on the three dimensions of health (i.e., physical health, perceived health, and mental health), yet its indirect effects on them are all statistically significant, and so are the direct effects of health behavior. Hence, the effects of perceived neighborhood environment on multi-dimensional health outcomes are completely mediated by health behavior.

The direct effects of perceived neighborhood environment on life satisfaction are significant (0.06, p < 0.01). It is understandable that people who perceive their residential neighborhoods to have higher quality tend to be more satisfied with their life, which coincides with our expectation and previous findings (70, 71). However, health behavior has no significant direct effects on life satisfaction. Likewise, the effects of BMI on life satisfaction are insignificant, which differs from some previous studies that found negative effects of BMI on life satisfaction [e.g., (72, 73)]. In China, some people with higher socio-economic status (e.g., those with higher education attainment or engaging in non-manual jobs) tend to have higher BMI (74, 75), which is different from the western context where overweight or obesity is much more prevalent in lower-socioeconomic-status population subgroups (76, 77). Therefore, this fact can probably confound the relationship between BMI and life satisfaction in China's context. Self-rated health status is significantly positively associated with life satisfaction, suggesting that higher self-rated health status can predict higher life satisfaction. This finding is reasonable and in line with prior findings as well (32). As expected, depression significantly negatively affects life satisfaction, indicating that more frequent depression is detrimental to people's life satisfaction. This finding also echoes some prior studies (78, 79).

Hence, two statistically significant paths exist mediating the effects of perceived neighborhood environment on life satisfaction: (1) perceived neighborhood environment → health behavior → self-rated health status → life satisfaction; (2) perceived neighborhood environment → health behavior → depression → life satisfaction. Specifically, residents in higher-perceived-quality neighborhoods tend to have more frequent health behaviors, higher self-rated health status, less frequent depression, and consequently higher life satisfaction.



Moderation: Multi-Group Analysis

In the second stage, we conducted multi-group analyses to examine the moderating effects of some typical demographical variables (i.e., age, gender, and hukou status) on the above-discussed relationships. Each of these three variables divides the entire dataset into two subsets, and two individual models are estimated based on the subsets. Tables 5–7 present group differences in the coefficients of each structural path using the critical ratio of the differences between parameters, thus showing the moderating effects of age, gender, and hukou status, respectively.


Table 5. Results for moderating effects of age.
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As shown in Table 5, in terms of the effects of perceived neighborhood environment on health behavior and three types of health outcomes, no significant differences exist between the young adults (< = 44 years old) and older adults (>44 years old). However, as for the other paths, the coefficients for young adults are significantly different from those of older ones. Specifically, perceived neighborhood environment has no significant effects on the life satisfaction of young adults, yet its influences on older adults' life satisfaction are significant (p < 0.1). The effects of health behavior on health (BMI, self-rated health status, and depression) and life satisfaction of young adults are significantly larger than those of older ones, indicating that the health and life satisfaction of young adults are more sensitive and responsive to health behavior than those of older adults. In addition, self-rated health status and depression have no significant effects on young adults' life satisfaction, and yet they significantly affect those of older adults. Thus, age moderates the majority of the structural paths.

As displayed in Table 6, the effects of the perceived neighborhood environment on health behavior vary between females and males; specifically, they are significantly larger for females than males. Interestingly, health behavior significantly lowers females' BMI, but it has no significant impact on males. Meanwhile, significant gender-related differences exist in the effects of health behavior on self-rated health status and life satisfaction and the effects of self-rated health status on life satisfaction. These three paths are all significantly larger for males than females. Therefore, gender also has a moderating role, but its effects are marginal compared with those of age.


Table 6. Results for moderating effects of gender.
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As presented in Table 7, urban hukou status also acts as a significant moderator for most of the paths among perceived neighborhood environment, health behavior, health, and life satisfaction. Specifically, the effects of perceived neighborhood environment on health behavior and three types of health outcomes are significantly different between internal migrants and local residents. In addition, significant variations exist in the influences of health behavior on BMI, self-rated health status, and life satisfaction between the two population subgroups divided by urban hukou status.


Table 7. Results for moderating effects of urban hukou status.
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DISCUSSION AND CONCLUSIONS

In this article, we examine the complicated relationships among perceived neighborhood environment, health behavior, health outcome, and life satisfaction. Unlike a large number of the existing studies that focused on single dimensions of health or life satisfaction separately, we investigate three dimensions of health (i.e., physical, mental, and perceived health) and life satisfaction simultaneously, thus providing a comprehensive understanding of the impacts of perceived neighborhood environment on these dimensions of health and life satisfaction. Moreover, different from many prior studies, we consider mediation and moderation simultaneously in our structural equation models. By doing so, we disentangle the complex mechanisms behind the impacts of perceived neighborhood environment on health and life satisfaction as well as the population-related heterogeneity therein.

We have obtained the following important findings.

First, perceived neighborhood environment significantly affects health behavior, thus validating Hypothesis 1 (H1). Specifically, residents of neighborhoods with higher perceived quality (i.e., better and/or more adequate public facilities, fewer noises or trashes, higher safety and higher social cohesion) tend to have more physical activities, less sedentary behavior, and less smoking and drinking. This finding confirms the theory of planned behavior, according to which one's attitudes, subjective norms, and perceptions may largely determine his/her behaviors (21–23). Meanwhile, this finding underlines the potential roles of the residential neighborhood environment in the promotion of more healthy lifestyles.

Second, perceived neighborhood environment has no significant direct effects on either of the selected three dimensions of health (i.e., BMI, depression, and self-rated health status). Thus, Hypothesis 2 (H2) is rejected. However, the indirect effects of perceived neighborhood environment on these three types of health outcomes through health behavior are all significant, indicating that impacts of perceived neighborhood environment on health are completely mediated by health behavior. Hypothesis 4 (H4) is validated. Specifically, people who perceive their communities to be safer, with more accessible public facilities, and with higher social cohesion tend to have more healthy lifestyles and consequently have better physical, mental, and perceived health. These findings imply that in some previous studies [e.g., (24–26, 30, 31)] that did not involve mediation analyses, the true (indirect) effects of perceived neighborhood environment on health were beclouded.

Third, perceived neighborhood environment significantly affects life satisfaction both directly and indirectly (through health behavior and health outcomes). Hypothesis 3 and 5 (H3 and H5) are supported. Specifically, people who perceive their residential neighborhoods to be of higher quality tend to have more healthy lifestyles, have better mental and perceived health, and consequently have higher life satisfaction. These findings corroborate the important roles of perceived neighborhood environment on residents' life satisfaction.

Fourth, through multi-group analysis, we reveal that age, gender, and hukou status have significant moderating effects on most of the relationships among perceived neighborhood environment, health behavior, health, and life satisfaction. Hypothesis 6 (H6) is verified. This finding echoes some prior studies [e.g., (42, 43)]. It highlights the existence of population-related heterogeneity in the impacts of perceived neighborhood environment on health and life satisfaction. Researchers have paid predominant attention to the spatial and temporal non-stationarity in the relationships between environment, human behavior, and health/life satisfaction (80–82). This finding suggests that population-related non-stationarity also deserves due academic efforts. It also reminds us that policy makers should avoid the “one-size-fits-all” policies and pay particular attention to vulnerable population subgroups (e.g., the elderly and females).

The above findings provide some practical implications. A better-perceived neighborhood environment can, directly and indirectly, promote life satisfaction. Hence, policy makers and urban practitioners can strive to improve both the physical and social neighborhood environment by measures like enhancing the availability and accessibility of public facilities, maintaining quietness and cleanliness, improving the safety or sense of safety of the neighborhoods, and providing infrastructures and creating opportunities for social interactions within the neighborhoods. The perceived neighborhood environment has no significant direct effects on health. Instead, it significantly indirectly impacts health through the mediating roles of health behavior. Therefore, policy makers and urban practitioners are recommended to realize the health-promoting potentials of the neighborhood environment by emphasizing health behavior. To this end, in addition to the abovementioned interventions toward the neighborhood environment, decision-makers can also formulate some policies and regulations to facilitate healthy behaviors (e.g., physical activity) and discourage unhealthy behaviors (e.g., smoking and excessive drinking). Moreover, the revealed significant moderating effects of socio-demographics can enlighten the policymakers with targeted interventions for certain population subgroups. For example, the perceived neighborhood environment has significant effects on the depression of local residents and yet no effects on that of internal migrants. Hence, in neighborhoods with a higher proportion of internal migrants, such as urban villages in some cities (83), interventions toward environment enhancement may not be sufficient for depression mitigation or prevention. Supplementary measures, e.g., psychological guidance, may also be necessary.

Without any doubt, our study has some limitations that warrant future efforts. First, similar to Liu et al. (84) and Yang et al. (85, 86), the cross-sectional nature of the research design of this study decides that the revealed relationships can only be considered as “causal terms based on plausibility”. Future studies can try to design a longitudinal study to obtain stronger causal relationships. Second, for the protection of respondents' privacy, respondents' detailed addresses are unavailable in the CFPS dataset. Thus, it is impossible to objectively measure the neighborhood environment. In the future, researchers can use appropriate datasets to compare the effects of objective and perceived neighborhood environments on health and life satisfaction. Third, to quantitatively measure one of our core variables, i.e., depression, we only choose six variables from the 20-item scale in the original dataset because the remaining 14 variables are less relevant, following Guo (87). Future studies can take advantage of all the variables to build a more comprehensive construct, e.g., overall mental health condition.
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Introduction: Health deterioration among frail older adults is a public health concern. Among the multi-dimensional factors, the neighborhood built environment is crucial for one's health. Although the relationship between the built environment and health in the general population has been thoroughly investigated, it has been ignored in the case of frail older adults, who may have difficulties in their daily basic living skills. A path analysis is constructed to model the proposed theoretical framework involving the neighborhood built environment and health among frail older adults. This study thus aims to investigate the environmental influences on health, and to validate the theoretical framework proposed for health and social services.

Methods: This study used secondary data collected in Hong Kong. A sample of 969 older community dwellers aged 60 or above were frail with at least one activity of daily living. Demographic information, neighborhood built environment data, service utilization, and health conditions were collected from these participants and their caregivers. A path analysis was performed to examine the proposed theoretical framework.

Results: The health condition was of general concern, including frailty and incapacities in daily activities in frail older adults. Besides psychosocial factors, service use, and caregivers' care quality, the built environment had a significant impact on the health of older adults as well. Specifically, more facilities offering services and groceries, a shorter distance to the nearest metro station, and more greenery exposure are associated with a better-expected health condition among frail older adults.

Discussion: The proposed theoretical framework successfully supplements past negligence on the relationship between the built environment and the health of frail older adults. The findings further imply that policymakers should promote the usability of transit and greenery in neighborhoods and communities. In addition, service utilization should be improved to meet the basic needs of frail older adults in the communities.

Keywords: older adults, public health, neighborhood built environment, path analysis, Hong Kong


INTRODUCTION

In Hong Kong, adults aged 60 and over represented more than one-sixth of the total population, while the prevalence of aging is estimated to exceed 30% in 2041 (1). Among this aging population, the prevalence of frailty with underlying health conditions is reportedly more than 50% (2, 3). Frail older adults are identified as being weak, with complex medical problems, impaired mental abilities, compromised ability for independent living, and often in need of assistance for daily activities (4). Worsening health and preventive risk factors have traditionally been priorities in public health policy for frail older adults (5, 6). Declining health is a complex state involving multi-dimensional aspects (7). Commonly used indices measuring health conditions include frailty level, activities of daily living, and instrumental activities of daily living. The frailty level refers to physical, psychological and social aspects (8). Activities of daily living refer to a person's basic functional status in daily living (e.g., eating); while instrumental activities of daily living requires a higher extent of functional skills (e.g., financial management) in daily living scenarios (9).

Among all the preventive factors for deteriorating health, several critical components are the necessity to facilitate improvement in the health of frail older adults. The health promotion system will not function well without these critical components: the neighborhood built environment, and two intermediate factors—service utilization and caregivers' quality of life. Studies have shown that the neighborhood built environment among potential risk factors plays a decisive role cause declining health in frail older adults (10). The significance of the neighborhood built environment in health studies has drawn the noticeable attention of public health and gerontology scholars over the past few decades (11, 12). For example, a deficiency of environmental greenery has been reported to adversely affect residents' health and daily living capacities (13). The paucity of social services facilities is considered to compromise one's living conditions, while deficits in mobility and transportive approaches limit people's walkability and physical mobility (14, 15). On the contrary, sufficiently available greenery, social service and grocery facilities, and transit in a sustainable society with well-designed urban planning are greatly beneficial to the physical, psychological, and social aspects of human beings in their daily living scenarios (10). Moreover, professional services, such as Integrated Home Care Services, have been initiated and planned by the Hong Kong government and Social Welfare Department for frail older adults (16). Despite the expected values of services provided in the neighborhood built environment, the services do not fully meet the needs of frail older adults and are poorly utilized by the targeted frail aging population if their caregivers are not involved (17). Frail older adults commonly have impaired independent living abilities and are dependent on assistance to perform their daily activities (18). Caregivers are the main workforce among formal and informal caregivers to take care of frail older adults and support their frailty in their physical mobility, psychological stability, and social interactions (19). Therefore, with the aids from caregivers in the family, frail older adults are able to access the resources in the neighborhood environment and take advantages of services that are available to them in the communities. In this sense, caregivers' quality of life determines their care quality and eventually benefit the frail older adults. Poor quality of life is generally associated with low care quality provided and declining health among frail older adults (18).

To sum, the existing literature fails to tackle two prominent concerns in this proposed framework integrating neighborhood built environment factors, intermediate factors, and health outcomes of frail older adults. First, there has been less recognition of the importance of the built environment in the neighborhood in relation to the intermediate variables and the health outcomes of frail older adults. Second, factors contributing to the health conditions of frail older adults have been investigated sporadically without comprehensive theoretical guidance. Therefore, this study aims to 1) investigate whether the neighborhood built environment influences the service use and health; 2) validate a theoretical framework proposed to interpret frail older adults' health conditions that take into account environmental factors, social services use, and caregivers' quality of life by using the path analysis method.



THEORETICAL BACKGROUND

The relationship between the neighborhood built environment and frail older adults' health has been weakly established due to critical negligence of intermediate components linking the neighborhood environment and health. To best develop a practical conceptual framework, that balances between robustness and parsimony in theoretical development, the Andersen's Model and Stress-Adaptation Model are integrated into our proposed theoretical framework with two essential intermediate components: service use and caregiver's quality of life.

The Andersen's Model is commonly known as the Andersen healthcare utilization model. This model has been an essential framework for diagnosing factors associated with the use of healthcare services (20). This overarching health model underscores the importance of service use to sustain community health and offers potential policy and clinical implications in promoting frail older adults' health conditions. The health condition of frail older adults, according to the Andersen's Model, comprises three aspects: frailty, activities of daily living (ADL), and instrumental activities of daily living (IADL). Frailty in older adults is often accompanied with a lower level of physical and social activities, worse body control, slowed cognitive reactions, physical and cognitive fatigue, and unforeseen weight loss (21). Besides frailty, these older adults also suffer from challenges in their daily life. ADL and IADL are the major indices to measure such challenges. ADL mainly refers to self-care tasks, which are the necessary things that people have to do daily, from getting up in the daytime till going to bed in the nighttime. Given various versions of ADL measurements, the ADL items are commonly identified as in the following: get up from bed or out of a chair, get dressed, personal and toilet hygiene, bathing and showering, eating, walking, climbing stairs, and other responses to safety (22, 23). On the other hand, IADL was identified for older community dwellers and its items relate to one's independent living abilities that enable one to walk out of home or take care of oneself independently, such as cooking for oneself, taking medicines on time, doing grocery or laundry, paying bills and going to banks on one's own (23, 24).

The Andersen's Model categorizes influential factors into three parts: predisposing factors, enabling factors, and need factors. Predisposing factors usually refer to sociodemographic characteristics that direct one's perception of service utilization. Enabling factors refer to resources or capacities that influence service utilization. Need factors refer to one's needs and demands for services due to illness or impairment (e.g., positive or negative attitude) (25, 26). In the context of older adults with frailty and inabilities in daily activities, our “predisposing factors” should at least include demographic information such as age, gender, educational level, and living arrangement. It is indicated that older adults from diverse demographic groups have different behaviors in service use. For example, female older adults are more aware of using available services to benefit their health, whereas males receive services when they desperately need them (27). Old olds, in general, use the services more often than young olds (28). Studies also show that people with a higher level of educational attainment are more likely to use services (29). The “enabling factor” refers to caregivers' perceptions of stress in their daily caregiving. Since caregivers frequently perceive caregiving stress, counseling and respite services may help alleviate their anxiety and psychological burden (30). The “need factor” refers to the needs for services provided to both frail older adults and their caregivers. The need for services is crucial in the process of service utilization. Community and social services sometimes may not appropriately address the actual expressed needs from both frail older adults and caregivers, leading to unmet needs and worsened life experiences among the population as well as the low cost-effectiveness of community services (25). More frequent service use is found among older adults and their caregivers with high service needs (31). Frail older adults have basic needs for assistance with their daily living activities, such as dining, bathing, and mobility, as well as some activities that require an advanced cognitive functioning level, such as financial management and commuting (9). Even though the neighborhood built environment was not explicitly included in the earlier version of the Andersen's Model, recent empirical studies emphasized the necessity to associate service utilization with environmental factors in building a sustainable society (32). Neighborhoods with functioning social organizations and desirable accessibility show high utilization of services for frail older adults with complex needs dwelling at home (33). In addition, the built environment, such as transportation and green spaces, affect local health care utilization and residents' health and wellbeing (34).

In sustaining a decent level of health, according to the Stress-Adaptation Model, the caregiver's quality of life (QoL) is another crucial intermediate component as the caregiver is an irreplaceable agent in our proposed health framework. For daily activities, frail older adults who have lost their independent living abilities heavily depend on caregivers in their daily activities (18). Caregivers, being the backbone among all formal and informal caregivers, have extra responsibilities beyond their own personal life, such as providing emotional support, accompanies in daily dining, toileting, commute, and activities, contacting medical professionals, tracking treatment and medications, coordinating care with other family members, keeping family and relatives informed, making financial and legal arrangement (35). Consequently, these caregivers suffer greatly from physical exhaustion, psychological stress, and social isolation as their lives are occupied by daily care responsibilities (36). Moreover, caregiving stress and burden lead to dissatisfaction with the support or services provided (37), or unwillingness to seek the services because they prioritize the services for frail older adults over the ones for themselves (38). Besides, stressed caregivers broadly report a low QoL (39). More importantly, some caregivers with deteriorated QoL develop severe mental disturbance, such as depression or anxiety, which further cause mental breakdown and inabilities to care for their frail older family members any longer (40, 41). Therefore, The intertwined QoL of caregivers and the health of frail older adults can easily develop a vicious cycle, in which worse QoL leads to declined health owing to worse care quality, whereas a miserable health condition increases more caregiving stress that adversely affects QoL (18). The Stress-Adaptation Model also assumes caregivers, who inevitably experience high levels of stress with a lower QoL, may have compromised quality of care and expect an adverse health outcome among their frail care recipients (42). Empirical studies demonstrate that improved QoL of caregivers results in better care and reduced incidences of frailty and functioning incapacities in the daily activities of their frail care recipients (18, 43, 44).

In summary, by adopting the Andersen's Model and the Stress-Adaptation Model, our proposed theoretical framework incorporates the neighborhood built environment while involving intimate caregiver partners to interpret the potential factors influencing the health condition of frail older adults. The intermediate variables, service uses and caregivers' QoL, associated with health outcomes can be jointly attributed to individual and environmental factors. Neighborhood built environmental factors also contribute to improved use of services and better QoL of caregivers. Improved use of services and QoL of caregivers are found associated with greenery, social service and grocery facilities, whereas the distances to the transit discourage service use and lower caregiver's QoL (13, 17). Supported by the aforementioned Andersen's Model for health services and the Stress-Adaptation Model on caregivers' QoL, this study aims to gain a clear understanding on how the neighborhood built environment influences the service use and health.



METHODS


Study Setting and Participants

This study used secondary data derived from a large project undertaken in Hong Kong. The study with the original data investigates the health condition and service needs of Hong Kong older community dwellers and their family caregivers in 2018 (45). Participants were recruited from all districts in Hong Kong via (1) the community centers, and (2) companies and social organizations. Structured questionnaires administered by trained researchers were distributed to collect quantitative information. Demographics and health conditions of both the family caregiver and the CR in each dyad were interviewed and reported by the caregivers.

A total of 969 family caregivers were selected for this study by our preset criteria, which include 1) the CRs (care recipients—older adults) were aged 60 or above, 2) the CRs had one or more difficulties in both the Activities of Daily Living (ADL) and Instrumental Activities of Daily Living (IADL) lists since the past 3 months, and 3) they were the primary family caregivers of the CRs. On the other hand, the CRs aged below 60, had no difficulty in ADL and/or IADL, or had no caregiver were excluded from our study.



Measures

The measurements in this study cover outcome variables, intermediate variables, neighborhood variables, and individual variables following an integration of the Andersen's Model and the Stress-Adaptation Model (Figure 1).


[image: Figure 1]
FIGURE 1. Conceptual model.



Outcome Variables: Health Conditions

The health conditions in this study included two major components: activities of daily functioning and frailty level. To begin with activities of daily functioning, ADL being one of the essential scales measured one's abilities in engaging in activities of daily living, comprising personal hygiene, toileting, eating, etc. whereas, IADL measured one's abilities in performing more advanced or instrumental activities of daily living, including financial management, food preparation, laundry, etc. (46, 47). ADL included 6 items on a two-point scale (1—need assistance to do it; 0—can do it independently); and IADL included 11 items on a two-point scale (1—need assistance to do it; 0—can do it independently). Second, to measure one's frailty level, the frailty scale was used to consist of 16 items that separately evaluated physical, cognitive, psychological and social aspects of frailty, such as falling history, memory loss, depressiveness, and insufficient social support. The frailty scale used a three-point Likert scale including options of 0 (no such symptom), 1 (sometimes), and 2 (very much likely). Lower scores in the above-mentioned three scales indicated better conditions of ADL, IADL, and frailty.



Intermediate Variables: Quality of Life and Service Use

Two critical intermediate variables that lead to sustainable health conditions included quality of life (QoL) and service use. The QoL was measured based on the perceived adaptation level of caregivers to balance their life and care tasks. The QoL used a one-item question with 6 options ranging from 1 (well-balanced life) to 6 (hardly balanced life). A lower score indicated better QoL.

Service use condition was evaluated using a six-point scale with two options (1—have used the service; 0—have not used the service). Services covered community-provided paid and unpaid programs that facilitate emotional support, rehabilitation, counseling, nursing skills, financial assistance, and employment training for older adults and their caregivers. A higher score indicated more frequent use of services.



Neighborhood Built Environment Variables

The neighborhood built environment variables refer to the physical and built environment in the proximity of the residence. First, the physical and built environment consisted of the commonly interactive environment such as greenery in the living environment, social service facilities (e.g., retail, banks, post offices, rehabilitation and daycare centers, etc.), grocery (e.g., markets, shopping, restaurants, etc.), transit (e.g., buses, metro, taxis, etc.), and greenery (green spaces in public area, parks, and open grounds). While each participant's residential place was recorded as coordinates in the GIS system, the neighborhood built environment was analyzed in the vicinity of the given coordinates (48). For instance, the service facilities were measured by counting the number of facilities in the vicinity of 1,000 m. The grocery variable also recorded the total amount of markets, shopping, restaurants within the 1 km range away from each participant. For transit, the distance of the nearest metro station to one's residence was calculated. The greenery index was measured using google street view photos at a 100-meter interval covering each resident's neighborhood in a radius of 1 km. Within each extracted panoramic photo, the proportion of greenery area over the overall area in pixels was calculated using the machine learning technique (49–52).



Individual Variables: Caregiving Stress and Service Need

Caregiving stress measured the stress and burden perceived during one's caregiving experiences. Caregiving burden and stress were measured using the short version of the Zarit Burden Interview (ZBI-4) (53, 54). ZBI consisting of 4 items on the ratings of the 5-point scale (1—“never” to 5—“very often”) had scores ranging from 4 to 20. Higher scores indicated greater stress perceived.

Service need was measured using a need list of items whether the older adults wanted to address. The items in the need list included nine common illnesses such as arthritis, mild cognitive impairment, high blood pressure, etc. Two options were provided: 1—need for services, and 0—no need for service.



Covariate Variables

The covariate variables for caregivers included age (in years), gender (1—female, 2—male), and education attainment (1—none, 2—primary diploma, 3—secondary diploma, 4—college diploma, 5—graduate diploma or above). On the other hand, the older adults (CRs) had their age (in years), gender (1—female, 2—male), and homestay (0—living separately, 1—living together with the caregiver) were collected.




Statistical Analyses

Descriptive statistics of the covariate, individual, environmental, and intermediate variables of both older adults and their caregivers were analyzed. To have a comprehensive view on the overall model, a path analysis was used to explore the relationships between the outcome, intermediate, environmental, individual, and covariate variables. Path analysis is a form of multiple regression statistical analysis method to modeling relationships between multiple dependent variables and multiple layers of independent variables. Partial regression coefficients were estimated for causal relationships between variables. Being a subtype of structural equation modeling, the exogenous and endogenous effects were both analyzed for detecting variances overly explained by covariate variables. The exogenous and endogenous effects were eventually eliminated according to the preliminary results showing that the variances explained by covariate variables majorly contributed to the path analysis model. We used R (version 4.1.0) to estimate this path analysis model with the adjusted maximum likelihood method.




RESULTS


Sample Characteristics

According to the descriptive statistics in our findings, the older adults had an average age of 81-year-old (SD = 8.33), more males (62.4%) than females, tended to live together with their family members (95.0%). For their caregivers, the average age was 70.1 (SD = 10.8), there were more female caregivers (80.5%; including spouses and daughters). Educational attainment of caregivers were predominantly secondary school or below (90.2%) (Table 1).


Table 1. Health outcome and preventive factors.
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At the individual level, ZBI was scored 12.5 (SD = 5.18), indicating moderately high caregiving stress perceived by the caregivers. The service need from the older adults was counted around 4 (SD = 1.78), indicating a moderate need for services. At the environment level within 1 km range of the participants' residence, there were 10 (M = 10.1, SD = 7.67) facilities providing various social services, 28 (M = 28.5, SD = 26.2) places for groceries, 606 meters of distance away from the nearest metro station (SD = 959), 26.6% of greenery exposure in the neighborhood (SD = 16.9%). At the intermediate level, caregivers' QoL score was 3.07 (SD = 2.02), indicating a moderate level of life quality. Their service use condition was 1.07 (SD = 1.13), indicating a low level of service use.

The health conditions of the older adults were generally moderately worrying. Their frailty was scored 14.5 (SD = 4.40), indicating a moderate frailty level. They had moderately high scores in both ADL (M = 4.51, SD = 1.73) and IADL (M = 7.11, SD = 2.53).



Correlational Analysis

A correlational analysis was performed to examine collinearity between independent variables and verify the validity of using these variables in the same model (Figure 2). Collinearity is a critical issue to avoid as it can cause biased estimations in path analysis using any regression method. The correlational result showed that the absolute value of correlational coefficients among all variables ranged between 0 and 0.52, indicating mild to moderate collinearities. For the inherently highly correlated neighborhood built environment variables, their correlational coefficients were still acceptable ranging from 0.44 to 0.81. Therefore, these independent variables were all included conditionally in our path analysis.
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FIGURE 2. Correlational matrix. CG, caregiver; CR, care recipient/frail older adults; GR, both frail older adults and caregivers.




Path Analysis

The path analysis model was preliminarily evaluated with the goodness-of-fit estimations (Table 2). The path analysis used the unconstrained and box-constrained optimization in the maximum likelihood estimation. This path analysis indicated a robust model (p < 0.001). To measure the model fit, we used various indices, including Akaike's information criteria (24090.99), Bayesian information criteria (24236.44), Sample-size adjusted Bayesian information criteria (24144.33), root mean square error of approximation (0.078), standardized root mean square residual (0.046), comparative fit index (0.957), and Tucker-Lewis index (0.873). All these indices were at an acceptable level.


Table 2. Model statistics.
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The results analyzed the direct effects of all paths within the path analysis model. Coefficients for all paths were shown in Tables 3, 4. The statistical framework, only showing significant paths, was demonstrated in Figure 3. There were two major layers in this path analysis: 1) environment, individual, and covariate variables predicting intermediate variables (Table 3); and 2) intermediate variables predicting outcome variables (Table 4).


Table 3. Path analysis—function of intermediate variables.

[image: Table 3]


Table 4. Path analysis—function of health outcomes variables.
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FIGURE 3. Statistical model. CG, caregiver; CR, care recipient/frail older adults; GR, both frail older adults and caregivers.


In the first layer, shown in Table 3, a higher level of caregivers' QoL was predicted when there were a few more facilities providing social services (B = −0.03, P = 0.034), more grocery shops and markets (B = −0.01, P = 0.009), a shorter distance to the nearest metro station (B = 0.11, P = 0.012), and more greenery exposure (B = −0.69, P = 0.023). A higher level of QoL can be observed among caregivers who were older (B = −0.02, P < 0.001), or males (B = −0.66, P < 0.001). More serve use was associated with more facilities (B = 0.14, P = 0.019), more grocery (B = 0.12, P = 0.045), and a shorter distance to an adjacent metro station (B = −0.31, P = 0.037). Education attainment was insignificantly associated with QoL when controlling for other variables. Service use condition by both older adults and their caregivers were associated with stronger needs for services (B = 0.09, P < 0.001), higher caregiving stress (B = 0.01, P = 0.03). More frequent utilization of services was associated with older adults who were relatively older (B = 0.06, P = 0.012), female (B = −0.05, P = 0.033), and living independently (B = −0.03, P = 0.045).

In the second layer, shown in Table 4, outcome variables were found associated with intermediate and covariate variables. First, a lower frailty level of older adults was associated with a better QoL (B = 0.55, P < 0.001), and a higher frequency of service use (B = −0.25, P = 0.044), younger age (B = 0.06, P = 0.022), females (B = 0.05, P = 0.012), or living together with family members (B = −0.04, P = 0.006). Second, a better ADL functional level was associated with a better QoL (B = 0.25, P < 0.001), and a higher frequency of service use (B = −0.32, P = 0.028), younger age (B = 0.10, P = 0.028), females (B = 0.07, P = 0.042), or living together with family members (B = −0.09, P = 0.010). Last, a better IADL functional level was associated with a better QoL (B = 0.34, P < 0.001), and a lower frequency of service use (B = 0.17, P = 0.045), younger age (B = 0.12, P = 0.038), females (B = 0.09, P = 0.031), or living together with family members (B = −0.11, P = 0.049).




DISCUSSION

The underlying theoretical framework addressing our research questions was developed based on an integration of the Andersen's Model and the Stress-Adaptation Model including layers of critical components that predict the multi-dimensional health outcome of frail older adults. The Andersen's Model assumes that available services that meet the basic needs of frail older adults and their caregivers are beneficial to their frailty and activities of daily living (20). Application of the Stress-Adaptation Model in aging studies emphasizes the caregiver's role in the caregiving scenario living with a frail older adult and identifies the importance of caregiving stress on the health of older adults (42). Our findings fill in the theoretical gap. First, our findings add new knowledge and extend the application of the Andersen's Model by proposing that the neighborhood built environment factors serve an equivalent weight as individual factors in our proposed framework. Specifically, our findings indicate that the provision of greenery, the feasibility of transit, the density of grocery and social service facilities all evidently improve the acceptance rates of service provided, consequently affecting frail older adults' health outcomes (12). Second, our proposed framework explains the health model more powerfully by involving frail older adults' caregivers. The integration of the Stress-Adaptation Model avoids biased conclusion that can be potentially generated from the Andersen's Model concerning only the party of frail older adults regarding their health conditions. This proposed theoretical framework helps us easily appreciate the daily living scenarios, in which frail older adults and caregivers are generally interdependent. This framework best interprets why home-dwelling frail older adults rely heavily on family caregivers to facilitate their daily lives and promote desirable health status (45).

Policy implications for urban planning underscore the use of transit and greenery in neighborhoods and communities. To begin with, public transportations within walking distance should be the priority in urban planning in encouraging service use and enhancing QoL for community dwellers, who depend on transportations to facilitate service utilization and daily shopping for the maintenance of their basic needs. Both older adults and caregivers have substantially more frequent service use when convenient metro or bus stations are available near their homes (55). Improved QoL is found among older adults who have a desirable transit network, whereas scarcity of necessary transportations near home or close to destinations leads to impaired QoL and a lower potential to meet the needs for daily activities of frail older adults (56–58). In future urban planning for the aging communities with a high density of frail older adults, new bus stops/routes can be established and elevator-assisted metro exists built close to the frail population in order to facilitate their access to services that address their daily needs and health issues (59). Second, sustainable planning on urban greenery improves people's QoL. Humans are naturally attached to environmental greenery, which brings a sedative state and uplifts one's subjective mood. Empirical studies discover that greenery is vital in improving caregivers' life quality, enhancing their care quality, and further promoting frail older adults' health (13, 60). Green spaces also promote the quality of physical activities, such as cycling, hiking and tai chi, and positively reinforce more “green activities” (61, 62). Policymakers in future urban planning can involve environmental greenery and transit for sustainable service delivery and community development. Future environmental greenery planning should extend to small open spaces in the communities and even with the indoor settings in service facilities, which benefit both frail older adults and caregivers.

Our findings inform practices in social services. Improving service use is crucial in preventing frailty and difficulties in daily living. Neighborhood service facilities are imperative to address public health issues and to promote a sustainable age-friendly society. For instance, early screening and home-visiting services provided by the communities are the most fundamental priorities before any long-term services can be scheduled and delivered to the people in need. Accessible early screening for dwelling frail older adults can detect early signs of chronic diseases (e.g., cognitive impairment) that compromises one's capacity in ADL and IADL (e.g., dining, showering, walkability, etc.) and raises risks of emotional exhaustion, incontinence and accidental falls (49, 63). Household or home-visiting services help identify chronic diseases in a timely manner and confirm potential needs for community services. Neighborhood rehabilitation centers are also beneficial in meeting various urgent disease-related needs (17). Service use also benefits families of frail older adults and their caregivers altogether. Improved QoL indicating considerate self-care empowers caregivers to better care for their family members (including frail older adults). Neighborhood daycare and respite centers allow caregivers to have more leisure time beyond their daily care and improve the quality of life and care performance. Support groups sharing similar experiences among caregivers alleviate their emotional breakdown and empower their role identity in providing care. Sustainable social policies should promote diverse and useful social services to meet the basic needs of frail older adults in their daily living activities, followed by training sessions for community workers to ensure that services can be saturated in the target communities. Current social services should still emphasize meeting ADL needs rather than IADL needs as our findings indicate no association between service use and frail older adults' IADL. More advanced community services, such as commute services or financial education services, are not of maximum benefits when the frail older adults are having trouble walking outside freely, taking transportations, or engaging in services that require basic commuting and traveling abilities. Therefore, more basic services, such as home-visiting daycare, chores, and rehabilitation services are needed to support one's ADL difficulties in the preliminary stage of community services.

Among all the limitations in this study, a small sample size being the biggest challenge limits the capacity of making a comparison analysis between gender subgroups, or separately investigating the service use model in populations of frail older adults and caregivers, respectively. Moreover, the measurement of the neighborhood built environment does not address a full spectrum of characteristics of these environmental elements. For instance, distances to the service facilities and grocery stores can be recorded for analysis as this information determines the feasibility of the services provided in the communities. Furthermore, the greenery is found with its significance, yet it is surprisingly not associated with service use. This phenomenon could be due to the fact that the nature of the existing social services does not rely much on environmental greenery. Further investigation is necessary to explore how small green spaces, such as community cornered green or plants in facilities, can stimulate people in need to use services more frequently. Last, the generalizability of this study might be questionable if no future studies validate the theoretical framework in societies of other cultural or social backgrounds (64–68).



CONCLUSION

Given that the neighborhood built environment factors are absent from the existing knowledge of frail older adults' health status, this study, conducted in Hong Kong with a sample size of 969, uses path analysis to investigate the significance of the urban planning for developing the neighborhood built environment and promotion in service uses. The analysis adopts a comprehensive perspective using the Andersen's health model for frail older adults and the Stress-Adaptation Model for caregivers. The results indicate the neighborhood built environment plays a critical role in promoting the frailty level and assisting capacities for daily living for frail older adults. In particular, more facilities offering services and groceries, a shorter distance to the nearest metro station, and more greenery exposure are associated with a better-expected health condition among frail older adults. In addition, service utilization and caregivers' QoL are indispensable to bridge the limited knowledge for us to understand how the neighborhood built environment can affect one's health. Implications are suggested to involve transit and greenery for urban planning policies, and involve more home-visiting services in the community practice.
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Healthy housing can set its occupants completely in good physical, mental and social conditions, but there is a lack of research in China on the public's willingness to pay (WTP) for healthy housing. From the perspective of cognitive psychology, this study constructs an analytical framework based on the model of “theory of planned behavior” (TPB), the theory of selective information exposure, and the model of “emotions as social information,” while exploring the effect mechanism of the online reviews on the public's WTP for healthy housing during COVID-19 pandemic. In combination with eye-tracking experiments and subjective reports, physiological, psychological and behavioral multimodal data on WTP of 65 participants for healthy housing are collected. Partial least squares structural equation modeling (PLS-SEM) is adopted to analyze the formation effect mechanism of the public's WTP for healthy housing. This study acquires the following results: (i) Information attentiveness to online reviews on different valence information of healthy housing as obtained in eye tracking experiments delivers significant effect on attitude, subjective norm (SN) and perceived behavioral control (PBC), but has no direct effect on the public's WTP for healthy housing; (ii) Hypotheses from TPB model are verified. attitude, PBC and SN can all make significant effect on WTP for healthy housing, with attitude showcasing the most prominent effect; and (iii) In terms of the mediating effect, information attentiveness can deliver significant indirect effect on WTP through attitude.

Keywords: willingness to pay, healthy housing, information attentiveness, eye tracking, COVID-19 pandemic, theory of planned behavior


INTRODUCTION

The World Health Organization (WHO) announced the outbreak of the highly transmittable coronavirus (COVID-19) as a pandemic in March 2020 (1). Although this outbreak is expected to be improved in the next few years, the COVID-19 pandemic has undoubtedly imposed broad impact on society and consumers, resulting in big changes in individual's willingness to consume (2). Since the outbreak of COVID-19, people from more and more countries are learning and working at home. Especially, during the isolation period, the house would become the only place for people to spend most of their time every day. Over the past decade, plenty of scientific evidence has demonstrated that all aspects of the built environment would exert far-reaching and directly measurable impact on physical and mental health outcomes at all population levels (3). Therefore, the completeness and healthy levels of various living facilities and their influences on human health are particularly important, especially when people are now becoming more concerned about their health because of the outbreak of COVID-19. A 2021 survey by Accenture on more than 3,000 consumers across 15 countries illustrates that the pandemic is likely to create a more sustainable and healthier consumption era within the following 10 years (4). Combined with new transformations, the existing efforts are to benefit built environments and all inhabitants, to better prepare humans for the COVID-19 and other similar crises that may occur in the future, and to enhance resilience of communities. Living in a healthy housing environment can effectively improve the health status of individuals and enhance immunity levels, which would help contain the spread of COVID-19 as well as its harm to human body.

WHO defines healthy housing in this way: on the basis of meeting the basic requirements of housing, highlighting the health elements, with the concept of sustainable development of human living health, to meet the physiological, psychological and social needs of residents, and to create a healthy, safe, comfortable and environmentally friendly high-quality residential region and community. In other words, healthy housing should be able to make the occupants live in a physically, mentally and socially good condition completely. However, in developing countries such as China, the public's requirements for the scale of housing space have just been met, and citizens are currently in the initial stage of improving their quality of living (5). In fact, most of the people live in ordinary housing, which does not provide such facilities as fresh air systems or constant temperature and humidity systems that are equipped with healthy housing (6). In the initial stage of novel technology's diffusion or new product's promotion, the public often holds some cognitive biases (7). Such factors as perceived usefulness, price, technology readiness and public opinion may all play a negative role in the sales promotion of healthy housing to consumers in China. Given that WTP is an important indicator to predict the promotion of healthy housing, it is particularly critical to explore the main factors and means that affect the public's WTP for healthy housing.

China's healthy housing industry started late: it was not until 2016 that the Architectural Society of China had issued the first version of “Assessment Standard for Healthy Building” (T/ASC02-2016). So far, the total area of buildings with healthy building labels cross the whole China is about 10 million square meters, while in just one city, e.g., Xi'an, there are more than 400 million square meters of various types of residential buildings. These data indicate that the market penetration of healthy housing in China is still limited. It can be seen that healthy housing is indeed a new type of residence building in China. Increasing the public's demand and willingness to pay (WTP) for healthy housing will not only help enhance the physical and mental health condition of the whole people, but would also promote the development of the healthy housing industry effectively. The research topic of this study includes two aspects: healthy housing, and WTP for housing consumption. Over recent decades, increasingly more studies have been carried out on the relationship between urban architectural environment and human health in indoor and outdoor space (8). Specifically, the existing studies on healthy housing are closely related to public health issues, such as tuberculosis care (9) and carcinogenic risks of indoor organic contaminants to residents (10). Scholars have also evaluated exposure to drifting secondhand smoke in multiunit housing for young adults, in addition to the elderly and sick (11). Or in the case of shared housing, the intersectional impacts of stranger dangers on young adults' health and wellbeing are explored (12). The WTP for housing consumption is a traditional research field, and its currently hot research topics include: the consumption attractiveness of green housing (13), the demand characteristics of sustainable housing (14), the preference of young adults for shared housing, and so on (15). There are similarities between healthy housing construction standards and the green or sustainable housing, but differences in public perceptions of them directly lead to distinctions in consumer behavior. For example, green residential consumption is a pro-environmental behavior and is altruistic, while healthy housing consumption is essentially driven by egoism and is a purchase behavior triggered by one's own health needs. Therefore, some studies use health awareness or health facilities as one of the variables to explore the formation path of housing consumption intention. Wan et al. (16) obtained that the main factor that promotes consumer's WTP for green furniture constantly is health awareness by use of factor analysis and logistic regression. Won et al. (17) explored the correlation between the health level of residential environment and the occupancy rate of public rental housing. Wu et al. (18) analyzed the rural resident's WTP for and participate in the improvement of rural sanitation facilities. In general, few previous studies have directly taken the public's WTP for healthy housing as their main research topic. As mentioned earlier, recent studies investigating the influence of the COVID-19 pandemic on living consumption have shown that consumers are increasingly concerned about the health functionality of products (19). Therefore, it is necessary to adjust classical theoretical models by introducing important and new factors that may affect healthy housing consumption, so as to better explain the public's WTP for healthy housing during the COVID-19 pandemic.

In the dynamic process of making consumption decisions, consumers will perform a lot of information retrieval actions. For new products, especially for those made in novel technology, the vast majority of people, including acquaintances, have not used. “See what others have to comment” becomes a key factor in decision-making. On housing, a kind of high-value consumer products, the public opinion has a greater impact, especially for Chinese people, who are more willing to make housing consumption decisions that conform to the public's preference, due to their common personality traits, such as cautiousness and compliance. With high popularity of information technology, social media become the main way for people to obtain public opinion. The former provides relatively stable interpersonal relationships and is prone to normative influences, while the latter offers relatively variable relationships and generally has informational influences (20). This study will consider the influence of public opinion on WTP for healthy housing in a wider interpersonal community of strangers, build up a social review scene for information intervention, and uses an eye-tracking system to record the participant's eye movement trajectories. Then, their pupil diameter, fixation time and other indicators are used to measure the attention process of online reviews. Commonly used in experimental equipment for psychological and medical research, eye trackers have, over recent years, got gradually increased application in consumer research for analyzing food types, packaging, label design, advertisements, supermarket shelves, food menus, and consumption selection process of other visible information (21). However, it is rare to carry out eye-tracking experiments in housing consumption-related research. Sun et al. (22) used eye-tracking experiments to simulate the real online housing renting process. Hollander et al. (23) explored how the hidden brain design directs individual engagement with the built environment by using eye-tracking emulation software. Therefore, under the background of people's increasing concern about healthy life caused by COVID-19 pandemic, this study proposes an extended model in “theory of planned behavior” (TPB) and designs an eye-tracking experiment and questionnaire survey to explore the influencing mechanism on the public's WTP for healthy housing from the perspective of cognitive psychology. Specifically, this study attempts to explore the following research questions: First, what factors affect the public's WTP for healthy housing? Second, are there interactions among the variables? And third, what is the impact path of online reviews on the public's WTP for healthy housing? With a focus on the research gap of previous studies on the consumption intention of healthy housing, this study will provide certain reasonable suggestions on the promotion of healthy housing.

The remainder of the study is organized as follows: Section Theoretical background and hypotheses explains the theoretical framework and demonstrates the research hypotheses. Section Materials and methods illustrates the eye tracking experiment design. Section Results presents results and analysis. Section Discussion includes discussion on research findings. Finally, Section Conclusion provides conclusions, policy suggestion, and study limitations.



THEORETICAL BACKGROUND AND HYPOTHESES


Theoretical Background

To explore the effect of the public's health awareness and attitude toward health on their acceptance of healthy housing, it is necessary to understand the psychological mechanism behind individuals' behavior intention. The conceptual framework of this study is founded on TPB, which is purposed to explain individuals' behavior more reasonably (24). In the TPB model, the public's willingness to accept healthy housing depends on a number of predictors, including attitude toward healthy housing, subjective norm (SN) about healthy housing consumption, and perceived behavioral control (PBC) over healthy housing. Although TPB has been widely adopted in the existing literature, some non-negligible limitations exist in its application. Therefore, various refinements and extensions of TPB theory have been put forward to improve its effectiveness and applicability. For example, researchers added such variables as health consciousness (25) and perceived consumer effectiveness (26) to the TPB model.

Recently, many studies have applied the TPB model to analyze consumer's green purchasing behavior. For example, Hsu et al. used the TPB model to investigate individual's behavioral intention to visit green hotels and found that attitude, SN and PBC affect behavioral intention positively (27). Zahan et al. (28) consider the green purchase intention of Bangladeshi consumers toward Green Housing through augmented TPB implantation. According to individual loss aversion psychology in prospect theory, the difference between loss aversion and WTP has a significant correlation. Decisions about healthy housing consumption depend on whether the public pays for the welfare of increasing personal health.

The Web 2.0 specification enables people to collaborate and share information with others over the Internet. Social media have become one of the most influential marketing tools for companies to strengthen communication with customers, because they cannot only provide a platform for sharing personal life, but also become an important consumer communication tool to affect all aspects of consumer behavior, including information acquisition, attitude, consumption, and product service evaluation (29). Information on social platforms will affect consumers' impression of it, and providing information through social media has attracted more and more public attention (30). Because the public opinion received from social platforms has higher reliability than that from traditional methods, such as questionnaire surveys, this study adds the variable of information attentiveness to the TPB model to explore the effect of social media on the public's WTP for healthy housing.



Research Hypotheses
 
Information Attentiveness

Communication scholars have used eye-tracking methods for decades, for example, to study individual's attention to advertising (31). During the COVID-19 pandemic, social media have become one of the mainstream ways for people to obtain information under indoor isolation. In other words, through social media, people communicate with each other and obtain the information they need. Social platforms focus people's attention on some hot topics. Under the influence of the COVID-19, people pay more and more attention to health issues, so the topic of healthy housing has also gradually attracted more attention. Public opinion on healthy housing as showcased on social media can better reflect the public's attitude toward healthy housing. The mainstream social media platforms in China include Weibo, WeChat, Baidu Tieba, Zhihu and so on, through which the public can search for information about healthy housing. And such information may affect the public's WTP for healthy housing. Yu et al. (32) found that external affective events interact with individual's decision-making by using biological, physiological, and neuroscientific tools.

In the process of receiving information, individuals always consciously or unconsciously choose to accept information that is the same as their own opinion, while avoiding information that goes against theirs. This process is called “selective exposure to information,” which is prevalent in consumers' purchase scenarios (33). When an individual's overall evaluation of a stimulus target is positive, he/she will be more willing to receive and process positive information; vice versa. Similarly, selective exposure to information affects individual's attention to public opinion on healthy housing, and the fixation duration for different valences of public reviews will be different.

The Emotions as Social Information Model (EASI) aims to explain how others' emotions affect an observer's decision-making through affective response and inference processing mechanisms, as well as the moderating effects of cognitive motivation and appropriateness judgment (34). The public opinions on healthy housing in social media are individual opinions with their unique emotions. When reading a stimulus page, participants will take their emotions brought by these online reviews as part of the information, thus affecting their individual judgment and cognition (35). Therefore, this study defines information attentiveness as the average fixation time of participants to different valences of public opinions on healthy housing, with the corresponding study hypotheses discussed below.

H1a: Information attentiveness to different online review valence about healthy housing has a significant and direct effect on attitude.

H1b: Information attentiveness to different online review valence about healthy housing has a significant and direct effect on subjective norm.

H1c: Information attentiveness to different online review valence about healthy housing has a significant and direct effect on perceived behavioral control.

H1d: Information attentiveness to different online review valence about healthy housing has a significant and direct effect on WTP for healthy housing.



The Relationship Between Individual Perceptions and WTP

Attitude refers to an individual's positive or negative evaluation of certain behavioral outcomes. The existing studies have found that attitude can reflect consumer's psychological evaluation of products, thus delivering a significant effect on consumers' behavioral intention (36). Based on the TPB model, some recent studies have identified health-related consumption intentions and behaviors and demonstrated that the outcome expectancy, the general attitude toward vaccines, and SN are the most important determinants of behavioral intentions in regard to influenza vaccination (37). Attitude represent individual's subjective opinions on things, so individuals' attitude toward healthy housing will affect their WTP for healthy housing. To this end, this study proposes the following hypothesis:

H2: Attitude has a significant and direct effect on WTP for healthy housing.

SN refers to the perceived social pressure which influences the execution or non-execution of any evident behavior. A number of studies have indicated that the perceived social pressure is an important factor in consumer behavior (38). For example, according to social norms, individuals with high SN prefer environmentally-friendly consumption and may have a significant indigenous effect on their consumption intention (39). Strong SN, intolerance, public stereotype and other factors all can affect WTP (40). Based on the above analyses, this study proposes the following hypothesis:

H3: Subjective norm has a significant and direct effect on WTP for healthy housing.

PBC refers to the potential difficulties when people conduct a particular behavior. In addition, studies have found that health awareness and environmental awareness affect consumption intention, and that PBC may deliver the greatest impact on such intention (41). In this study, PBC means that the public has time, money and ability to pay for their healthy housing. In other words, the more the public can control the above mentioned factors, the more the behavioral intention will be conducted (42). As such, the following hypothesis is proposed in this study:

H4: Perceived behavioral control has a significant and direct effect on WTP for healthy housing.

Based on the above mentioned theories and hypotheses, this study establishes a mechanism model of the effect of information attentiveness on public's WTP for healthy housing (Figure 1).


[image: Figure 1]
FIGURE 1. Conceptual model and hypotheses.






MATERIALS AND METHODS


Participants

In order to determine the mechanism of online reviews on the public's consumption intention of healthy housing, this study combines questionnaire survey and eye tracking experiment. In the eye tracking experiment, a real social platform scene was simulated, and eye tracking sensor was used to capture the eye movement trajectory of participants when browsing the online review that whether they have WTP for healthy housing. After the eye tracking experiment, participants were asked to complete a questionnaire consisting of two parts: the first part is demographic, such as age, gender, education, health condition and so on; the second part is individual cognition of healthy housing, and all items were used Likert 7-level scale, of which 1 represents very opposed, and 7 represents very agreed. The questionnaire is designed according to the relevant literature and is improved in combination with the research topic in this study to ensure the validity and reliability (shown in Table 1).


Table 1. List of measurement items.

[image: Table 1]

Seventy participants in Xi'an were recruited to join the eye-tracking experiment. All participants are healthy, have normal vision or correct vision, have the ability to analyze things. Five participants were excluded for eye tracking data analysis because their data collection rates are <80%. Finally, 65 valid samples were obtained. After completing the complete experiment, the participants were rewarded with CNY 45 in cash or a gift of the same value. The laboratory of neuromanagement in engineering of Xi'an University of architecture and technology approved this study.

Table 2 shows the demographic characteristics. There were 65 participants, including 32 males (49.2%) and 33 females (50.8%). The ratio of male to female is almost equal, which can avoid the effect of gender on experiment results. Because this experiment was carried out in the Laboratory of Neuroengineering Management, Xi'an University of Architecture and Technology, the 20–30 age group has the highest proportion of all participant (81.5%). Among all the participants, the proportion of bachelor's degree was the highest (56.9 %), followed by master's degree and above (38.5%). The participants' educational level is relatively high. In addition, about 80 % of the participants are in good long-term health, and about 90 % of their family members are in good long-term health.


Table 2. Demographic characteristics of the participants (N = 65).
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Stimulus Materials

Sina-Weibo (http://us.Weibo.com), often referred to as Weibo, is the most popular social media platform in China. Weibo had over 530 million active users each month in 2021. In order to observe and record participants' online search behavior for healthy housing reviews, this study used Weibo forum page to present eye-tracking stimulus materials pictures which contain different valence online reviews on healthy housing. This experiment set the online reivew area to two AOIs (Areas of Interest), positive reviews (AOI001) and negative reviews (AOI002). In order to avoid the disturbance of reading order on the experimental results, each forum page contains 3 AOI001 and 3 AOI002 respectively. The order of AOIs is random and the character count of review is basically the same. AOI001 refers views why some Weibo users are willing to consume healthy housing, while AOI002 highlights the views why others are unwilling to consume healthy housing. The stimulus material is derived from real online review on healthy housing in Weibo, excluding some extreme review. Considering that the duration of fixation may be caused by the ease of semantic comprehension, this study selected online review with clear semantic representation, the character count of each page was about 270 words. In order to avoid the disturbance of social media profile photo on this experiment, it was all replaced with a landscape image. The stimulation page is shown in Figure 2. The fixation duration of different AOIs can explain participants' cognitive activity and information attentiveness.


[image: Figure 2]
FIGURE 2. Area of interest division map of Weibo page.




Experimental Facilities and Experiment Procedure

In this study, the equipment is Tobii Pro Fusion model eye monitor. The eye tracker connected directly to a 15.6-inch laptop via USB Type-C with a resolution of 1920 × 1080. The eye tracker uses near infrared light to produce reflective images on the cornea and pupil of user's eyes, and then uses two image sensors to collect images of the eye and the reflection. Finally, the image processing algorithm and a three-dimensional eyeball model are used to accurately calculate the position line of sight of the eyes in space. During the eye tracking experiment, slight head movement has little effect on the accuracy of eye tracking data. Participants did not need to wear the device during the experiment just watch the laptop screen.

Eyes move quickly when reading, and the individual's attention is shifted from one part of the stimulus material to another. Then when the brain is in information processing stage, the eyes remain almost unchanged. Thus, eye-tracking method assumes that there is a direct relationship between individuals' fixation and what they are focusing on. Researchers set AOIs on some parts of the stimulus material, analyze the eye tracking that occur in these areas. The longer average fixation duration in an AOI, indicating that it is more important and attractive to the participant than other AOIs. By comparing the fixation duration participants spent on AOIs, Fu et al. (48) justify that consumer's online reviews search behavior is substantially affected by human contact degrees of recycled products. Therefore, in this study, the average fixation duration was used to represent the participants' interest in AOIs.

Participants were asked to choose a comfortable sitting position to better complete the experiment. The distance between the eye tracker and the participant's eyes should be maintained at 60–65 cm, with the line of sight in the center of the screen. Five-point calibration will be carried out before the beginning of the experiment, which contains accuracy and precision. Accuracy and precision should be controlled below 0.05° as far as possible. In order to avoid differences in participants' understanding of healthy housing, an introduction page will be presented to the participants before the formal experiment begins. The first page is an experimental introduction. After reading the introduction page, the participants press the space bar to begin the formal eye tracking experiment. In order to ensure that the participants can browse the entire stimulus completely, college students were recruited for the pre-experiment, and the presentation time of the stimulus was finally determined to be 30 s. The eye tracking experiment consists of 12 trails with a total duration of about 10 minutes, and the stimulus materials present randomly. After experiment, the participants were asked to fill out a questionnaire. Before the formal questionnaire survey, a pilot study was conducted to test the reliability and validity of the scale items. Considering the complexity of the eye tracking experiment and the minimum sample size requirement of PLS-SEM model, 20 college students were recruited to participate in the eye tracking experiment and questionnaire. Cronbach's alpha correlation test and principal component analysis (PCA) were used to analyze the reliability and validity of the survey items in the pilot study. In the reliability examination, the Cronbach's alpha coefficient of potential variables was between 0.765 and 1, which was greater than the threshold value. In the validity examination, the KMO value of potential variables was greater than the threshold value 0.5, and the P-value of the Bartlett test of potential variables was lower than 0.05. The results of the factor analysis indicated that the absolute value of the loading coefficient of the observed variables on the factors they relate to was between 0.543 and 0.781, greater than the threshold value 0.5. Therefore, the samples have good reliability and validity, and the data meet the qualification of the examinations. The data collection process is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Experimental procedures.




Data Analysis

Tobii Pro Lab software was used for preliminary processing of eye tracking data. Formula (1) was used to calculate the information attentiveness of participants to online review about healthy housing. IA refers to information attentiveness, FTAOI001 refers to average fixation duration of AOI001 (positive review), and FTAOI002 refers to average duration time of AOI001 (negative review). The information attentiveness <0.5 means that the participants pay more attention to the negative review, and the information attentiveness >0.5 means that the participants pay more attention to the positive review.

[image: image]

An extended TPB model was propose in this study, partial least squares structural equation modeling (PLS-SEM) was adopted to examine the effect mechanism of public opinion on the public's WTP for healthy housing. PLS-SEM is a regression-based approach that minimizes the residual variances of the endogenous constructs (49). As measures were developed with a Likert scale, data have a non-normal data distribution. PLS does not require any normality assumptions and handles non-normal distributions relatively well (50). General sample size for PLS is between 30 and 100, which is more than ten times the count of construct. The sample size of this study was 65, and the count of construct was 5, which met the requirements of PLS. This study uses Smartpls 3.0 software as a common analysis software for partial least squares path modeling, and uses the bootstrapping method of 5,000 resampling to evaluate the statistical significance of path coefficients.




RESULTS


Descriptive Statistics

Discriminant validity was examined by comparing the square root of AVE and the correlation coefficients between variables. The results are shown in Table 3. The square root of a variable's AVE should be higher than the correlation coefficients involving that variable (51). Attitude (ATT), PBC and SN were positively related to WTP. All the square root of AVE was higher than the involving correlation coefficients, indicating that the discriminant validity of each construct was acceptable.


Table 3. Discriminant validity.
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Reliability and Validity

The quality of the measurement model was assessed by reliability and validity testing. Reliability was tested with Cronbach's alpha value (52). Table 4 presents the results from the reliability and validity analysis of each measurement. All of the Cronbach's alpha values were higher than the threshold of 0.7. Hence, it can be concluded that the measurement model had good reliability. In regard to convergent validity, all variables presented high composite reliability (CR), with scores ranging from 0.840 to 0.919, which were above the recommended standard of 0.6. Additionally, the values of AVE (0.638 to 0.791) were above the acceptable limit of 0.5. Therefore, the convergent validity of the measurements was satisfied.


Table 4. Reliability and validity analysis.
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Additionally, the discriminant validity was tested with the Heterotrait–Monotrait (HTMT) ratio through the application of the PLS algorithm (53). The HTMT is defined as the mean value of the item correlations across constructs relative to the (geometric) mean of the average correlations of the items measuring the same construct. When constructs are conceptually similar, HTMT between two variables is generally required to be <0.85.It can be seen from Table 5 that Most of the HTMT values between the model variables in this study are <0.85 (only one indicators being >0.85). Thus, evidence of both convergent and discriminant validity was found.


Table 5. Heterotrait-monotrait ratio.
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Model Verification

In this study, the boostrapping method with 5,000 re-sampling times is used to verify the hypothesis of causal relationship between latent variables, and the statistical significance of path coefficients is evaluated by calculating the T-Statistics of each path coefficient. The results are shown in Table 6. First, the direct effects of the independent variables on the dependent variables were examined. Information attentiveness has direct and positive effects on ATT, SN, and PBC, so H1a, H1b and H1c are supported. However, the relationship between information attentiveness and intention to consume healthy housing was not significant, so H1d is not supported. Most the independent variables were found to have significant effects on the dependent variables.


Table 6. Results for the hypothesis model.
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The direct effects of the independent variables on the mediators and the effect of the mediators on the dependent variables were examined. Standardized coefficient estimate points indicated that the paths between ATT and WTP, SN and WTP, PBC and WTP and were significant and positive, so H2, H3, and H4 are supported. Information attentiveness has significant effects on all individual perception variables, and the three individual perception variables have significant effects on WTP. Hence, we assumed that ATT, PBC and SN may have mediating effects between information attentiveness and WTP. We used bootstrap method to exam the significance of the indirect effects. The results show that information attentiveness has a significant indirect effect on WTP through ATT (p < 0.05). However, information attentiveness has no significant indirect effect on WTP through PBC and SN (p > 0.05). Table 6 shows the standardized path coefficients, t-values, and results.

The results show that the direct effect of ATT on WTP is higher than PBC and SN. The effect of information attentiveness on ATT is greater than the effect on PBC than on SN. Figure 4 shows the path coefficient and effect.


[image: Figure 4]
FIGURE 4. Model path for WTP for healthy housing.




Goodness of Fit

Tenenhaus et al. (54) proposed a diagnostic tool as the goodness of fit (GoF) index of PLS-SEM for evaluating model fitting. This GoF is measured by using the geometric mean value of the average communality score (AVE values) and the average R2 values (for endogenous constructs) and is calculated using following equation [GoF = √(AVE × R2)]. According to Henseler et al. (55) a good model fit indicates that a model is parsimonious and plausible. Thus, GoF index was calculated for the model involved in this study, which is presented in Table 7. As shown in the table below, the GoF index of the conceptual model used in this study is 0.639, indicating that the GoF model fits very well. The results show that the theoretical model proposed in this study has significant predictive correlation and explanatory power.


Table 7. Calculation of GoF index.
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DISCUSSION

Many previous studies have explored the effect of attitude, PBC and SN on the WTP for housing consumption, but they have generally failed to conduct research on the WTP for healthy housing under COVID-19. Although examining the moderating effects of attitude, PBC and SN on these relationships, such researchers have not explored the mediating effect in these relationships. In addition, the effect of public opinion on WTP for healthy housing is yet to be discussed. Therefore, this study proposes an extended TPB model to explore the effecting mechanism of the public's information attentiveness on WTP for healthy housing during COVID-19. The results verify the importance of information attentiveness, attitude, SN and PBC to Chinese people' WTP for healthy housing under COVID-19.

Firstly, the public's information attentiveness to online reviews on different valence information of healthy housing obtained through eye-tracking experiments is found having strong influence on attitude, SN and PBC. The public's information attentiveness to the different valence information of healthy housing imposes no direct effect on WTP. This finding is not completely consistent with the results of previous studies. Han et al. (56) found that the daily frequent discussion on Weibo is synchronized with the trend of the COVID-19 pandemic in the real world. Nowadays, the public is very sensitive to the pandemic and major social events. The difference between the results of this study and of Han et al. may be due to many factors affecting the WTP for healthy housing. Household wealth will be taken into account when people make housing consumption. However, the empirical result of this study shows that there is only one mediating effect “information attentiveness → attitude → WTP.” When the public gets positive information on healthy housing from social media, their health awareness will be enhanced, meaning that they care about health. While the public further understands healthy housing, they will gradually show a positive attitude toward healthy housing consumption. The results demonstrate that information attentiveness can affect WTP through the mediating effect of attitude. What can be proved is that social media play a vital role in guiding the public's WTP for healthy housing. After obtaining useful information through social media, the public would pay further more attention to the positive information in social media, indicating that they are more interested in the positive information on healthy housing, which will encourage them to build a stronger attitude toward healthy housing. Therefore, the government can publicize and promote healthy housing through various social media, so that people can benefit from healthy housing. The COVID-19 pandemic are pushing up consumers' demand for more space and less dense living environments. In the post-pandemic era, new requirements for housing are bound to emerge. It is not difficult to observe from this study's results that due to the prevalence of COVID-19, housing selection has undergone major changes. People prefer healthy housing because it is good for human's wellbeing and health (57). And the results also show that there is no high popularity of healthy housing, and the concept is not clear enough. In order to improve the WTP for healthy housing, it is necessary to boost related concepts of healthy housing among the public.

Secondly, attitude deliver the most significant and positive effect on WTP for healthy housing. Although with a positive attitude toward healthy housing, the public's WTP is often tempted by their attitude, so they may choose to spend more on healthy housing. This finding is consistent with the discoveries about the general consumption of the products that are beneficial to human health (58). The more the public knows about healthy housing, the higher their attitude toward healthy housing consumption and the more attention to health needs; as a result, the WTP for healthy housing will become stronger. This study finds that SN has a relatively weak relationship with intention in the TPB model, a result consistent with the literature that has taken TPB as the underlying theory. SN refers to the effect of social environment on the public's WTP for healthy housing. A weak and insignificant relationship is identified between SN and WTP. The reason for such relationship may be the small sample size of this study and the relationship between housing consumption structures. Because the housing prices are relatively high, people will consider their own financial situation. PBC of healthy housing has a positive but not strong effect on WTP, meaning that the public has enough knowledge on different aspects in using healthy housing information, thus prompting them to change their traditional behavior by promoting their consumption intention (59). This finding is consistent with that of previous studies. Some studies have explained that this phenomenon is related to the current status of housing consumerism in China (60). On the one hand, it is necessary for couples to purchase a house when getting married. On the other hand, with the rapid development of urbanization, housing prices are rising sharply year after year. So it is very difficult for young adults to purchase their own houses. Instead, most young adults need parental help in housing consumption. Therefore, young adults' PBC has little effect on WTP for healthy housing.

At last, as for additional constructs, demographics results show that the average WTP for healthy housing is 4.717, with 62 participants (95%) being highly educated, indicating that the education level is also related to the public's WTP for healthy housing. The higher the education level, the clearer the concept of healthy housing and the stronger the health awareness. In general, under the background of COVID-19, the public's WTP for healthy housing is still kept at a high level. Under the COVID-19 pandemic, people are paying increasingly more attention to their own health and healthy housing, possibly because people are forced to spend long time indoors and their thermal comfort and overall comfort must remain. In addition, gender factors are not reflected in this study.



CONCLUSION

This study tries to explore the influencing mechanism on the public's WTP for healthy housing in China under COVID-19 pandemic. By considering the effect of public opinions on WTP for healthy housing, this study proposes an extended TPB model. Based on eye-tracking experiments and subjective report data, the PLS-SEM is used to explore the cause-effect relationship among the influential factors on WTP for healthy housing. Moreover, with all the measurement scales employed, the proposed model in the study is also confirmed to be appropriate. The main conclusions are as follows: (i) Attitude, PBC and SN have significant effect on public WTP for healthy housing, and the effect of attitude is the most significant. (ii) The public's information attentiveness to the online review on different valence information of healthy housing obtained through eye tracking experiment had strong influence on attitude, SN and PBC. (iii) The public information attentiveness to the different valence information of healthy housing has no direct effect on WTP for healthy housing. (iv) In terms of mediating effect, the public's information attentiveness has a significant indirect effect on WTP for healthy housing through attitude.

Based on the results above, this study proposes the following suggestions on how the government can improve the public's WTP for healthy housing. First, the public's health awareness and pandemic awareness have a direct effect on their attitude toward healthy housing. Due to their limited understanding of the use of healthy housing, the public instinctively believes that healthy housing has no specialties compared with ordinary housing. Therefore, it is necessary to strengthen the concept of universal healthy housing and the importance of healthy housing during the pandemic prevention and control period. Specifically, policy makers should use social media to inform the public what is healthy housing by circulating targeted information (quality, advantages, price-performance, etc.). And the dissemination of information can be particularly targeted at individuals with low awareness of the pandemic and health. In addition, high prices of healthy housing should be lowered to promote the public's WTP for healthy housing. Second, for many people, their houses are now the only place where they can work and spend free time in the COVID-19 pandemic. So it can be assumed that a new household preference in demands could emerge after this crisis, driving households to look for more healthy houses, since this asset will increase its importance in living and working. Relevant departments should speed up the development of health facilities and accelerate the construction of healthy housing. Without timely supply of healthy housing, it may not be possible to guide the public's attention and demand for it.

This study is not free from all kinds of shortcomings, which shall be considered if further study is conducted. On the one hand, the samples used in this study may limit the generalizability of the findings, because most participants are recruited from colleges and the sample demographics are high education levels and young ages. Although this study meets the sample size requirement both for eye-tracking research and statistical analysis, future studies might include participants with other characteristics, so as to address this limitation. On the other hand, this study only explores the WTP, but not the behavior of payment. However, the public's consumption intention does not guarantee their actual behavior. Therefore, future research needs to explore more models by adding consumption behavior. In addition, in the future, more advanced cognitive neurological experimental equipment such as EEG can also be used to obtain the implicit attitude of individuals more accurately (61).
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Objective: To investigate the effect of hospital outdoor rest space on the eye movement measures and self-rating restoration of staff.

Background: Relieving the pressure of hospital staff through exposure to hospital outdoor rest space is essential, but there is a scarcity of research on the impact of hospital outdoor rest space on the eye movement measures and self-rating restoration of staff, especially for large Chinese hospitals.

Methods: Cross-analysis was conducted based on the eye movement measures of 76 staff members obtained by eye movement tracking equipment in combination with the self-rating restoration scale and hospital outdoor rest space picture attributes (element proportion and position, brightness and saturation).

Results: The differences in eye movement measures of different staff attributes (occupation, age, and gender) were identified, and the effects of hospital outdoor rest space picture attributes on the eye movement measures and self-rating restoration scale of staff were summarized. A number of proposals were also formulated: hospital outdoor rest space should be set up close to the working area of the group of medical staff; attention should be paid to the actual needs of senior staff members and the work pressure of junior nurses; the exposure to natural environment should be increased and the proportion of hard artificial elements should be reduced; the natural environment should be placed in the visual center; the saturation and brightness of hospital outdoor rest space should be increased; and staff members should have access to the sky environment in a variety of ways.

Conclusion: The present study is an empirical study of evidence-based design on hospital outdoor rest space in China, and the results reveal the effects of hospital outdoor rest space on the eye movement measures and self-rating restoration of staff.

Keywords: hospital outdoor rest space, staff, eye movement measures, self-rating restoration, influence


INTRODUCTION

Stress is common in hospitals, especially for hospital staff who are experiencing a tense working environment (1). Notably, the role of environmental intervention in promoting medical quality has increased in prominence, and the focus of medical design has been expanded to care for the health and wellbeing of staff (2). Since exposure to the natural environment has a decompression effect on medical staff (3), the role of hospital outdoor rest space (HORS) is becoming more and more significant as the main carrier of the natural environment in the medical environment. Although hospital staff have minimal time to use HORS under heavy work pressure, even short-term contact with HORS during commuting could help staff obtain positive brain wave feedback and work pressure relief (4).

As revealed in previous studies, there are differences and relationships between the constituent elements of HORS on staffs' physiological brain wave feedback. Eye movement tracking technology could be used to objectively measure the gaze behavior of staffs and explain the characteristics of environmental recovery (5). Such technology is of considerable practical significance for exploring the eye movement measures (EMM) of staff in HORS, for improving the explanatory mechanism of HORS on staffs' restorative effects, and for guiding HORS design based on grasping the visual preferences of staff.

With the development of research in the field of restorative environment, two theories have gradually formed, stress reduction theory and attention restoration theory, and both have been adopted to make significant achievements in the research of the medical environment. Stress reduction theory holds that exposure to the natural environment could alleviate the physical, psychological and behavioral injuries caused by stressors (6), while attention restoration theory holds that individuals in a restorative environment could effectively restore their declining ability and attention (7). The development of theories related to the field of restorative environments has not only indicated the way for various types of research, but also laid the theoretical foundation for the development of restorative medical environment.

As well as providing a temporary perspective for staff (8), HORS could also improve the aesthetic and perceived value of hospital facilities (9). Notably, the motivation to create a restorative environment in HORS sometimes comes from staff, with the hope of alleviating the severe institutional environment and obtaining a quiet rest space (10). Thus, the support strategies involving mental health promotion activities in the medical environment should also consider the needs of staff (11).

At present, the focus of research on the restorative impact of HORS on staff has been on finding the purpose of HORS use for “fresh air” and the design preferences of nursing groups for HORS (12, 13). However, in such research, the main methods include questionnaires, interviews, and behavior observations (14, 15), and eye movement tracking technology is rarely used to explore the gaze behavior of staff in HORS at the level of physiological perception. Eye movement tracking technology has been used in numerous research fields, and is a suitable method for evaluating the visual perception of the built environment and could help people understand the complex characteristics of the restorative environment (5, 16).

Many achievements have been made in exploring the impact of the built environment on people's gaze behavior by using eye movement tracking technology. As an example, a flexible lawn combination has been found to improve the environmental visual attraction (17), the positive impact of landscape space elements on vision in urban leisure space (18), and the correlation between the proportion of different landscape space elements (17). In addition, the evaluation of green space attraction was found in combination with the questionnaire.

However, the use of eye movement tracking technology as a research method in restorative research is still relatively rare (5). Therefore, using eye movement tracking technology to investigate the effect of HORS on the EMM and self-rating restoration of hospital staff is not only an innovation in HORS recoverability research, but also an expansion of the research object. Through the collection of visual pictures and physiological data, and the use of analytical methods related to medical facilities, design characteristics could be further clarified (19).

Additionally, there is a lack of focus on Third-Level Tier 1 General Hospitals (T1GH), the highest-level hospitals in China, in terms of case selection. Different from the Western medical system, residents often directly choose T1GH with advantageous medical resources after illness due to the imperfect hierarchical diagnosis and treatment system, and the number of outpatient and emergency visits of millions of people per year has become the norm. Such high-intensity demand for medical treatment has also led to excessive tension among hospital staff (16), especially since there is minimal opportunity for recovery in the workplace, which would exacerbate the mental pressure of staff (20).

Therefore, the aims of the present study were to investigate the effects of HORS on the EMM and self-rating restoration of staff in large hospitals in China, to analyze the differences and commonalities among staff, combined with self-rating restoration scale (SRRS), and finally to propose optimization suggestions for HORS from the perspective of promoting the recoverability of staff.



STUDY AIM AND HYPOTHESIS

To achieve the aforementioned aims, three specific hypotheses were proposed based on the attention restoration theory that observation of the outdoor environment has a restorative effect on energy-intensive activities such as work (21), and the stress reduction theory that exposure to the external environment could alleviate physical, psychological, and behavioral damage caused by stressors (6).

1. There are differences in EMM [time to first fixation (TFF), total fixation time (TFD), average pupil size (APS)] of staff with different attributes when watching HORS pictures;

2. The attributes of HORS pictures (proportion and position of elements, saturation and brightness of pictures) are related to the EMM of staff;

3. The attributes of HORS pictures (proportion and position of elements, saturation and brightness of pictures) are related to the scores of SRRS.



METHODS


Sample Pictures Selection

Four T1GHs were selected for the study, which had all been newly built-in and were all located in Hefei, the capital city of Anhui province. Through field visits, the investigators identified 20 HORSs that were more typical of the four T1GH hospitals, and all sample pictures were taken between 12:00 and 14:00 on August 2 and 3, 2021 [Cloudy, 33°C (91.4°F)−25°C (77°F), northeast wind level 1–2], with a view height of 1.6 m (5.25 ft) and 120° view angle (Table 1) (22).


Table 1. 20 Sample pictures used in this research.
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Participants

To avoid possible data distortion due to the inherent views of the staff in the four T1GHs, Hospital BY was selected for the experiment, which is also a T1GH, and the approval of the hospital ethics committee was obtained. Before the experiment, all staff members were fully informed of the purpose and process of the experiment, and oral consent from all staff members was obtained.

The formal experiment was conducted between August 9 to 15, 2021, and a total of 90 staff members (30 each of doctors, nurses, and administrators) were recruited. After excluding 14 groups, of which the sampling rate was <80% or were interrupted by an emergency recall to participate in medical rescue, 76 valid data groups were finally obtained (Table 2).


Table 2. Attributes and proportion of staffs.
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By comparing the gender and age of the three occupational groups, the average age of the administrator group (36.72) was found to be the largest, followed by the doctor (35.83) and nurse (27.22) groups. For the gender distribution characteristics, males accounted for the largest proportion in the doctor group (22/24, 91.67%), followed by the administrator (17/25, 68%) and nurse groups [2/27 (7.41%)] (Table 2).



Study Design and Procedures

The experimental procedure was optimized based on relevant research experience in combination with the characteristics of the present research (23). The experiment was conducted by displaying 20 alternating sample pictures on a 27-inch display screen for 10 s each. After the experiment was completed, staff members were invited to continue answering the SRRS after a short break until the entire process was completed. The experimental site was arranged in a quiet office close to the staff workplace (Figure 1).


[image: Figure 1]
FIGURE 1. The arrangement of experimental site.


To ensure the reliability and effectiveness of the formal experiment, the researcher conducted pre-experiments on August 6, 2021, involving two hospital executives, one ophthalmologist, one neurosurgeon and two administrators to optimize the experimental process.



Eye-Tracking Technology

In the present study, the Tobii T120 eye tracker (sampling rate 120 hz) was used to record EMM, and the area of interest (AOI) was divided and analyzed by Tobii Studio Software. In AOI analysis, 20 sample pictures were demarcated according to two categories and their contained space elements (sky, landscape, facade, and hard paving) to form AOI groups for the calculation of the EMM of four space elements (Table 3, Supplementary Material).


Table 3. AOIs, geometrical center points and fixation diagram of sample picture.

[image: Table 3]

Based on defining AOI, three eye movement measures (EMM) commonly used in eye movement tracking technology were selected to explore the visual preferences of staffs: (1) TFF, which indicates the priority of the staffs' fixation on the elements in the picture (24, 25), with a shorter fixation indicating easier recognition (26); (2) TFD, which indicates the sum of the staffs' fixation duration of a certain element (24), with a longer duration indicating greater interest and participation (27, 28); and (3) APS, which could be used as a summative index of brain activity (29), and is related to the cognitive burden of staffs, with a greater cognitive burden indicating greater mental load (30).



Properties of Sample Picture

To grasp the correlation between the EMM of staff and the proportion of space elements, firstly, four AOI groups (that is the four space elements: facade, sky, hard paving, and landscape) were outlined in each picture through drawing software (Photoshop CS6). The proportion of the number of pixels in each AOI groups to the total pixels of the picture was then calculated, as well as the saturation and brightness of the picture.

Secondly, each region of AOIs was described in the software (AutoCAD 2016) to identify the geometrical center point and the distance to the center point of the picture (CPP). Finally, the average distance between the geometrical center point (GCP) of each AOIs contained in an element to the CPP was used to represent the position of the element in the picture (Table 3).



Self-Rating Restoration Scale

Since many of the existing restorative scales are based on attention restoration theory, with minimal consideration for stress reduction theory, and have the characteristics of obscure wording and long questionnaires, hospital staff who are not familiar with the relevant theories may become confused. Therefore, an improved SRRS was selected as the research tool. SRRS is a concise, clear, and easy to measure questionnaire composed of four dimensions of emotional, behavioral, cognitive, and physiological, and eight sub-items (31).

At present, SRRS has been applied in the Chinese context and has achieved high reliability and validity. Moreover, because the EMM investigated in the present study belongs to physiological evaluation, the physiological dimension and two sub-items were excluded in the used questionnaire to save the response time of the staff. The three dimensions of emotional, behavioral, and cognitive, and a total of six sub-items were retained.




RESULTS

A series of analysis through one-way ANOVA, independent sample t-test, Spearman's rank correlation and partial least squares regression was conducted by SPSS software (version 24.0, IBM Corporation, New York, USA), so as to explore the differences of EMM among staff with different attributes, and their relationship with SRRS and HORS picture attributes (element proportion and position, brightness and saturation).


Correlation Between Staff Attributes and Eye Movement Measures


Differences of Eye Movement Measures Among Different Occupations

Through one-way ANOVA, significant differences were found among different occupations in the TFD of staff on the landscape space element (p = 0.022) and APS (p = 0.0001) (Table 4).


Table 4. One-way ANOVA of EMM between three occupations.

[image: Table 4]

On the premise that the data met the variance homogeneity test, through Bonferroni correction for multiple comparisons, the difference of the TFD of staff on the landscape space element mainly existed between the nurse group and administrator group (p = 0.032), that is, the TFD of the nurse group on the landscape space element was higher than that of the administrator group. The difference in APS could be mainly attributed to the small size of the administrator group, that is, the APS of the administrator group was smaller than that of the doctor group (p = 0.016) and nurse group (p = 0.000) (Table 5).


Table 5. The Bonferroni correction for multiple comparisons for the difference of EMM between occupation.
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Differences of Eye Movement Measures Between Gender

At the same time, through one-way ANOVA, a significant difference in APS was found between different genders (p = 0.020), that is, the APS of males was smaller than that of females (Table 6).


Table 6. One-way ANOVA of of average pupil size between gender.
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Correlations Between Staff Age and Eye Movement Measures

At the age level, through Spearman's rank correlation, negative correlations were found between staff age and APS (r = −0.504**, p = 0.000), and the TFD of staff on the landscape space element (r =-0.304*, p = 0.008). Meanwhile, positive correlations were found between staff age and the TFF of staff on the facade element (r = 0.242*, p = 0.035) and hard paving element (r = 0. 313**, p = 0.006) (Table 7).


Table 7. Correlations coefficient between age and EMM.
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Correlation Analysis Between Space Attributes and Eye Movement Measures


Correlation Analysis Between Elements Proportion and Eye Movement Measures

In the present study, PLS, which is suitable for small sample sizes and may have collinearity, was selected as the analytical method. Based on the PLS regression analysis of the proportion of four space elements and three types of EMM of staff, the variable importance in projection >0.8 was selected (32), and the statistical regression model with the dependent variable was established.

Firstly, the APS of staff would be negatively affected by the proportion of sky element and positively affected by the proportion of hard paving element. Secondly, the TFD of staff on most constituent elements in HORS pictures would be positively affected by the proportion of itself and negatively affected by the proportion of elements belonging to different categories.

At the same time, the TFD of staff to the sky element was found to be negatively affected by the proportion of landscape space element and the proportion of facade element. Finally, the TTF of staff to each constituent element would be negatively affected by the proportion of natural environment and positively affected by the proportion of hard artificial elements (Table 8).


Table 8. Partial least squares regression between EMM and the proportion of space elements.
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Correlation Between the Average Distance From the Geometrical Center Point of Space Elements to the Center Point of the Picture and Eye Movement Measures

Through Spearman's rank correlation, the average distance between the GCP of sky element (r = −0.470*, p = 0.036), facade element (r = −0.594**, p = 0.006) and landscape space element (r = −0.490**, p = 0.028) to the CPP were found to be negatively correlated with the TFD of staff on the three elements.

Secondly, the average distance between the GCP of facade element to the CPP was negatively correlated with the TFF of staff on itself (r = −0.572**, p = 0.008) and APS (r = −0.502*, p = 0.024). Thirdly, the average distance between the GCP of landscape space element to the CPP was positively correlated with the TFD of staff on the facade element (r = 0.693**, p = 0.001). Finally, the average distance between the GCP of hard paving element to the CPP was positively correlated with the TFF of staff on itself (r = 0.635**, p = 0.003) and the TFD of staff on the sky element (r = 0.449*, p = 0.047) (Table 9).


Table 9. Correlations coefficient between the average distance from the GCP of each space elements to the CPP and EMM.
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Correlation Between Picture Saturation and Brightness and Eye Movement Measures

Through Spearman's rank correlation, the saturation value of the HORS picture was found to be negatively correlated with the TFD of staff on the facade element (r = −0.593**, p = 0.006) and the TFF of staff on the landscape space element (r = −0.601**, p = 0.005). At the same time, the brightness value of the HORS picture was positively correlated with the TFD of staff on the sky element (r = 0.541*, p = 0.014) and negatively correlated with the APS of staff (r = −0.495*, p = 0.026) (Table 10).


Table 10. Correlations coefficient between the saturation & brightness of sample pictures and EMM.
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Correlation Between Self-Rating Restoration Scale Score and Space Attributes

Through Spearman's rank correlation, the proportion of sky element in HORS was found to be positively correlated with the scores of staff in the three dimensions of SRRS: emotional (r = 0.700**, p = 0.001), cognitive (r = 0.631**, p = 0.003) and behavioral (r = 0.697**, p = 0.001). Additionally, the average distance between the GCP of sky element to the CPP was also negatively correlated with the scores of staff in the dimension of cognitive (r = −0.478*, p = 0.033), while the average distance between the GCP of hard paving element to the CPP was positively correlated with the scores of staff in the three dimensions of SRRS: emotional (r = 0.673**, p = 0.001), cognitive (r = 0.589**, p = 0.006) and behavioral (r = 0.598**, p = 0.005) (Table 11).


Table 11. Correlations coefficient between the proportion and location of space elements and the score of self-rating restoration scale.
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DISCUSSION


Pay Attention to the Differentiated Needs of Staff


Set Up Hospital Outdoor Rest Space Close to the Working Area of the Group of Medical Staff

The findings of the present study reveal that compared with the administrator group, the doctor and nurse group (summarized as the group of medical staff) had longer TFD of the landscape space element and larger APS, and the two forms of EMM may be related to the working mode of the three groups. Such findings could be attributed to people with restorative needs potentially paying more attention to the landscape space element (33). Moreover, staff may show pupil dilation due to the high attention required for work (34).

In reality, the working place of the nurse is relatively fixed, and there are few opportunities to become exposed to HORS. Doctors would have commuting opportunities for outdoor contact due to the needs of outpatient service, ward inspection and consultation. Owing to the requirements of the inspection system, the administrator needs to shuttle frequently in the hospital area, and there are more opportunities for HORS contact.

Therefore, the medical staff group who are indoors for a long time and have less contact with HORS may have strong restorative needs and have a long TFD on the landscape space element. As such, HORS should be set near the working area of the group of medical staff, or outdoor pocket space should be arranged near the staff exit (35). HORS that could be physically accessed (such as by way of balcony or porch) have great perceived recovery potential for medical staff (36).



Pay Attention to the Work Pressure of Junior Nurses

The pupil size of male staff was found to be significantly smaller than that of female staff, which supported the findings that the pupil size of females was larger than that of males when viewing a pleasant and neutral picture (37).

In medical environment, such findings could be related to the fact that most of the female staff who participated in the study were young nurses, because junior nurses with short working years are more prone to fatigue (38). For the nurses who participated in the present study, compared with the doctor's office area, who may still contact HORS through the window, the centrally arranged nurse station would make it difficult for nurses to contact HORS at work, resulting in more cognitive load and a larger pupil size (Figure 2).


[image: Figure 2]
FIGURE 2. Layout and reality images of the ward where doctors and nurses participated in this study were located.


As such, more attention should be given to junior nurses, and a lounge with a view of HORS could be set up around the nurses' station to prevent nurses' fatigue (39). Because observing HORS could not only effectively reduce the fatigue and pressure of nurses (40), but also have a positive impact on the recovery of patients (41). When the space is limited, biological pictures could also be arranged to provide a positive impact, because the cognitive load required by natural scenes is small (28).



Understand the Actual Needs of Senior Staff

With the increase of age, the pupil size may gradually decrease (42). However, in the medical environment, the negative correlation between staff age and APS may also be related to the fact that older staff have rich clinical experience, and also due to work pressure decreasing with age and resulting in a smaller pupil size (43).

At the same time, such factors explain the negative correlation between the age and the TFD of staff on the landscape space element. Since the degree of emotional exhaustion of senior staff in the hospital is significantly lower than that of junior staff (44), the relatively low restorative needs of senior staff may also be the reason for the shortening of their TFD on the landscape space element.

Further, the positive correlation between the age and the TFF of staff on the hard artificial elements shows that the older a staff member is, the harder it is to quickly identify and find the hard artificial elements in HORS. Thus, the eye-catching degree of the height difference of hard artificial elements in HORS needs to be improved through reflective strips or color identification, so as to prevent senior staff from falling due to their failure to find the height difference in time.




Influence of Spatial Attributes on Eye Movement Measures of Staff


The Positive Effects of the Natural Environment and the Negative Effects of Hard Artificial Elements

The results show that the proportion of various elements in HORS pictures is a significant factor that affects the EMM of staff.

Firstly, from the influence of the proportion of space element on pupil size, a smaller pupil size indicates a lower cognitive load (43). Therefore, the sky element would not only reduce the pressure of staff and produce a restorative effect (45), but also result in the pupil size contraction of staff. Such effects could be ascribed to the open scene represented by the sky element being more likely to reduce pressure (28), while the urban scene represented by the hard paving element would lead to a higher cognitive load (46).

Secondly, in terms of the proportion of space elements and the TFD of staff on each element people would pay more attention to the landscape space element because the natural scene is more restorative compared with the urban environment (47, 48). Therefore, the EMM results effectuated by a higher proportion of landscape space element would also bring benefits to staff and also help to reduce medical errors (49).

Conversely, a higher proportion of hard artificial elements would not help staff recover because the TFD of staff on itself would be increased. Additionally, the TFD of staff on the sky element was affected by the proportion of landscape space element, which shows that staff may pay more attention to landscapes with more changes in tone and color (50). The edge space of the facade also had a strong visual attraction for people (51), and thus, the sky element in contact with the edge of the facade element would also get more attention from staff.

Finally, in terms of the proportion of elements and the TFF of staff on each element, a higher proportion of landscape space element would help to shorten the TFF of staff on and allow for recovery from the short contact (52), since people like landscapes in sharp contrast to artificial elements (53). Because staffs have little time to use HORS or only regarded such spaces as passages (54), therefore, improving the visibility of landscape space element in HORS is of positive significance for its rapid discovery by staffs.

In addition, due to the high proportion of natural environment in HORS, hard artificial elements would also be easily identified (55), which shortens the TFF of staff. However, it should also be noted that the high proportion of hard artificial elements would also divide the attraction of landscape (24), because people prefer moderate artificial intervention in a restorative environment (56).



Positive Impact of Place the Natural Environment in the Visual Center

The correlation results demonstrate that the position of space elements in the HORS pictures is a significant influencing factor for the EMM of staff. Firstly, for the farther distance between the GCP of the sky and landscape space elements to the CPP, the staff would increase the TFD on the facade element while decreasing the TFD on the sky and landscape space elements. Here, the possible observation perspective of staff should be understood in the HORS layout, and the natural environment should be arranged in the visual center to increase the TFD of staff on the sky and landscape space elements. Meanwhile, the TFD of staff on the facade element should be reduced to produce a restorative effect.

Secondly, the facade element away from the visual center may not only reduce the TFD of staff on itself but also contribute to the contraction of pupil size due to the increased sense of opening caused by the decentralized layout of the facade element (23). At the same time, the correlation between the distance between the GCP of the facade element to the CPP and the TFF of staff on the facade element is further evidence of the aforementioned results that the facade element at the edge of the picture may be highlighted by the “background” composed of green plants.

Finally, the farther distance between the GCP of the hard paving element to the CPP, the TFD of staff on the sky element may be further increased, while helping to reduce the eye-catching degree and improve the scores of staff in the SRRS. Hence, in the hard paving element design of HORS, a non-centered and sinuous layout pattern should be considered, so as to stimulate the pathfinding behavior of staff, weaken the eye-catching degree of the hard paving element and the TFD of staff, and achieve a better self-rating restoration result.



Positive Impact of Improving the Brightness and Saturation of Space

The positive significance of high saturation in HORS was observed in the present study. Therefore, in the actual design, more colored items such as flowers could be planted to attract staff, allowing them to quickly identify and discover the landscape space element while reducing their attention to the facade element.

At the same time, higher brightness in HORS was found to be conducive to the contraction of pupil size while increasing the TFD of staff to the sky element, that is, higher brightness in HORS had a better restorative value and positive effect (57). In addition, the influence of saturation and brightness found was also further evidence of the relevant research results (58).




Provide Staff With Access to the Sky Environment in a Variety of Ways

In terms of spatial attributes and psychological evaluation, a high proportion of sky element was found to be helpful for improving the staff SRRS scores. In addition, the sky element arranged in the visual center also helped to improve the staff SRRS score at the cognitive level.

Such findings are further evidence of the negative influence of the proportion of sky element on pupil size. Because medical staff rarely have the opportunity to contact with the outdoor environment, providing them with a HORS with more sky element would produce a better restorative effect, and the sky element could activate the areas related to space cognition and behavioral perception in people's brains and produce beneficial effects (59).

Thus, in the actual design, providing staff with access to the sky environment in a variety of ways could be considered. To be specific, while increasing the proportion of the sky element in HORS from the perspective of direct physical access, and also providing a sky environment with direct visual access for staffs who cannot get away from work, such as in the ward of higher floors, a larger scale sky view could be provided by means of windows (59).




CONCLUSION

With the focus on the impact of HORS on staffs' recovery, this study investigated the effect of HORS on the EMM and self-rating restoration of staff. The relationships between HORS picture attributes and the EMM and SRRS of staff were summarized (Figure 3).


[image: Figure 3]
FIGURE 3. Relationship between the proportion of picture properties and EMM and SRRS score. TFD, Total Fixation Duration; TFF, Time to First Fixation; P, Proportion; S, Sky Element; F, Facade Element; LS, Landscape Space Element; HP, Hard Paving Element; GCP, Geometrical Center Point; CPP, Center Point of the Picture.


On this basis, through further analysis, the research puts forward the following specific suggestions for the optimization practice of HORS. (1) The outdoor rest space should be set up close to the working area of the group of medical staff. (2) Enhance the visibility of the height difference of hard artificial elements in HORS. (3) A lounge with a view of HORS could be set up around the nurses' station. (4) The proportion of natural environment, saturation, and brightness of HORS should be increased, and the proportion of hard artificial elements should be reduced. (5) The natural environment should be placed in the visual center of HORS; (6) The proportion of the sky element in HORS should be increased, or introduce the sky into the indoor environment through windows.

In summary, the present study is not only an innovation in method selection and object selection but also a practical verification of evidence-based design in Chinese HORS design, which provides enlightenment for the promotion and application of evidence-based design in T1GHs in China.

Besides, only Chinese T1GHs were selected as the research object, and there was a lack of attention paid to specialized hospitals such as children, rehabilitation, and orthopedics. Because different types of hospitals may have differences in HORS and the restorative needs of staff. Secondly, to avoid complex situations, the experimental environment and tasks were controlled and simplified, to not interact with the real HORS scene and there may be a gap with the actual environment. Thus, in future research, hospital staff could be invited to wear head-mounted eye tracker devices or with the help of virtual reality technology to explore the actual environment. Thirdly, the influence of weather conditions and a person's mood could be further researched, to identify the impact mechanism. Finally, based on mastering the EMM of staff, the EMM of patient groups could be further explored, fit the needs of the two groups, and build a complete HORS design proposal.
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In order to explore the determinants of vacant taxi drivers' customer-search behavior, this paper intends to calibrate a time-dependent Multinomial Logit (MNL) model by mining over 1.6 billion GPS records from about 8,400 taxis in Shanghai, China. First, based on the ordering points to identify the clustering structure (OPTICS) algorithm, the downtown area of Shanghai city is divided into 47 hotspots to identify the hot areas of customer delivery and searching. Then, by investigating a typical search delivery process of a vacant taxi, five candidate factors that may affect the customer-search behavior are summarized and defined. Using the maximum likelihood method, the significant factors are finally found. The results reveal that the relative passenger demand, the regional likelihood of pick-ups as well as the expected rate of return are the most significant factors influencing customer-search behavior. Although the impact of traffic situation (i.e., the en-route delay and traffic condition of the target hotspot) is not particularly significant, service providers and policymakers should still take full advantage of it to schedule taxi service and mitigate the traffic congestion caused by the circulation of vacant taxis. Besides, this paper also shows that the customer-search behavior of a vacant taxi driver varies with the time of day. Findings in this paper are expected to provide comprehensive insights about factors that should be considered in the future operation pattern of a taxi service system where human driver taxis and self-driving taxis are mixed.

Keywords: trajectory extraction, clustering algorithm, logit-based model, customer-search behavior, time-varying, en-route delay


1. INTRODUCTION

By providing demand-responsive, privacy, and flexible transport, taxi service plays a vital role in satisfying travel demand within an urban area. Compared with other public travel modes, taxis could offer a more comfortable and fast service and thus have been expanding their mode share of urban trips in recent years (1, 2). However, there are several tricky problems associated with the taxi service. First, during peak hours, it is difficult for a passenger to take a taxi in densely populated areas. The spatial-temporal mismatch between taxi demand and supply makes the service level of taxis in satisfying travel demand low.

Second, as taxis are an essential component of the traffic-flow in urban roads, the route choice behavior of taxi drivers has a significant effect on traffic conditions of the urban transportation network. Although the online taxi-hailing service has been growing sharply in recent years, most vacant taxi drivers still cannot accurately find a new passenger to serve after finishing an order. Based on past operational experiences, they usually circulate in the areas with high travel demand in search of passengers. The inefficient movement of vacant taxis could further increase traffic congestion and air pollution (3, 4).

In addition, conventional human-driven taxis are regarded as unsustainable due to the emission of carbon, invalid circulation, and the declining service level. By contrast, self-driving taxis, one of the hot topics in recent years, have been a suitable alternative. In the near future, the taxi service will be provided where human-driven taxis and self-driving taxis are mixed. Many potential benefits, such as the increase of service level and the improvement of urban traffic conditions, can be achieved if human-driven taxis work well with self-driving taxis. Therefore, understanding the customer-search behavior of human driver taxis is also critical to facilitating the deployment of self-driving taxis in the future taxi industry. Furthermore, it could also benefit ride-hailing types of taxis where people search a customer depending on their own experiences.

To tackle the issues involved in the taxi service, researchers have put forward various studies from different perspectives and practical methods. For the review of problems or models involved in the taxi service, interested readers could refer to Yang et al. (5) and Salanova et al. (6). The related works can be divided into three parts, 1) studies in regulatory policies, 2) studies in taxi network modeling, and 3) studies in customer-search behaviors.

Studies that relate to regulatory policies (7–10) often investigate the impact of the implementation of such policies, such as price control or entry restriction. However, with the assumption of the idealized taxi market, these studies were all analyzed from a macroscopic view. The spatial structure of the taxi market is not considered (11–14). In addition to such studies in regulator-aspect, many studies also paid attention to the taxi network modeling intending to capture the spatial structure of the taxi market (5, 15–19). It is worthy of note that the studies on taxi network modeling are mainly based on the assumption that taxi drivers search for passengers to minimize their searching time. However, this assumption indeed cannot reflect the real situation because the search time is not the only determinant affecting customer-search behavior. To better model the behavior of vacant taxi drivers, an increasing number of researchers paid great attention to finding factors that influence the customer-search behavior (11–14, 20–23).

The previous studies on search behaviors of vacant taxi drivers are mainly based on logit-based or probability-based form. Sirisoma et al. (11) conducted a stated preference survey of 400 taxi drivers in Hong Kong and developed a Multinomial Logit (MNL) model to analyze the choice mechanism. The results revealed that the trip time, toll, and waiting time are all significant factors affecting customer-search behavior. Besides, the demographic of drivers, such as age, marital status, driving experience, and vehicle ownership, also affected the choice mechanism. In recent years, the cost of GPS data collection has been deeply discounted with the rapid development of technologies and information systems. After collating and analyzing taxi GPS data, the route choices of taxi drivers in a real-world situation can be extracted, providing the essential data to understand the customer-search behavior of a vacant taxi driver.

Based on the GPS data of 460 taxis in Hong Kong, Szeto et al. (12) developed a time-depend logit-based model to study the customer-searching strategies of vacant taxi drivers over a day. Their results indicated that the passenger demand and rate of return are two significant factors that affect the searching behavior. Also, using the GPS data from 460 taxis in Hong Kong, Wong et al. (13) intended to seek the underlying mechanism of taxi customer-search behavior and validated a logit model, in which several factors were explored, including the cross-zonal travel distance, intra-zonal circulating distance, relative passenger demand and rate of return. To capture the effect of the cumulative probability of successfully picking passengers up in the customer-search process, Wong et al. (14) proposed a cell-based model combining the logit-based model and intervening opportunity model. In their paper, the GPS data of the 460 taxis in Hong Kong was also used to calibrate the model.

Apart from the theoretical works based on the theory of modeling, some empirical studies were also conducted to study the customer-search behavior of a vacant taxi driver. By using the continuous digital traces of more than 3,000 taxis in over 48 million trips, Liu et al. (20) made an empirical analysis of the operation patterns of taxi drivers. In their paper, the transportation congestion condition is a critical determinant for taxi drivers to search for customers. Veloso et al. (24) performed an exploratory analysis to understand the customer-search behavior in suburban areas by using the taxi-GPS traces collected in Lisbon, Portugal. They found taxi drivers prefer to search customers in areas with a higher probability of picking passengers up even if they need to travel a longer distance to that location. Through the taxi GPS data collected in Shenzhen, China, Zong et al. (23) developed a zero-inflated negative binomial model to identify the impacts of external and internal information (e.g., previous pick-up experience) on the cruising behaviors of taxi drivers. Their results indicated that external factors such as land use, traffic conditions, and road grade have a more significant influence than the internal ones (i.e., previous pick-up experience).

In summary, existing literature specifically focused on the study of customer-search behaviors has explored several factors affecting the search mechanism of vacant taxi driver, including search time/distance (13, 24, 25), revenue (20, 24), rate of return (13), passenger demand (13), pick-up likelihood (14, 24), land use (23), and transportation congestion condition (20). Though studies based on the modeling theory could provide the quantitative influence of those factors, they were still constrained by the small sample size. Quite the opposite, some empirical studies considered abundant factors in analyzing customer-search behavior; however, the significance of each factor cannot be quantified (20, 25). With the rapid development of vehicle-loaded GPS tracking devices, the available taxi data has been greatly enriched, providing the basis for deepening the understanding of customer-search behavior. In this paper, a data-driven taxi customer-search modeling is developed to fill the gap between the theoretical works and empirical studies on the customer-search behavior of a vacant taxi. Besides, to study the choice decisions of vacant taxi drivers, previous studies usually segmented the region into many small cells (14, 23, 24, 26) or different administrative districts (12, 20). To better reflect the demand distribution and search area preferences of vacant taxis, this paper utilizes the OPTICS algorithm to divide the study area into different customer hotspots. Furthermore, because of the temporal variations of passenger demand, the customer-search strategies of vacant taxi drivers indeed vary over the time of day (13, 14, 20, 23). To study the customer-search behavior of vacant taxi drivers in different periods, this paper develops and calibrates several time-dependent MNL models by mining over 1.6 billion GPS records from about 8400 taxis in Shanghai. Based on the Watson and Westin's pooling test (27), the time-varying search strategies are finally investigated and approved. An overview of the study methodology is also presented in Figure 1.


[image: Figure 1]
FIGURE 1. Overview of study methodology.


The contributions of this paper lie in the following.

1. Using the OPTICS algorithm, the study area of this paper is segmented into different customer hotspots. Unlike previous studies that usually divided a mega-region into many small cells or administrative districts, this method could better reflect taxi drivers' demand distribution and searching area preferences.

2. By investigating a typical search delivery process of a vacant taxi, five candidate factors that may have an influence on the customer-search behavior, including the relative passenger demand, regional likelihood of pick-ups, expected rate of return, en-route delay, as well as the traffic condition of target hotspot are defined.

3. Several time-dependent MNL models are developed to provide empirical evidence about the significant factors in the customer-search mechanism of a vacant taxi driver. Besides, the Waston and Westin pooling test is also conducted in this paper to reveal the time-varying characteristic of customer-search behavior.

The rest of this paper is structured as follows. Section 2 describes the raw data, initial data processing algorithms, as well as the study area and time. Section 3 presents the methodology on the determination of customer hotspots and logit-based taxi customer-search behavior model. Section 4 provides the detailed results. Finally, concluding remarks and outlooks for future work are drawn in Section 5.



2. DATA PREPARATION


2.1. Data Acquisition

Taxi GPS data used in this paper is collected from the Shanghai Qiangsheng Taxi Company. The number of taxis operated by Shanghai Qiangsheng Taxi Company occupies approximately 30% of the entire Shanghai taxi population, and it can adequately represent the behaviors of taxi drivers in Shanghai (3). The raw data collected every 10s for over a month (March 2016) contain about 8400 taxis and more than 1.6 billion GPS records in total. The database records the location in terms of longitude and latitude, vehicle identification, spot speed (km/h), timestamp, and operation status (empty or occupied). We should mention that the data includes both occupied and empty running trips and could describe the full operation behaviors of taxi drivers.



2.2. Data Clean, Processing, and Extraction

To obtain the pick-up and drop-off points, as well as those occupied and empty trips, some initial data processing procedures are firstly carried out. These procedures include data cleaning, coordinate transformation, and map matching. Then an Origin-Destination (OD) extraction and mapping algorithm based on time series are designed. This algorithm provides the data foundation for this paper. The trip distance, travel time, and other essential parameters thus can be ultimately calculated.

In this paper, the pick-up point can be considered as a point where the state of the taxi is translated from empty to occupied. Similarly, the drop-off point is a transition of the state of a taxi from occupied to empty. Thus, based on the status change, the procedure of the OD extraction and mapping algorithm can be designed and is shown in Appendix A.



2.3. Travel Fare and Operational Cost

To develop the MNL model, the taxi fare and operational cost should also be mentioned. The fare structure adopted in Shanghai is based on a non-linear fare structure. In the day-time, the initial charge for the first 3 km is 13 CNY and an additional 2.4 CNY charge for every subsequent 1 km or every 5 min waiting time. Trips after 11 pm and before 5 am will start at 16 CNY and will be charged an additional 3.1 CNY compared to the day-time 2.4 CNY. Besides, passengers also must pay 1 CNY for the fuel surcharge in both day-time and mid-night.

Before introducing the operational cost, it is necessary to describe the work-pattern of taxi drivers. In Shanghai, most taxis run 24h a day but in two shifts: The day shift is from 4 am to 4 pm, and the night shift is from 4 pm to 4 am. Thus, each vehicle has two drivers. Based on the report provided by the Shanghai Qiangsheng Taxi Company, the monthly taxi rental cost in 2016 for a single driver is 4,700 CNY. With the shift of 12h and the operating days of 30 days, the rental cost can be calculated as 0.22 CNY/min.

Apart from the rental cost, the fuel cost also accounts for a large proportion of the total operational cost of taxis. In 2016, all taxis of Shanghai Qiangsheng Taxi Company were running on petrol. Based on a survey of taxi drivers, the fuel consumption of a regular taxi is approximately 8 to 10 liters per 100 kilometers. Therefore, the fuel consumption of taxis per 100 kilometers in this paper is set as 9 liters. The unit price of petrol in 2016, Shanghai, is 6.87 CNY/liter. Thus, the unit fuel cost of taxis is 0.6 CNY/km. Although there are no data on precise fare collection, the approximate fare can be calculated by the vehicle trajectory (trip distance and travel time) deduced by the taxi location and speed information. The approximate operational cost can be calculated in the same way.



2.4. Study Region and Time

As shown in Figure 2, the distribution of pick-ups and drop-offs of taxis from QiangSheng Company during a typical workday covers almost the entire city of Shanghai. Furthermore, the Inner Ring Road, denoted by the red circle, encompasses the downtown area of Shanghai. The pick-ups and drop-offs within the Inner Ring Road contribute approximately up to 89.85 and 87.89% of daily pick-ups and drop-offs, respectively. This area can be regarded as the active service region of taxis. Thus, in this paper, the area of Shanghai within the Inner Ring Road is selected as the study area.


[image: Figure 2]
FIGURE 2. The study area and demand distribution during a typical workday. (A) The distribution of pick-ups. (B) The distribution of drop-offs.


The customer-search behavior of vacant taxis indeed varies with time (12). It depends on the balance of the demand and taxis in operation (i.e., the level of competition). To accurately find factors affecting customer-search behavior, it is necessary to divide the time into several spans. In this paper, the ratio of empty/total service time (RETST) is adopted to show the level of competition. Figure 3 shows the trends of the RETST and the average number of taxis in operation over a typical day in March 2016.


[image: Figure 3]
FIGURE 3. Profiles of the ratio of empty/total service time (RETST) and the average number of taxis in operation.


The low RETST during peak hours (7:00–10:00 and 16:00–19:00) means that the supply falls nearly short of demand. During this period, vacant taxi drivers could quickly get new orders. By contrast, the occurrence of high RETST after the evening rush hour and before dawn (23:00–7:00) denotes that the supply exceeds the demand. During this period, taxi drivers prefer not to provide service, and the number of taxis in operation reaches the minimum at 5 a.m. It should also be noted that the average number of taxis in operation falls slightly from 10:00 to 13:00 and then increases from 13:00 to 16:00. That may be attributed to that in Shanghai, taxi drivers usually have a flexible meal schedule and shift change during that time. However, it is difficult to distinguish betweenthe status of taking a meal, having a shift change, or waiting for new orders. To avoid the bothers brought by the small sample size, break-time, and work shift, we omit data collected during 23:00–7:00 and 10:00–16:00 and eventually select the continuous periods 7:00–10:00, 17:00–19:00, and 20:00–23:00 as our study time.

Thus, the customer-search behaviors of vacant taxi drivers during peak period (i.e., 7:00–10:00 and 17:00–19:00) and off-peak period (i.e., 20:00–23:00) are studied, respectively.




3. METHODOLOGY


3.1. Determination of Customer Hotspots

In order to study the customer-search behavior of a vacant taxi driver from a microcosmic perspective, it is necessary to separate the whole city area into many relatively small ones. Previous studies usually segmented the study region into small cells (14, 26, 28, 29) or different administrative districts (12, 14, 20, 30). However, these subdivision methods can not reflect the demand distribution and searching area preferences of vacant taxis. Unlike previous studies, in this paper, to alleviate the burden of data processing, the study area (i.e., the Shanghai city) is divided into different customer hotspots based on the OPTICS algorithm. The hotspot in this paper refers to a specific region where vacant taxis prefer to search for customers.

The OPTICS algorithm, first proposed by Ankerst et al. (31), is one of the most popular density-based clustering methods. The principle of the OPTICS is equivalent to that of an extended density-based spatial clustering of application with noise (DBSCAN) algorithm. Similarly, the OPTIC algorithm depends on the three parameters defined in the DBSCAN algorithm, including the generation distance (d), the radius of cluster (ε), and the minimum number of points required for a cluster (MinPts). However, unlike the DBSCAN explicitly generating the clusters for data set, this method produces a density-based clustering structure of the data in the order of the points. Besides, the OPTIC can also avoid the trouble of parameter selection in the DBSCAN algorithm (31, 32). It should be mentioned that a set of information, including the core distance (cd) and the reachability distance (rd), is stored in the density-based cluster structure. This kind of information can be finally utilized to extract the clusters and identify noises. For more details of the OPTICS algorithm, interested readers could refer to Ankerst et al. (31).

Based on the concepts of the OPTICS algorithm discussed above, the procedure of the clustering algorithm for our problem is designed. However, before giving the pseudo-code of the OPTICS algorithm, related symbols and functions should be first introduced. I is the data set, Nε(i) is the ε-neighborhood of data point i, ci and ri are the core distance and reachability distance of data point i, respectively. vi is the sign variable indicating whether data point i is traversed or not. Seedlist is the temporary set of data points that have been processed and ordered by the reachability distance in ascending. P is the sequence of all data points in ascending order of reachability distance, and M is the clustering result. Then, the procedure of the OPTICS is shown in the following.

The function insertlist() is indeed a sub-procedure of the Algorithm 1. It is used to update the reachability distance of the data that have been processed. This function is repeated called by the OPTICS algorithm until all data points are traversed, and the pseudo-code is shown as follows.


Algorithm 1: OPTICS algorithm.

[image: Table 1]


Algorithm 2: The procedure of insertlist().

[image: Table 1]

Thus, the study of vacant taxi customer-search behavior in this paper turns into the analysis of the customer hotspot choice decision. Based on the historical taxi trajectory data and the algorithm, the spatial characteristics of pick-ups and drop-offs can also be explored.



3.2. Candidate Factors Affecting the Vacant Taxi Customer-Search Behavior

Vacant taxi customer-search is a high-level human behavior and complex decision-making process that incorporates the drivers' past and unspoken experiences. Previous studies have explored several factors that may influence the vacant taxi customer-search behavior (11, 12). Concerning these factors, the en-route delay and the traffic condition of the target hotspot are always ignored. To find factors affecting customer-search behavior comprehensively, the overall customer-search and customer-delivery process should be studied. A typical process of customer search and delivery is shown in Figure 4.


[image: Figure 4]
FIGURE 4. A typical customer search and delivery process.


As illustrated in Figure 4, a studied taxi finishes the current order at drop-off location α and is going to search for the next passenger. The demand in the target area influences the customer-search decision. Due to the high demand, searching for a customer successfully in a short period becomes promising. In other words, relative passenger demand is an essential factor that may affect customer-search behavior. However, in the search process (α → β), high passenger demand cannot ensure the probability of successfully picking passengers up. Vacant taxi drivers prefer to search through an area, in which passenger demand is great, and quantity supplied (i.e., the number of vacant taxis) is small. The probability of a vacant taxi driver successfully picking a passenger up decreases if there are many vacant taxis nearby. Thus, the regional likelihood of pick-ups is also a critical candidate factor. The traffic condition along the way of searching customers is also likely to affect customer-search behavior. The low speed caused by traffic jams will deter vacant taxi drivers from searching for passengers. Similarly, the traffic condition of the target area also needs to be considered. Finally, the fare, travel expense, and time (i.e., the expected rate of return) should also be considered because vacant taxi drivers prefer passengers with high travel fare and low searching time and cost.

In this paper, the vacant taxi customer-search behavior is considered as the choice to select a particular customer hotspot in the city region. The choice can either be intra-hotspot circulating or cross-zonal traveling. Besides, these choices are assumed to be independent. By analyzing the typical search and delivery process of a vacant taxi driver, five factors that may have an effect on the customer-search behavior are summarized and defined. The associated definitions and formulates for the five factors, including the relative passenger demand, regional likelihood of pick-ups, expected rate of return, en-route delay, as well as traffic condition of target hotspot, are presented in the following.


3.2.1. The Relative Passenger Demand

Passenger demand is the most important factor considered by vacant taxi drivers in finding customers. They always prefer to cruise in areas with higher passenger demand according to their experience. In this paper, the relative passenger demand of hotspot (i) is used to capture the attractiveness of high demand, and the definition is shown as follows.

Definition 1. Given the number of passengers picked up in hotspot i at time interval t, [image: image], and the total number of occupied trips in the entire study area, the relative passenger demand [image: image] is defined as follows.

[image: image]



3.2.2. The Regional Likelihood of Pick-Ups

Higher passenger demand in one area cannot ensure a reasonable probability of successfully picking passengers up. It can be offset by the heavy competition. Therefore, the regional likelihood of pick-ups should also be a factor that needs to be considered.

Definition 2. Given the total number of vacant taxi [image: image] and occupied taxi [image: image] in hotspot i at time interval t, the regional likelihood of pick-ups, [image: image], can be formulated as:

[image: image]



3.2.3. Expected Rate of Return

When searching for the next customer, the vacant taxi driver will consider not only the time and cost consumed from the current location to the next pick-up location but also the expected profit brought by the next order, which will eventually affect their incomes. Thus, the expected rate of return is a candidate factor to be considered. Before calculating the expected rate of return, three related definitions, including the travel time, travel expense, and fare, are first given below.

Definition 3. The total travel time of trip k of an individual vacant taxi driver starting from hotspot i and aiming j to search for the next customer [image: image].

[image: image]

where [image: image] is the searching time of trip k of an individual vacant taxi driver from hotspot i to j at time interval t; and [image: image] is the service time (i.e. delivery time) of trip k.

Definition 4. For a typical customer search and delivery process, the travel expense for a vacant taxi driver is comprised of two parts: one is the rental cost, and the other is the fuel cost. Thus, the travel expense of trip k of an individual vacant taxi driver from hotspot i to j at time interval t, [image: image], can be calculated as follows.

[image: image]

where Cr is the rental cost per unit of time; Cf is the fuel cost per unit of distance; [image: image] is the search distance of trip k in customer-search process from hotspot i to j; [image: image] is the delivery distance of the occupied trip k from hotspot j.

Definition 5. The fare of trip k of an individual vacant taxi driver from hotspot i to j at time interval t can be calculated based on time interval, fixed fuel surcharge fare, and the delivery distance, which is formulated as follows.

[image: image]

Where Fc is the fixed fuel surcharge fare, s denotes the delivery cost, and F(·) is the function of travel fare calculation discussed in Section 2.3.

We can, therefore, define, hereafter, the expected rate of return as follows.

Definition 6. The expected rate of return (EROR) is calculated based on travel fare, expense, travel time, and the time interval, which is denoted as follows.

[image: image]

The numerator of the Equation 6 shows the expected profit of trip k of an individual vacant taxi driver from hotspot i to j at time interval t. Furthermore, the denominator represents the expected time taken to obtain that profit. The two numbers are calculated based on an intact customer search and delivery process. The value of the ratio describes the effect of perceived profit in the decision-making process when vacant taxi drivers search for the next customer. A higher EROR may result in a higher probability of a vacant taxi driver going from one hotspot to the designated hotspot.



3.2.4. En-route Delay

The en-route delay reflects the traffic condition along the way of searching for customers. With the same searching distance, severe en-route delay may increase the searching time and cost, even destroying the light mood. Thus, it should be one another candidate factor affecting the customer-search behavior of a vacant taxi driver. En-route delay is indeed correlated with several factors, such as type of road, road capacity, and traffic accident. However, it is challenging to incorporate all factors into one parameter to represent the en-route delay. In practice, experienced drivers are more likely to search passengers through a route with a stable travel speed. Thus, in this paper, the en-route delay is represented by the standard deviation of customer-search time between the current hotspot and the designated hotspot, and the definition is given below. Note that the en-route delay in this paper does not intend to represent traffic conditions of a specific road. Instead, it aims to reflect the general road traffic conditions between two hotspots partly.

Definition 7. Given the average customer-search time, and the total number of search trips (i.e., empty trips) from hotspot i to j, the en-route delay can be mathematically expressed as follows.

[image: image]

Where Nij indicates the total number of search trips from hotspot i to j. [image: image] is the search time of trip k of an individual vacant taxi driver from hotspot i to j at time interval t. [image: image] is the average customer-search time from hotspot i to j at time interval t, which is calculated as [image: image].



3.2.5. Traffic Condition of Target Region

Similarly, the traffic condition of target hotspot j will also affect the vacant taxi customer-search behavior. A congested traffic condition may cause taxi drivers to move slowly and consume more time to deliver the passengers. In this paper, the average speed is adopted to reflect the traffic condition of the target region j.

Definition 8. The average speed of target region j at time interval t, [image: image], is a ratio of search and delivery distance to the search and delivery time.

[image: image]

where [image: image] is the search distance before trip k. In contrast, [image: image] is the delivery distance of trip k starting from hotspot j at time interval t. And [image: image] and [image: image] denote the corresponding search time and delivery time, respectively.

For every single search-delivery trip, the five factors are calculated using the data introduced in Section 2. Then 22,507 samples are drawn for the off-peak period, 25,923 samples are drawn for the morning peak hours, and 16,864 samples for the evening peak hours.




3.3. Multinomial Logit Model for Customer-Search Behavior

In this paper, the MNL model is employed to analyze the customer-search behavior of a vacant taxi driver. Based on the theory of discrete choice, a vacant taxi driver chooses the designated hotspot, which brings him the highest utility. The utility (Uijk) when the vacant taxi driver is currently in hotspot i and about to go to hotspot j for searching the next passenger in trip k, consists of two parts: measurable utility (Vijk) and unmeasured utility (εijk):

[image: image]

Based on the candidate factors presented in Section 3.2, the measurable utility function can be mathematically expressed as follows.

[image: image]

Where, δj is the utility constant of hotspot j; βE is the coefficient associated with the relative passenger demand; βLP is the coefficient associated with the regional likelihood of pick-ups; βR is the coefficient associated with the expected rate of return; βED is the coefficient associated with the en-route delay and [image: image] is the coefficient associated with the traffic condition of target hotspot.

When the factors of measurable utility and the unmeasured utility are independent, and the random utility (εijk) is the unobserved error component obeying Gumbel distribution, the probability that the vacant taxi driver currently in hotspot i chooses hotspot j to start trip k can be obtained by the following form.

[image: image]

Where, Ki is the set of optional hotspots for the vacant taxi located in hotspot i.



3.4. Multicollinearity Detection

As the classical linear regression, the multicollinearity problem is also involved in the MNL model. It affects the stability of models and may cause the incorrect identification of influence factors (33). In this paper, two methods, Pearson product-moment correlation coefficient (PPMCC) and the variance inflation factor (VIF), are introduced to detect the presence of multicollinearity. The former method is to identify the linear correlation between any two variables in the five-candidate factors. Variables with the coefficients (absolute values) higher than 0.7 are considered to have the multicollinearity and will be removed in the MNL model. The latter method is used to reduce the likelihood of any multicollinearity further. VIFs equal to 1 indicates that there is no collinearity existing in the variables of the model. By contrast, VIFs larger than 10 present the severe collinearity (34). Thus, in this paper, variables with VIFs higher than 10 will also be eliminated in the model.



3.5. Watson and Westin Pooling Test

The customer-search behavior of a vacant taxi driver appears not to be constant for different periods (12, 13, 20, 26). Taxi drivers will circulate the city area in different patterns in 1 day to maximize their profits. Thus, it is necessary to understand the underlying behavior patterns for different periods to mitigate the traffic congestion caused by the unnecessary circulation of vacant taxis and improve the income of taxi drivers. In this paper, four combined MNL models with different periods were first developed and listed in Table 1.


Table 1. Combined MNL models with different time periods.

[image: Table 1]

Then the Watson and Westin pooling test approach was applied to study the sensitivity of the periods (12, 13, 27, 35, 36). This method is based on the log-likelihood ratio, and the associated equation is shown as follows.

[image: image]

Where LR is the log-likelihood of the combined MNL model with two or three different periods, and LU is the sum of the log-likelihoods of the individual MNL models developed for different periods. The null hypothesis of the test approach is that there is no difference between the individual MNL model and the combined MNL model. If the test statistic is larger than the threshold value (i.e., the value specified by the chi-squared distribution at a chosen level of significance), the null hypothesis is rejected. Besides, the degree of freedom can be calculated by subtracting the number of variables of the combined MNL models from the sum of the number of individual MNL models.




4. RESULTS AND DISCUSSION


4.1. Characteristics of Trips and Candidate Factors

Figure 5 shows the distribution of trip characteristics at different times of a typical day. In the morning (or evening) peak hours (7:00–10:00 or 17:00–19:00), vacant taxi drivers spent less time and traveled less distance to find the next customers than off-peak hours due to the high demand. By contrast, the search distance in the midnight period, on average, triples during peak hours. This demonstrates that vacant taxi drivers need to travel more distance to find their next customer in midnight period. Additionally, the journey distances present no appreciable difference in different periods, which is inconsistent with findings in previous research (13). Even more adverse, the journey distance in morning peak hours is higher than other hours. It is potentially related to the spatial division of residential and working areas in Shanghai City. However, in off-peak and mid-night periods, the journal time is notably short than peak hours. It can be attributed to the relatively good traffic condition, enabling taxi drivers to have a higher traffic speed. More details of the trip characteristics can be found in Appendix B.


[image: Figure 5]
FIGURE 5. The distribution of trip characteristics on the time of a typical day.


Based on the analysis in Figure 5, the taxi market shows a significant fluctuation across a day. The vacant taxi drivers may use different customer-search strategies to increase their incomes. Therefore, the customer-search behaviors of vacant taxi drivers in different periods are studied separately. The behavior-changing across the day will also be explored.



4.2. Clustering Results Based on OPTICS

As discussed, the hotspot refers to a specific region where vacant taxis prefer to search for customers. In this paper, these hotspots are identified using the data of pick-ups in peak hours (including morning and evening peak hours). Note that the commonly used method in the OPTICS algorithm to identify clusterings is to utilize the reachability plot, a scatter diagram showing the reachability distance of each point in the ascending order. Using this plot, the hierarchical structure of the clusters can be easily obtained. In this figure, the x-axis represents the ordering of the points processed by OPTICS, while the y-axis represents the reachability distance.

To determine the best parameters, the range of the two parameters is set as MinPts ∈ {20, 30, 40, 50, 60, 70, 80, 90} and ε ∈ [0.01, 0.06]. Then, a grid search is performed. Results indicate that the value of the parameter, MinPts, is 50. Given the value of MinPts is 50, the reachability plot for pick-up points in peak hours can be calculated (as shown in Figure 6).


[image: Figure 6]
FIGURE 6. The reachability plot for the data set of pick-ups in peak hours.


Indeed, the clusters can be represented and extracted based on the dents of the reachability plot (31, 37). However, the number of clusters (i.e., the hotspots in this paper) and the number of points contained in each hotspot are critical for the computing accuracy and computation time. In this paper, the cumulative percentage distribution of pick-ups is used to identify the best neighborhood radius. The results are shown in Figure 6.

As we can see in Figure 7, the number of clusters with less than or equal to 100 pick-ups accounts for 90% of the whole clusters when the neighborhood radius ε = 0.015. This indicates that many clusters with very few pick-up points are generated. Some central business districts or highly populated areas cannot be efficiently reflected. However, when ε ranges from 0.04 to 0.06, the percentage of clusters with less than 450 pick-up points reaches 90%, illustrating the most attractive hotspots in the urban area can be identified. Besides, when ε = 0.05, more than 70% of pick-ups distributed within the Inner Ring of Shanghai City are clustered. Thus, in this paper, the neighborhood radius is set as ε = 0.05. The value of the neighborhood radius is also presented in the black horizontal line of Figure 6. Based on the reachability plot and neighborhood radius, 47 hotspots are finally identified by the OPTICS algorithm and visualized in Figure 8.


[image: Figure 7]
FIGURE 7. Cumulative proportion of clusters of pick-ups.



[image: Figure 8]
FIGURE 8. The geographical distribution of Hotspots.




4.3. Multicollinearity Detection

Before the calibration of the MNL model, multicollinearity detection is firstly conducted. In this section, the PPMCC between any two factors considered in the utility function of the MNL model for off-peak hours is calculated and shown in Figure 9. As shown in Figure 9, the maximum value among the correlation coefficients is 0.388, smaller than the threshold value of 0.7. Thus, results reveal that there is no presence of collinearity for any pairwise correlations between any two candidate factors.


[image: Figure 9]
FIGURE 9. The distribution of Pearson product-moment correlation coefficient.


To further detect the presence of multicollinearity, the VIF is also computed using Stata 14.0, and the results are presented in Table 2. The VIF values for all candidate factors, ranging from 1.027 to 1.385, are approximately equal to 1 and much less than 10. The results further verify that no collinearity is presented, and the candidate factors are reasonably selected in the utility function of the MNL model. The multicollinearity detection method for the morning-peak and evening-peak models is the same as discussed above. The full results for all periods can be found in Appendix C.


Table 2. The variance inflation factors.

[image: Table 2]



4.4. Calibration Results

Using the maximum likelihood method, the coefficient of each variable in the MNL model is calibrated, and the results are shown in Table 3. First, for morning peak hours, the Cox & Snell Rho-squared and Nagelkerke Rho-squared of the MNL model are 0.525 and 0.706, respectively. The Cox & Snell Rho-squared and Nagelkerke Rho-squared of the MNL model for off-peak hours are 0.429 and 0.55. Moreover, the values for the evening peak hours' model are 0.24 and 0.32. The values of the two parameters demonstrate that the models have a good fit.


Table 3. Estimation Results of the time-dependent MNL model.

[image: Table 3]

Second, the sign of the constant of the utility function indicates the preferences of vacant taxi drivers to make intra-hotspot circulating or cross-hotspot traveling. The negative constant in the morning peak hours' model shows that the vacant taxi drivers prefer the intra-hotspot circulating to find the next passenger. However, for the off-peak hours model and evening-peak hours model, the constants of the utility functions are both positive. This indeed concurs with the fact that due to the high travel demand in morning peak hours, vacant taxi drivers could find a nearby passenger in a short time because nearly every person needs to go to work in the morning (see Figure 5). By contrast, vacant taxi drivers may need to make cross-hotspot traveling to find the next order during the off-peak period in the face of shrinking demand. An interesting point worth pointing out is the constant of the utility function of the evening-peak period modeling. Typically, the travel demand in evening-peak hours is also relatively higher than in the off-peak period. Vacant taxi drivers should be able to find the next passenger after finishing an order quickly. However, the constant of the utility function in evening-peak hours is found to be positive in this study. This could be explained by the mismatch between the workplace and the dwelling. After delivering the passengers to their homes, vacant taxi drivers cannot find nearby passengers heading downtown. Thus, they prefer cross-hotspot traveling to find the next passenger during evening-peak hours.

Third, the model-fitting results show that all candidate factors affect customer-search behavior and are significant at the 99% level. It also proves that the proposed model is reasonable to describe the customer-search behavior of a vacant taxi driver. Besides, the coefficients of the expected rate of return, relative passenger demand, and the regional likelihood of pick-ups in all periods are positive, and the remaining two coefficients, traffic condition of target hotspot and en-route delay, are negative. All signs of the coefficients are logical because the area with a higher expected rate of return, relative passenger demand, and the regional likelihood of pick-ups attract more vacant taxi drivers to search for customers. However, the abominable traffic condition of the target hotspot and severe en-route delay suppress the customer-search willingness of taxi drivers.

Table 3 also shows that the magnitudes of the EROR for different periods are relatively close. It suggests that the perceptions of the EROR for taxi drivers are similar across the day. The results make sense because taxi drivers are always the pursuers of profit maximization. Similar to the perception of the EROR, the perception of the ED also has a minor fluctuation across periods. The coefficients of the ED are all negative, which suggests that the ED has a negative effect on the customer-search behavior in all modeling periods.

However, unlike the EROR and ED, the differences in the coefficients of RPD for different periods are more prominent. The magnitudes of the coefficients of RPD for the peak periods (i.e., the morning and evening peak hours) are more significant than that for the off-peak period. This could be explained by the relatively high travel demand during peak periods, and vacant taxi drivers could find the next customer in a relatively short time. However, for the off-peak period, taxi drivers need to travel a long distance to the hotspot with relatively high passenger demand to find the next order.

The coefficients of the TCTH for different periods are all negative, as we discussed above. However, the critical point worth pointing out is that the coefficient of the off-peak period is lower than those for the morning and evening peak hours. It indicates that vacant taxi drivers are unwilling to circulate within those hotspots with adverse traffic conditions during the off-peak period. Though the abominable traffic condition during peak periods also suppresses the customer-search willingness of taxi drivers, the effect is indeed much smaller. It may be attributed to the generally poor traffic condition in the entire urban area.

Regarding the RLP, its coefficient values range from 3.405 to 16.802, showing a fluctuation across different periods. Notably, the coefficient of the morning-peak model is much larger than those of evening-peak and off-peak models. It shows that vacant taxi drivers make a greater emphasis on the regional likelihood of pick-ups when they search for passengers during the morning peak period. Based on the Standard Error given in Table 3, it can conclude that the RLP, RPD, and EROR are the most significant factors affecting the customer-search behavior of vacant taxi drivers, followed by the importance of the TCTH and ED. Finally, to examine whether the customer-search behavior of vacant taxi driver changes across different periods, the Watson and Westin pooling test is applied, and the results are shown in Table 4.


Table 4. The results of the pooling test.

[image: Table 4]

Columns 5–6 present the log-likelihoods of the sum of individual period models and the four combined models. Based on Equation 12, the log-likelihood ratio (LR) can also be calculated and shown in column 7. For combination models 1–3, the degree of freedom is 5, and the Chi-square critical value is 15.086 at 99% confidence level. While for combination model 4, the Chi-square critical value with 10 degrees of freedom at 99% confidence level is 23.209. By comparing the values in columns 7 and 8, it can be found that the Chi-square critical values are significantly lower than the LRs. Thus, the null hypothesis that there is no difference between the individual period model and the combined model will be rejected. In other words, the customer-search behavior of vacant taxi drivers varies with the time of day, and we cannot pool the whole day data to mine the underlying patterns of the customer-search behaviors of taxi drivers. The results also implicate that the regulatory restraints for limiting taxi circulation or improving the taxi system performance should not be static but vary depending on the time of day.

Finally, some conclusions and interesting insights can be drawn from this paper, and they are consistent or inconsistent with some ideas in previous studies.

1. The regional likelihood of pick-ups is the most significant determinant affecting the customer-search behavior of a vacant taxi driver. This finding is consistent with the assumption in previous related research that vacant taxi driver prefers to travel toward areas with the highly successful probability of picking a passenger up (14, 38).

2. Previous studies found those taxi drivers are susceptible to the reliability of travel time (4, 20, 23, 39). This paper proposed two factors to portray the reliability of travel time. One is the traffic condition of the target hotspot, and the other is the en-route delay. Compared with the significance of the traffic condition of the target hotspot, the en-route delay shows a minimal effect on customer search behavior.




5. CONCLUSION

This paper intends to study the customer-search behavior of a vacant taxi driver by mining over 1.6 million GPS records from about 8,400 taxis. To achieve the goal, we first divide the Inner Ring of Shanghai City into 47 hotspots according to the pick-up points in peak hours. Then five candidate factors that may affect the customer-search behavior are defined. To identify the quantitative relations between the factors and the customer-search decision, several time-dependent MNL models are developed and calibrated. By using the Watson and Westin pooling test, the time-varying characteristics of the customer-search behavior of a vacant taxi driver are also presented. Some interesting insights and conclusions are found in this paper and summarized as follows.

1) The hotspots with high-density pick-ups could adequately reflect the customer-search decisions of vacant taxi drivers. Specifically, the number of pick-ups in the identified hotspots accounts for around 70% of the total demand in the Inner Ring of Shanghai City. This finding indicates that vacant taxi drivers prefer to circulate airports, railway stations, hospitals, large-scale shopping centers, and other densely populated locations but rarely search for their passengers in remote areas.

2) The regional likelihood of pick-ups (RLP), relative passenger demand (RPD), expected rate of return (EROR), traffic condition of target hotspot (TCTH), and en-route delay (ED) are all significant factors affecting the customer-search behavior of vacant taxi driver. However, the standard error of the ED is quite small, indicating that ED has a minimal effect on the customer-search decision of a vacant taxi driver. Based on the knowledge of experiences, vacant taxi drivers usually search passengers through the routes they are most familiar with.

3) The customer-search behavior of a vacant taxi driver varies with the time of day. The influence factors have a similar but not identical impact on the customer-search behavior of a vacant taxi driver. In particular, the traffic condition has much more effect on the search strategies during the off-peak period. However, during peak periods, the relative passenger demand is the most significant factor. The expected rate of return and en-route delay is, however, the factors vacant taxi drivers greatly emphasize on during the whole day. Finally, taxi drivers tend to be more susceptible to the regional likelihood of pick-ups.

The findings in this paper provide comprehensive insight into significant factors affecting the customer-search behavior of a vacant taxi driver. Against the background of the rapid development of autonomous vehicles, the results will also be useful for facilitating the commercial deployment of self-driving taxis in the future.

In this paper, only GPS records were used to study the customer-search behavior. However, this work could be further extended in further studies by incorporating other data sources, such as field survey data and loop detected data, to cross-validate the conclusions drawn in this study. In addition, due to the data protection regulation and availability, the data used in this manuscript are a little bit old. Future studies may break the limitation if the latest data are available. With the acquisition of these data, it is also interesting to analyze the evolution of the traditional taxi industry and the differences of influencing factors in these years. Furthermore, within the groups of taxi drivers, there is a substantial variation in weights attached to these candidate factors. However, in this study, the heterogeneity within the population is ignored. In future studies, it will be more interesting to investigate the heterogeneous effects of these factors.
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A comprehensive understanding of the impact of economic growth and environmental pollution on public health is crucial to the sustainable development of public health. In this paper, an individual fixed effect model is used to analyze the impact of environmental pollution and economic growth on public health, based on the panel data of 30 provinces in China from 2007 to 2018. The research finds that: First, the health status of China's four regions is not only affected by economic growth and environmental pollution, but also affected by the per capita disposable income and urbanization rate. Second, there is a long-term balanced relationship between China's economic growth, environmental pollution and public health. Third, environmental pollution harms children's health and significantly increases the perinatal mortality, while economic growth helps to reduce the perinatal mortality. Fourth, environmental pollution plays a regulatory role between economic growth and public health. Fifth, there are significant regional differences in the impact of environmental pollution and economic growth on public health. Among them, the degree of harm caused by sulfur dioxide emissions on mortality in northeastern China is significantly higher than that of the eastern China, eastern China is higher than that of the western China, and western China is higher than that of the central China. Finally, in order to reduce the adverse consequences of environmental pollution on public health in the process of economic development, this study puts forward relevant policy suggestions.
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INTRODUCTION

In recent years, China's economy has undergone earth-shaking changes and people's living standards have also been significantly improved. From 2007 to 2015, China's gross domestic product (GDP) increased by 2.6 times. At the same time, the total amount of industrial waste gas emission also increased by 1.8 times. It can be seen that with the rapid development of economy, environmental problems are becoming more and more prominent (1). Environmental pollution can cause great harm to people's health and bring huge social losses (2, 3). According to the statistics from the World Health Organization (WHO), air pollution can produce a large amount of toxic gases, which impair children's development ability and lead to chronic diseases such as respiratory tract infections. Among them, 93% of children under the age of 15 suffer invisible harms. Therefore, accurate grasp of relationship between environmental pollution, economic development and public health has important reference value to improve people's health. As early as the 1970s, foreign scholars analyzed the impact of environmental pollution on public health based on Grossman's health production function (4). It has been recognized that there is a stable and balanced relationship between environmental pollution and public health, and environmental pollution has had a huge negative effect on public health and increased the burden of medical expenditures (5). At present, China is the largest energy consumer, and the healthcare needs caused by environmental pollution are increasing day by day (6). To cope with this severe challenge, the Chinese government has complied the Outline of the Healthy China 2030 Plan, emphasizing that we should focus on improving people's health so as to meet people's growing health needs and improve health equity. However, the basis for this goal lies in the comprehensive understanding of health influencing factors. It is necessary to further clarify the impact of regional economic development and environmental pollution on public health in China, which is of great significance to promote the development of regional public health. Therefore, this paper takes China as an example, establishes a regression model based on the Grossman health production function, and conducts an empirical analysis on the relationship between China's economic development, environmental pollution and public health, as well as the differences in health levels in various regions, so as to put forward relevant policy suggestions and provide intellectual support for the steady development of public health.

The next arrangement of this paper is as follows: the second part sorts out the relevant research results of environmental pollution, economic development and public health, and proposes the research innovation points of this paper; the third part mainly includes research methods and data sources; the fourth part is the research results that show the main findings of this research, and the fifth part concludes this research, puts forward corresponding policy recommendations, and summarizes the shortcomings of this research.



LITERATURE REVIEW

At present, the research on the correlation among environmental pollution, economic growth and public health has received extensive attention from academic circles. The existing literature focuses on the relationship between environmental pollution and economic growth, economic growth and public health, environmental pollution and public health. In terms of the relationship between environmental pollution and economic growth, some scholars made quantitative analysis through methods of data envelopment analysis (DEA), Granger causality test analysis and Environmental Kuznets Curve (EKC) hypothesis from the perspective of green economic development. For example, Zhang et al. used the super efficiency general direction distance function model to measure the efficiency of resource-saving cities based on the panel data of 197 cities in China from 2011 to 2015, and found that the rapid development of urban economy often comes at the expense of environmental pollution, thus putting forward relevant suggestions for the sustainable development of green economy (7). Jiang et al. analyzed the causal relationship between economic policy uncertainty and environmental pollution in the United States, and found that there is a significant causality between them (8). Based on 284 prefecture-level panel data, Chang et al. studied the EKC hypothesis using the spatial dynamic panel data model and proposed that the relationship between environmental pollution and economic growth in China conforms to an inverted U-shaped curve, and features robustness (9). In terms of the economic growth and public health, a two-way relationship is found after combing the literature. On the one hand, economic development has an impact on public health. On the other hand, public health has an impact on economic development. Guhn et al. analyzed the relationship between economic level and children's health status by using the Canadian database on health care and economic development, and found that there is a significant positive correlation between the two, so that poverty is considered as one of the main reason cause public health problems (10). Wang et al. conducted an empirical analysis of 31 provinces in China by established an individual fixed effect model, and found that the target setting of economic growth and public health quality took on a U-shaped trend (11). Long et al. analyzed the relationship between environmental pollution and health level by establishing a health damage model and found that the lower the health level, the greater the economic loss (12). From the perspective of environmental pollution and public health, academia has conducted a lot of research on the impact of environmental pollution on public health and achieved certain results. After reviewing the literature, it is found that scholars' research generally starts from two aspects: analytical method and econometric model. First, for analytical method, scholars generally adopted dose-response relationship and exposure response principle. Klepac et al. analyzed the consequences of pregnancy through air pollution indicators and found that exposure to ambient air pollutants throughout pregnancy is positively correlated with preterm birth (13), and environmental pollution has adverse effects on pregnant women; Manisalidis et al. analyzed the exposure to pharmaceuticals method, found that the elderly, children and asthma patients are more susceptible to the effects of high concentrations of environmental pollution, and there are short-term and long-term effects, thus increasing the mortality rate (14). Second, for econometric model, scholars generally conduct research on the basis of the Grossman health production function. Hao et al. used the data of Chinese provinces from 1998 to 2015 to analyze the relationship between environmental pollution and medical expenditure by using Gaussian Mixture Model (GMM), and found that the higher the degree of environmental pollution, the higher the frequency of residents seeking medical treatment, and the higher the health expenditure (15). It can be seen that there is a negative correlation between environmental pollution and public health level. Qu et al. used the Stochastic Impacts by Regression on Population, Affluence, and Technology model (STIRPAT) to show that haze pollution relates to the decrease of public health level, while the per capita disposable income and medical service level relate to the increase of public health level and thereby help reduce mortality, so the importance of environmental governance is emphasized and relevant suggestions are put forward (16).

Overall, the existing literature systematically discusses the relationship between environmental pollution, economic growth and public health, but there is still room for improvement. First, the direct impact of economic growth on environmental pollution can indirectly compromise public health, so it is necessary to analyze the impact of economic growth and environmental pollution on public health. Second, public health levels in different regions vary a lot due to the different levels of regional economic development. Most of the existing studies focus more on a certain region, and less on the overall picture of China and its sub-regions. Therefore, this paper uses the panel data of 30 provinces in China from 2007 to 2018, establishes an individual fixed effect model based on the Grossman health production function, and divides China into four regions, namely the eastern region, the northeastern region, the central region and the western region. Research on the relationship between environmental pollution, economic growth and public health in various regions aims to provide policy recommendations for health equity, as well as experience and reference for public health in other developing countries.



RESEARCH METHODS AND DATA SOURCES


Panel Data Model


Unit Root Test

In the process of panel data regression analysis, in order to ensure the stability of the research data, it is necessary to perform a unit root test on the panel data, so as to avoid false regression in the data (17, 18). If it passes the test, it means that the data is stationary and there is no unit root; if it does not pass the test, the data needs to be differentiated to eliminate the unit root and change to a stationary sequence. Therefore, the following auto regressive model is established:
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Where xit represents the exogenous variable vector in the model, εit represents the independent and identically distributed random error term, and ρi is the auto regressive coefficient. If|ρi| = 1, it means that there is a unit root, that is, the model is not stationary, if |ρi| < 1, it means that the model does not have a unit root, that is, the model is stable, N represents the number of cross-sectional data, and Ti represents the t-th period of the i-th cross-sectional data.

Panel data unit root test can be divided into long panel test and short panel test according to the total number of sections and periods. Long panel unit root test includes Levin-Lin-Chu Test (LLC Test), Im-Pesaran-Shin Test (IPS Test), Breitung Test and Augmented Dickey-Fuller Fisher Test (ADF Fisher Test);short panel unit root test includes Harris-Tzavalis Test (HT Test). This paper mainly adopts the HT test applicable to short panels.



Co-integration Test

The panel data co-integration test is based on the same-order single integration in order to test whether there is a long-term stable balanced relationship between variables. Common co-integration tests are divided into two categories: Engle and Granger's two-step (EG two-step method) panel data co-integration test and Johansen's co-integration test. This paper mainly uses the Kao co-integration test and the Pedroni co-integration test of the EG two-step method.



Model Estimation

The estimation process of the panel data model can be divided into two steps: first, determine the model form. Panel data model can be divided into constant coefficient model, variable intercept model and variable coefficient model according to whether there is individual influence and structural changes; second, describe the model impact. That is, making a decision between random effect model and individual fixed effect model. The basic models of panel data are as follows:
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There are two main assumptions:
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Through the Fisher-test (F-test), if the alternative hypothesis H2 is accepted, it conforms to the constant coefficient model, select Equation (4), and the test ends. If the alternative hypothesis H2 is rejected, the original H1 shall be tested. If H1 is accepted, it conforms to the variable intercept model and select Equation (3). Otherwise, if H1 is rejected, it conforms to the variable coefficient model and select Equation (2). After determining the model form, the Hausman test can be used to judge whether to build a solid effect model or a random effect model.



Model Construction

In order to study the relationship between economic development, environmental pollution and public health, this paper is based on the Grossman health production function, and draws on the research results of Lu et al. (19) to add economic factors and pollution factors into the model. The regression model is as follows:
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The explanatory variable is the level of public health. According to WHO's measure of health, this paper selects perinatal mortality (PM) as an indicator of public health.

The core explanatory variables are economic development and environmental pollution. The level of economic development is measured by per capita gross domestic product (PGDP) (20). Compared with other environmental pollution, air pollution is more harmful to human body (21, 22), so this paper selects sulfur dioxide emission (SO2) as the environmental pollution indicator.

The control variables are medical service conditions, residents' living standards and demographic characteristics. The indicators of medical service conditions include the number of health personnel (NHP) and the price of medical and health services (PMHS). The indicators of residents' living standards include per capita disposable income (PDI) and urbanization rate (UR) (23). The population aging rate (PAR) was used as the index of population characteristics.




Data Sources

This paper uses the national data from 2007 to 2018 as the research sample for empirical analysis. Relevant data are compiled from China Statistical Yearbook (2008–2019), China Health Statistical Yearbook (2008–2019), and China Environmental Statistical Yearbook (2008–2019). In order to eliminate the heteroscedasticity of data, the logarithm of SO2, per capita GDP and per capita disposable income is taken.




ANALYSIS RESULTS


Descriptive Analysis

The economic development status of each province in China is different, and the degree of environmental pollution is also significantly different (24), so the health level of each province is also different. In order to better understand the public health level of various regions in China, This paper divided 30 provinces into eastern region, northeast region, central region and western region according to its geographical location (see Table 1).


Table 1. Descriptive statistical analysis results.
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As mentioned above, in order to eliminate the impact of data heteroscedasticity, this paper takes the logarithm of SO2, per capita GDP, and per capita disposable income to conduct descriptive analysis of each indicator. From the perspective of public health, the average value of perinatal mortality in the eastern region is the lowest, while the average value of perinatal mortality in the western region is the highest, which are 0.0051 and 0.0083, respectively. At the same time, the minimum value of mortality is 0.002 and the maximum value is 0.019, indicating that there are significant differences in the health levels among provinces in China. In terms of environmental pollution, the average value of SO2 in the eastern region is the lowest, while that in the central region is the highest, which are 12.482 and 13.276, respectively. From the perspective of economic growth, the average value of per capita GDP in the western region is the lowest, which is 10.281, while the average value in the eastern region is the highest, which is 10.967.For other control variables, the number of health workers, medical prices, per capita disposable income and urbanization rate in the eastern region are better than those in other regions. The region with the lowest average proportion of people over 65 is the central region, while The mean values of the control variables in the western region are all lower. To sum up, the central region has the highest sulfur dioxide emission, but the mortality is not the highest. It can be seen that the health status of various regions in China is also affected by other factors in the process of environmental pollution.



Panel Data Stability Test

Since the units of each variable are different, in order to narrow the dimensional gap between the data and facilitate subsequent regression calculations, it is necessary to standardize all the variables after taking the logarithm of some data. At the same time, in the process of panel regression, in order to avoid unstable variables and false regression, it is essential to test the unit root of the data to ensure the effectiveness of the data (25). Since this paper uses the data of 30 provinces in China from 2007 to 2018, which is a short panel, and the number of cross-sectional data is larger than the number of time series, so the HT test for short panel data is used for unit root test (see Table 2). The original sequence has unit roots and is a non-stationary sequence. Due to the volatility of the data, the difference method is used to eliminate the unit root. As can be seen from Table 2, each data passes the HT test under a confidence level lower than 1%, rejecting the original hypothesis, that is, the data after the first-order difference is stable and there is no unit root. However, all variables are stable only after the first-order difference, that is, the first-order single integration accumulates force, it still needs to be co-integrated test whether there is a long-term stable equilibrium relationship between the observed variables.


Table 2. Unit root test.
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Panel Data Co-integration Test

Co-integration test methods include EG two-step method and Johansen co-integration test method. In this paper, the Pedroni test suitable for heterogenous test and Kao test for same root test in EG two-step method are mainly used. The null hypothesis is that there is no co-integration test. As can be seen from Table 3 that the national panel data rejects the null hypothesis under the Kao test and the Pedroni test, that is, through the co-integration test, each explanatory variable and the explained variable have a long-term stable equilibrium relationship, the data volatility is small, and the pseudo regression phenomenon is avoided. Therefore, the next research can be carried out.


Table 3. Co-integration test.
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Model Setting Test

There are generally three types of model estimation methods for panel data, including mixed regression models, fixed-effects models and random-effects models (26). As for which model is suitable for the data of sulfur dioxide, per capita GDP and two core explanatory variables, three steps are needed to test. First, the F-test is conducted. The original hypothesis is the selected mixed regression model, and the alternative hypothesis is the selected fixed effect model. From the test results, the f statistical values of the three models are 73.02, 80.09, and 83.79, respectively, and the null hypothesis is rejected at the significance level of 1%.So, the fixed effect model is selected. Second, through Lagrange Multiplier Test (LM Test), it can be seen from Table 4 that the three models reject the null hypothesis at the significance level of 1%, that is, they refuse to establish a mixed regression model and choose a random effect model. Third, Hausman test is performed to determine whether to choose a random effect model or a fixed effect model. The null hypothesis of the Hausman test is to choose the random effect model, and the alternative hypothesis is to choose the individual fixed effect model. According to the test results, both the sulfur dioxide model and the total model reject the original hypothesis at the significance level of 1%, The model of per capita GDP rejects the original hypothesis at the 5% significance level, that is, the individual fixed effect model should be selected for the following empirical analysis.


Table 4. Model setting test.
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Panel Data Regression Results

According to Equation (6), an individual fixed effect model is constructed for regression analysis to obtain the results (see Table 5).


Table 5. Results of national empirical analysis (2007–2018).
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From Table 5, the regression results of national panel data show that the F statistics of column (2), column (4) and column (6) pass the test at the significance level of 1%, and R2 are relatively high, which are 0.740, 0.763, and 0.776, respectively, indicating that the fitting effect of the three columns is very good. On the whole, Comparing the results of column 2, column 4 and column 6, it can be found that the fit of column 6 is better. Column (1) also shows that there is a positive correlation between SO2 and perinatal mortality. Sulfur dioxide emission has passed the significance level test of 1%, and the regression coefficient is 1.532, which means that for every 1% increase in SO2, the perinatal mortality will increased by 1.532%, that is, environmental pollution has a negative impact on the public health level of residents. Comparing column (1) and column (2), the impact of SO2 on perinatal mortality has decreased from 1.532 to 0.196% after the introduction of other control variables, and passed the significance level test of 10%, proving that other control variables help to reduce the impact of environmental pollution on public health. From the column (3), the per capita GDP passed the test at the 1% significance level with a coefficient of −0.755, which indicates that the growth of per capita GDP has a promoting effect on perinatal mortality. For every 1% growth of per capita GDP, the perinatal mortality will decrease by 0.755%, that is, there is a significant negative correlation between economic growth and health status. Column (3) obtains column (4) after introducing other control variables, and its coefficient increases from −0.755 to −0.427, which demonstrates that other control variables are not conducive to the impact of economic growth on residents' public health level. According to the results of column (6), the two core explanatory variables passed the test at the significance level of 1%, with coefficients of 0.456 and −0.546, respectively. Among the control variables, per capita disposable income passed the significance level test of 5%, with a coefficient of −0.076, declaring that per capita disposable income has a positive effect on health status. The urbanization rate is also significantly negatively correlated with the perinatal mortality, that is, it has passed the significance level of 1%, with a coefficient of −0.456, which is better than the impact of per capita disposable income on the perinatal mortality. The main reason is that the urbanization rate has increased, the education level of residents has improved, and their attitudes have changed accordingly, which is conducive to their investment and attention to health (27). Other control variables, namely health personnel, medical price and aging rate, have no significant impact on perinatal mortality. The reason may be that with the improvement of socio-economic level (15), the impact of individual demand on health level has increased compared with social supply (28). Comparing column (2) with column (6), by introducing the variable of per capita GDP, the sulfur dioxide emission coefficient increases from 0.196 to 0.456, which illustrates that under the condition of economic growth, environmental pollution is increasing and the health level is decreasing.



Heterogeneity Analysis

Due to the health levels of the 30 provinces in China are different. In order to understand the status of each region more clearly, this paper divides the 30 provinces in China into four regions, establishes a solid effect model for heterogeneity analysis, and tests the results. The results are shown in Table 6.


Table 6. Heterogeneity analysis results.
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Comparing the regression results of the four regions, the health status of the four regions is significantly affected by SO2 and per capita GDP. From the SO2 emission indicators, the coefficients of each region are 1.011, 1.536, 0.560, and 0.745, respectively. It is observed that the environmental pollution in Northeast China has the greatest impact on the health level, that is, for every 1% increase in sulfur dioxide, the perinatal mortality will increase by 1.536%. From the variable of per capita GDP, all regions passed the test at the significance level of 1%. Among them, the health status of the western region is more likely to be affected by economic growth. The main reason is that the economic development level of the western region is low, and people tend to consume expenditure and ignore service expenditure (29), Therefore, economic growth is conducive to enhancing the service expenditure and health level in the western region.

In terms of regions, the urbanization level and the aging rate in the eastern region have pasted the test under the significance level of 1%, with coefficients of −0.821 and 0.957, respectively, showing that the urbanization rate and mortality in the eastern region are negatively correlated, while the aging rate and mortality are positively correlated. This is primarily due to the rapid economic development and high urbanization rate in the eastern region (30), it is conducive to increasing residents' investment in public health (31), while the eastern region has a high aging rate and greater demand for health. Every 1% increase in the number of health workers in Northeast China will reduce the mortality by 0.663%, and pass the significance test of 5%. The basic reason is that sulfur dioxide emission has great impact on health status (32, 33). Therefore, increasing the number of health workers can promote the health level. The coefficient of health population in the central region is 0.532, which is significantly positively correlated with mortality. This is contrary to the hypothesis. The main reason is that the population density in the central region is low, and the per capita health population may be greater than that in other regions (34), while the low level of economic development promotes the high mortality. The western region is greatly affected by people's disposable income, and the higher the per capita disposable income, the lower the mortality. This is because the western region is restricted by the level of economic development and the residents have a lower tendency to spend money on medical services (35). To sum up, the health level of various regions in China is affected by different factors, and there are significant regional differences. Therefore, it is indispensable to develop public health services according to local conditions.




CONCLUSION AND DISCUSSION

Based on the panel data of 30 provinces in China from 2007 to 2018, this paper uses the individual fixed effect model to conduct regression analysis and heterogeneity analysis, and to explore the impact of regional economic growth and environmental pollution on public health. From the study, we can find that: First, the health status of various regions in China is significantly affected by other factors in addition to the variables of environmental pollution and economic growth. For example, per capita disposable income and urbanization rate are negatively correlated with mortality, per capita disposable income is significant at 5% level, and urbanization rate is significant at 10% level. Second, there is a long-term and stable equilibrium relationship between China's economic growth, environmental pollution and public health. Third, SO2 and perinatal mortality are significantly positively correlated, and have passed the significance test of 1%. For every 1% increase in sulfur dioxide emissions, the mortality increase by 0.456%. The per capita GDP has a positive effect on the reduction of perinatal mortality. If the per capita GDP increases by 1%, the perinatal mortality will decrease by 0.546%.Besides, the health level is also significantly affected by two control variables, namely per capita disposable income and urbanization rate. Fourth, environmental pollution affects the impact of economic growth on public health. As can be seen from Table 5, after introducing the variable of sulfur dioxide emission, the coefficient of total per capita domestic production changes from −0.427 to −0.546. Fifth, there are significant regional differences in the health level of the four regions and they are affected by different factors. In Northeast China, environmental pollution has the greatest impact on public health, while in Western China, the economic development level has the greatest impact on public health. Based on the above conclusions, in order to better promote the level of public health, the following policy suggestions are put forward:

First, the government should focus not only on economic growth, but also on environmental pollution and public health (36). Above all, the government should shift the mode of economic development, develop an environment-friendly society, and promote sustainable economic development. Moreover, the government should increase capital investment to promote the optimization and upgrading of industrial structure and increase support for new energy industry, so as to reduce the impact on the environment in the process of economic development. Eventually, the government should increase health care expenditure and further promote the infrastructure of medical service. Second, enterprises should clarify their responsibility of environmental protection and accelerate the application of energy-saving technologies (37). While enterprises have contributed to the economic growth, due to the external effects in the development of market economy, they have caused significant harm to the environment at the same time. Therefore, it is necessary to clear corporate social responsibility (38). Third, the four regions should adopt policies according to local conditions to improve the level of public health. The eastern region should pay Attention to the negative impact of aging population on public health, the northeast and central regions should focus on the construction of medical infrastructure and increase the number of health personnel, and the western region should accelerate economic development to promote the level of public health.

The empirical research conducted in this study helps to promote China's public health level, but this study can be further improved from the following aspects: Firstly, this paper adopts panel regression method to analyze the impact of economic development and environmental pollution on public health, other econometric methods can be used to study the relationship between regional economic development, environmental pollution and public health (39, 40). Secondly, there are many environmental pollution variables affecting public health. This paper only considers the variable of air pollution. Therefore, considering the impact of other factors on publihc health is a research direction in the future.
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Ground-received solar radiation is affected by several meteorological and air pollution factors. Previous studies have mainly focused on the effects of meteorological factors on solar radiation, but research on the influence of air pollutants is limited. Therefore, this study aimed to analyse the effects of air pollution characteristics on solar radiation. Meteorological data, air quality index (AQI) data, and data on the concentrations of six air pollutants (O3, CO, SO2, PM10, PM2.5, and NO2) in nine cities in China were considered for analysis. A city model (model-C) based on the data of each city and a unified model (model-U) based on national data were established, and the key pollutants under these conditions were identified. Correlation analysis was performed between each pollutant and the daily global solar radiation. The correlation between O3 and daily global solar radiation was the highest (r = 0.575), while that between SO2 and daily global solar radiation was the lowest. Further, AQI and solar radiation were negatively correlated, while some pollution components (e.g., O3) were positively correlated with the daily global solar radiation. Different key pollutants affected the solar radiation in each city. In Shenyang and Guangzhou, the driving effect of particles on the daily global solar radiation was stronger than that of pollutants. However, there were no key pollutants that affect solar radiation in Shanghai. Furthermore, the prediction performance of model-U was not as good as that of model-C. The model-U showed a good performance for Urumqi (R2 = 0.803), while the difference between the two models was not particularly significant in other areas. This study provides significant insights to improve the accuracy of regional solar radiation prediction and fill the gap regarding the absence of long-term solar radiation monitoring data in some areas.

Keywords: global solar radiation, prediction models, air quality index, air pollutants, meteorological factors


INTRODUCTION

Solar radiation is one of the main energy sources of the Earth–atmosphere system and drives atmospheric motion (1). In recent decades, the solar radiation trends in most regions worldwide have been decreasing. For instance, in the 1990's, a global dimming phenomenon, which was more evident in large cities, was observed (2–4). The reduction in solar radiation caused by global dimming can change the climate and reduce the surface temperature of Earth (5, 6). Long-term and accurate assessments of the amount of solar radiation reaching the Earth's surface is important for determining the energy budget of the Earth–atmosphere system, and to study climate change, evaluate solar radiation patterns, and develop and utilize solar energy resources (7–9). And high concentration of particulate matters in air reduced the amount of solar radiation that can reach the earth (10, 11). Appropriate lighting is also conducive to creating a more liveable urban environment and encouraging more citizens to participate in outdoor activities, such as outdoor walking (12).

The regional estimation of solar radiation has shifted from measurements using expensive and highly maintained instruments to model calculations (13, 14). Various empirical models, for example, sunshine-based models (15–18) and temperature-based models (19–21) are commonly used due to their simple operation and low computational costs (22–26). Angstrom (27) and Prescott (28) first proposed a simple solar radiation calculation model using average clear-sky daily global radiation data and the sunshine duration of the selected study area. Many subsequent studies further added expressions (e.g., quadratic, cubic, square root, logarithm, exponent, and idempotent) to the Angström–Prescott model (16, 22).

Further, various meteorological factors, such as precipitation and relative humidity, have been applied to improve the model accuracy (29–33). In addition to empirical models, machine learning models have been used for global solar radiation prediction to address non-linear and multidimensional relationships between solar radiation and meteorological factors in noisy environments (34–38). Fan et al. (39) indicated that by using vapor pressure deficit and relatively humidity, daily global solar radiation could be estimated more accurately in South China, which experiences a humid subtropical or tropical climate. Zhang et al. (31) reviewed and compared multiple models in terms of time scale and estimation type, and proved that sunshine-based and artificial neural network models exhibited similar performances in estimating monthly average and daily global radiation. The advantage of regression model is that the understanding and interpretation of the model are very intuitive. Artificial neural network model belongs to black box, which is difficult to understand the internal mechanism.

With expanding industrialization and the increasing proliferation of cars, especially in developing countries, the existing issue of air pollution is bound to further aggravate. Some researchers began to consider the impact of air pollution on solar radiation. Air pollution can change the amount of total solar radiation reaching the ground surface (40). Further, suspended particles capable of scattering and absorbing radiation can weaken the ground solar radiation. Elminir (41) concluded that air pollution reduced the total ground radiation in Egypt by 9.3–22% under clear sky conditions. Moreover, Fu and Dan (42) reported that an increased atmospheric aerosol concentration significantly affected the number of sunshine hours and the proportion of scattered radiation. Therefore, considering the impact of air pollution when estimating solar radiation estimation is important. Considering the impact of air pollution, the previous empirical solar radiation model may be difficult to meet the needs of solar energy utilization. Some researchers have studied the impacts of air pollution index (API) or air quality index (AQI) on solar radiation prediction (43–45). Furlan et al. (46) introduced a new regression model that considered the effects of air pollution and cloud cover on hourly diffuse solar radiation data. Their results showed that their model performed better than previously developed models. Further, Janjai et al. (47) proposed a semi-empirical model to estimate clear sky global and direct normal solar irradiances in Thailand. The model included physical parameters, such as aerosol optical properties and perceptible water, and performed better than previous empirical models. The validation of solar radiation data acquired from several cities showed that the new daily diffuse solar radiation (NDDSR) model and its modified version were applicable to various regions. Zhao et al. (48) and Suthar et al. (49) established linear, exponential, and logarithmic empirical models using data from China and India, and their results showed that inclusion of air pollution can improve the prediction accuracy of models. Moreover, Yao et al. (50) developed a new method using AQI and solar radiation data of 55 years measured in Beijing to modify the existing NDDSR model.

Although many studies have explored the impacts of air pollution on solar radiation, most focused only on the impact of AQI on solar radiation, and neglected the regional differences in the impacts of different pollutants on solar radiation. Presently, air quality monitoring mainly assesses the mass concentrations of PM2.5, PM10, NO2, SO2, CO, and O3 (9, 51–53). The standardization of urban air quality monitoring procedures can facilitate the use of measured data on different pollutants and the corresponding solar radiation for further analysis.

As few studies have analyzed the impact of air pollutants on solar radiation estimation, the present study filled this research gap. This study aimed to analyse the correlation characteristics between air pollution and daily global solar radiation. Data on various meteorological factors, AQI, and six air pollutants (O3, CO, SO2, PM10, PM2.5, and NO2) were considered from nine Chinese cities from 2015 to 2020. Further, the influence mechanism of air pollutants on daily global solar radiation was analyzed using stepwise regression. Moreover, a unified model (model-U) based on national data and city model (model-C) based on the data of each city were obtained through regression analysis, and the key pollutants that significantly affected solar radiation were identified. In particular, this study aimed: (1) to explore the correlation between different meteorological parameters, air pollution parameters, and solar radiation; (2) to establish a solar radiation model to analyse the influencing characteristics of pollutant parameters on solar radiation in each city; (3) to propose a sunshine pollution model-U with universal applicability in China and compare its performance with model-C; and (4) to extract the key pollutants for model-U and each model-C. The characteristics of the impact of pollutants on solar radiation in different cities were revealed and regional solar radiation prediction strategies were formulated.



MATERIALS AND METHODS


Study Area

The study area included the following nine Chinese cities: Urumqi, Lanzhou, Shenyang, Beijing, Chengdu, Kunming, Wuhan, Shanghai, and Guangzhou, with varying geographical locations (Urumqi and Lanzhou–northwest, Shenyang and Beijing–northeast, Guangzhou–southeast coast, Chengdu and Kunming–southwest, Wuhan–central China, and Shanghai–eastern coast) (Figure 1). Further, Shanghai, Guangzhou, Wuhan, Kunming, and Chengdu experience a subtropical monsoon climate, Beijing experiences a temperate monsoon climate, Shenyang experiences a temperate semi humid continental climate, and Urumqi and Lanzhou experience a temperate continental climate. Lanzhou and Shanghai have the highest (1,874.4 m) and lowest altitude (5.5 m), respectively. Further, the annual average temperature of Harbin, Urumqi, Lanzhou, and Shenyang is relatively low. The lowest annual average relative humidity is observed in Beijing (51.14%). Moreover, the annual average sunshine hours are the lowest in Chengdu (2.86 h), while Guangzhou has the highest annual average precipitation.


[image: Figure 1]
FIGURE 1. The geographic location of the study area.


The selected nine cities suffer from air pollution, particularly with high concentrations of inhalable particulate matter and haze. In Urumqi and Beijing, the annual average AQI is 96.59 and 87.33, respectively. The API in Kunming and Guangzhou is generally low, while the annual average AQI is 54.83 and 54.09, respectively. Urumqi has the highest levels of inhalable particulate matter and NO2 among the nine cities, while Shenyang has the highest SO2 concentration. Further, the O3 concentration is the highest in Lanzhou, while the CO concentration in all cities is similar. Different pollution sources cause differences in the pollutant characteristics in different cities.

In terms of solar radiation, the average annual total solar radiation in Urumqi is the highest (6,123 MJ/m2). However, due to a higher proportion of rain and fog and less sunny days, the average annual total solar radiation in Chengdu is only 3,854 MJ/m2.



Data Sources

Meteorological data, including daily observation values of average relative humidity (%), daily maximum temperature (°C), minimum temperature (°C), sunshine duration (h), and precipitation (mm), were acquired from the National Meteorological Information Center (http://data.cma.cn/). The acquired real time data were quality controlled and the availability of all elements exceeded 99.9%, with the percentage of correct data being 100%.

Solar radiation data were acquired from the National Meteorological Information Center. The dataset was mainly developed based on the HYBRID/MLWT2 model. Compared with the measured value, the average error of the product was −0.1 W/m2, relative error was −0.04%, and correlation coefficient was 0.98 (http://data.cma.cn/Market/Detail/code/RADI_CHN_MUL_HOR/type/0.html).

The air quality data (comprising all compositional information) were obtained from the national urban air quality real-time release platform of China Environmental Monitoring Station. The dataset provides data on AQI and six air pollutants (PM2.5, PM10, SO2, NO2, CO, and O3; http://www.cnemc.cn/).

According to previous studies (27, 28), actual daily sunshine hours n, daily potential sunshine hours N, daily extra-terrestrial solar radiation Q0, daily minimum temperature Tmin, relative humidity Rh, and maximum temperature Tmax are typically the most influential input parameters to predict global solar radiation. Sunshine rate is the ratio of the actual daily sunshine hours and the daily potential sunshine hours. In addition to the daily maximum and minimum temperatures, some researchers used daily temperature difference ΔT or the logarithm of temperature difference ln(ΔT) in their empirical equations (29, 54, 55). Wind and urban heat island effect are also one of the influencing factors of air pollution accumulation and photochemical reaction. Wind can affect the density and spatial distribution of air pollutants, and also affects the speed of photochemical reaction (12, 56, 57). Due to the existence of ground buildings, the wind also changes greatly in a small size range. It is difficult for traditional weather stations to achieve the required measurement density (58).

In this study, 14 initial independent variables were selected, including one radiation variable (daily extra-terrestrial solar radiation Q0), seven pollution factors (AQI, O3, CO, SO2, PM10, PM2.5, and NO2), and six meteorological variables [ratio of the daily actual sunshine hours and the daily potential sunshine hours, relative humidity Rh, daily minimum temperature Tmin, daily maximum temperature Tmax, daily temperature difference ΔT, and logarithm of temperature difference ln(ΔT)]. Four different temperature representation methods were selected to determine the most suitable representation method for the model.

Further, the daily average values of all air pollution data from 2015 to 2020 were calculated and associated with the acquired meteorological data and daily global solar radiation data. Incomplete datasets were deleted; additionally, to exclude the influence of thick cloud cover, only zero precipitation data were selected. The final data volume of each city was as follows: Urumqi−1,340 groups, Lanzhou−1,577 groups, Shenyang−1,603 groups, Beijing−1,599 groups, Chengdu−1,173 groups, Kunming−1,356 groups, Wuhan−1,077 groups (without 2018 data), Shanghai−1,226 groups, and Guangzhou−1,169 groups. Differences in the amount of data could affect the model accuracy.



Methods

Figure 2 presents the method for analyzing the driving effect of air pollution on solar radiation. Pearson's correlation was applied to determine the relation between daily global solar radiation and the air pollution parameters. Further, linear regression analysis was used to investigate the driving influence of air pollution factors on daily global solar radiation and determine the key pollutants that have strong effects on daily global solar radiation. Nine city models (model-C) based on the data of each city and a unified model (model-U) based on national data using comprehensive city data were established using stepwise regression analysis. The comparative analysis of model-C and model-U was conducted to discuss the regional differences in the impact of air pollution on solar radiation.


[image: Figure 2]
FIGURE 2. Structure and technical framework of the study.



Stepwise Regression Analysis Model

The prediction model was established using stepwise regression, which introduced the variables that affect daily global solar radiation step-by-step, determined the variables most significantly affecting daily global solar radiation each time, tested the existing variables in the equation, and eliminated the variables determined to be insignificant. Finally, neither new variables were introduced nor were old variables deleted. The calculation formula is:

[image: image]

where Xi is the independent variable affecting solar radiation and Y is the dependent variable. The F-test statistic value of the corresponding regression coefficient of Xi is calculated as given below, and recorded as [image: image], with the maximum value given as [image: image].
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At a significance level α, the corresponding critical value was recorded as [image: image], [image: image]; subsequently, Xi2 was introduced into the regression model and I1 was added to index set.

This method was repeated, and an independent variable that had not been introduced into the regression model was selected each time until no variable was left to be introduced.



Model Assessment and Statistical Error Analysis

Coefficient of determination (R2), root mean square error (RMSE), mean absolute error (MAE) and mean deviation error (MBE) were used to evaluate the accuracy and performance of the models. To compare model performance, Lin's Concordance Correlation Coefficient (LCCC) (59) were used, which were calculated as follows:
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where xi and yi are the measured and predicted daily global solar radiation; [image: image] and [image: image] are the means for xi and yi;and [image: image] and [image: image] are the corresponding variances and,
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According to Zhao et al. (60), LCCC = 1 indicates perfect agreement. LCCC larger than 0.9 means excellent agreement, and the value ranging from 0.80 to 0.90 shows good agreement. The moderate agreement is achieved when LCCC values are between 0.65 and 0.80, while the values <0.65 mean poor agreement.





RESULTS


Comparative Analysis of Air Pollution and Solar Radiation

Figure 3 shows the daily global solar radiation and pollutant parameters of the selected nine cities from 2015 to 2020. The daily global solar radiation showed evident periodicity, with low and high values observed in winter and summer, respectively. The pollutant concentrations in Urumqi, Shenyang, Beijing, and Wuhan changed periodically, which was not evident in other cities. The AQI levels of Urumqi and Beijing were initially high in 2015 and 2016, and then decreased. In Lanzhou, Kunming, and Guangzhou, the AQI levels in 2018 were higher than those in other years. Moreover, in Shenyang and Shanghai, AQI levels did not have considerable yearly variations, and no evident fluctuations were observed. The variations in the AQI level in each city may be related to the industrial development and population density of each city. Furthermore, AQI level as well as CO, NO2, SO2, PM10, and PM2.5 were negatively correlated with daily total solar radiation. Contrastingly, O3 showed a significant periodic change, similar to the daily total solar radiation. This indicated that the influence of various pollutants and comprehensive AQI on global daily solar radiation was not consistent.


[image: Figure 3]
FIGURE 3. Daily global solar radiation and pollution parameters from 2015 to 2020 in nine cities (Wuhan lacks 2018 data).




Analysis of the Influence of Air Pollution on Solar Radiation
 
Correlation Analysis Between Solar Radiation and Air Pollution

Figure 4 shows the correlation coefficients between daily global solar radiation and air pollution in the nine cities during 2015–2020. The correlation between any single pollutant and daily global solar radiation differed. O3 and daily global solar radiation showed the highest correlation (r = 0.575), while the correlation between SO2 and daily global solar radiation was the lowest. AQI, CO, NO2, PM10, and PM2.5 were negatively correlated with daily global solar radiation. Further, the correlation coefficients between various pollution parameters and daily global solar radiation showed spatial heterogeneity. SO2 showed a negative correlation in all areas, except Kunming, and O3 showed a positive correlation with daily global solar radiation in all nine cities. Except for O3, the correlation of all other pollutants with daily global solar radiation was significantly weaker in Kunming than that in other areas. This could be attributed to the climatic conditions of Kunming, which facilitates the diffusion of pollutants. In addition, the air quality in this city was excellent due to long-term uniform precipitation. In 2020, the annual rate of air quality in Kunming was 100%. Moreover, the number of excellent days was 203 and the number of good days was 163.


[image: Figure 4]
FIGURE 4. Correlation coefficients between air pollution parameters and daily global solar radiation in the nine cities from 2015 to 2020.




Influence of Air Pollution on Daily Global Solar Radiation and the Selection of Key Pollutants

Table 1 shows the regression analysis results of the selected factors for the model to explain daily global solar radiation. Based on the regression analysis results, the pollution factors with a strong effect on daily global solar radiation were labeled as key pollutants for further investigation. Subsequently, daily extra-terrestrial solar radiation Q0 and sunshine rate were the most important factors affecting solar radiation, and were always selected as the top two elements of model-U and model-C. Among these, Q0 was related to the local latitude, while the sunshine rate represented local sunshine conditions. In addition to the above two factors, temperature contributed the most to the model in Beijing, Wuhan, Shanghai, and Guangzhou. During the selection of modeling elements, four temperature types were provided. According to the regression analysis results, model-U contained nine variables, and their order of contribution was Q0, the ratio of the daily actual sunshine hours and the daily potential sunshine hours, Rh, Tmin, Tmax, O3, NO2, and SO2. Further, the results showed that Tmin had the greatest contribution to model-U in the four temperature representations, while ln(ΔT) and ΔT had lower contributions. Tmax and Tmin combined contributed more to the model than ln(ΔT) alone; additionally, Tmin had the highest impact on the solar radiation, and approximately half of the total sites in model-C showed the same results.


Table 1. Elements of the city models and ranking of their contributions.

[image: Table 1]

Nine city models (model-C) included relative humidity, and based on the analysis of the contribution of meteorological factors to the model, the effects of relative humidity and temperature were equivalent. Urumqi model-C did not include relative humidity, possibly because Urumqi is at the center of the Eurasian continent and experiences a temperate continental arid climate. As can be seen from Table 1, in Urumqi and Lanzhou, Q0 and sunshine rate rank first, followed by NO2 and O3. In Urumqi, NO2 ranks third in the impact on solar radiation, and O3 ranks third in Lanzhou. The pollution elements selected for model-U were NO2, SO2, and O3, which indicated that there were common air pollutants that affected solar radiation in different cities in China. However, because of dissimilar composition of air pollutants in each city, the selected pollutants in model-C for each city were not the same as model-U. To be specific, five city models included NO2, four city models included SO2, while four city models included O3. In Shenyang and Guangzhou, driving effect of particulate matter (PM10 and PM2, 5) on the daily global solar radiation was stronger than gas molecules. However, none of the pollution elements in model-C of Shanghai, which differed from the results of other research areas studied previously. This phenomenon may indicate that meteorological factors have a greater impact on solar radiation than pollution factors in Shanghai.



City Models (Model-C)

Figure 5 shows the scatter plots of the predicted and measured daily global solar radiation of model-C for each city. The regression results showed that model-C performed well in terms of R2, RMSE, MAE, and MBE. The restrictive effect of regional pollution factors on solar radiation cannot be ignored. The R2 of model-C indicated a good fit, suggesting that the solar radiation models based on regional differences can accurately reveal the spatial differences in air pollution. The R2 value of model-C in Kunming was the lowest (0.824), while that of Urumqi was the highest (0.963), followed by that of Lanzhou (0.914). The R2 values of the models of other cities ranged between 0.8 and 0.9, indicating that solar radiation of each urban model could be well-explained by the independent variables. Further, the RMSE value of the Shenyang model was the highest (3.055), while that of the Urumqi model was the lowest (1.961). The model RMSE values of other cities ranged mostly between 2 and 3. RMSE initially involves the addition of all errors, which are then squared; therefore, it enlarges the gap between larger errors. MAE can better reflect the actual situation of the predicted value errors. The highest MAE value was observed in Shenyang (2.076), while Guangzhou showed the lowest MAE value (1.481). Further, the mean deviation error of each model-C was low, with that of the Lanzhou model-C being negative, indicating that the predicted value was slightly greater than the measured value. The MBE values of other cities were negative, indicating that the predicted values were lower than the measured values.


[image: Figure 5]
FIGURE 5. Scatter plot of predicted values and measured values of model-C.




Unified Models (Model-U)

The factors affecting solar radiation as identified by model-U were selected as key pollutants to further simulate and predict solar radiation. Figure 6 shows the scatter plots of the predicted and measured values of model-U for each city. The performance of model-U was the worst in Kunming (R2 = 0.735), and the best in Lanzhou (R2 = 0.893). The MBE value of most cities was more than 0, implying that the predicted value was generally less than the measured value, while an MBE value of <0 implied that the predicted value was generally more than the measured value. In general, model-U did not evidently show an overestimation or underestimation tendency. Furthermore, the RMSE (4.928), MAE (3.622), and MBE (1.142) values of Urumqi were the highest among the nine stations. The predicted values of the Urumqi models were underestimated during high solar radiation. In Shenyang, few predicted values were <0, which was inconsistent with the actual scenario. This could be possibly because model-U included maximum and minimum temperatures. When the maximum temperature in winter was <0, the predicted values were negative. In most cities, higher solar radiation values resulted in a better convergence of the scatter plot. However, this does not indicate that a higher actual solar radiation increases the model-U performance. Because model-U considers that precipitation is completely absent, seasons with more rainfall provided less data, which may have also affected the model prediction accuracy. In the future, the issue of low model prediction accuracy during high solar radiation in Urumqi should be addressed to further increase the prediction accuracy of model-U; additionally, negative prediction values in cold winter areas should be addressed, and strategies to improve the model-U accuracy during low solar radiation should be considered.


[image: Figure 6]
FIGURE 6. Scatter plot of predicted values and measured values of model-U.




Comparison and Prediction Analysis of Solar Radiation Models

The comparison results of the statistical values of model-U and model-C are shown in Figure 7. The corresponding R2 values indicated that the prediction performance of model-U in all cities was worse than that of model-C. Further, the model-U prediction performance was not as good as that for the optimal model of each city, and the difference between the performances of the two models was the greatest in Urumqi. Similarly, the LCCC values of the two models differ the most in Urumqi, with model-U being 0.847 and model C being 0.980. The LCCC difference between the two models in Shenyang is the smallest, which is 0.905 and 0.910. In general, except Urumqi, the difference between the two models was not significant in other cities. Additionally, the Urumqi model-U showed a good performance (R2 = 0.803).


[image: Figure 7]
FIGURE 7. Comparison of R2 and LCCC values between the two models.






DISCUSSION


Influence of Air Pollution on Solar Radiation

Air pollution particles can reduce atmospheric transparency and affect the total solar radiation reaching the ground by reflecting and absorbing solar radiation. After the pollutants in the atmosphere absorb the energy of solar radiation, photochemical reactions may occur to produce toxic substances. Most previous studies analyzed the influence mechanism of AQI on solar radiation. However, this cannot completely reveal the influence mechanism of air pollutants on solar radiation. Therefore, in this study, AQI and six pollutants (PM2.5, PM10, SO2, NO2, CO, and O3) were considered for mechanism and prediction analyses; subsequently, the mechanism analysis based on pollutants was verified. The comprehensive evaluation index AQI was negatively correlated with solar radiation, while some pollution components (such as O3) were positively correlated with the daily total solar radiation. This explains the need and rationality of determining the driving mechanism of atmospheric pollutants on solar radiation in a study area. By adjusting the concentration of various air pollutants, the response mechanism on solar radiation can be realized and the dimming phenomenon in cities can be improved. Further, strategies to assess the impacts of air pollution on solar radiation can be changed from using a conventional comprehensive evaluation index to a comprehensive evaluation method using data on the influence of pollutants on solar radiation. Further, the list of key pollutants is conducive to targeted intervention on air pollutants and can enhance the obtained solar radiation data. In this study, key pollutants were defined as the pollution variables selected for the models during stepwise regression analysis. These pollutants represented the pollution factors that had a strong driving effect on solar radiation in the models. In model-C, the key pollutants evidently differed, and the proportion and types of pollutants in each city model differed. NO2 was a key pollutant in five cities, while CO was a key pollutant in only two cities, thus indicating that that the driving effect of NO2 was stronger than that of CO in most study areas. The differences in the pollution factors may be caused by the industrial characteristics of cities; however, as various factors affect the daily global solar radiation and the origins of pollutants are complex, further assessments are required. The nine cities selected in this study are almost evenly distributed in China, including four climatic regions. Although evident regional differences were observed in the key pollutants in model-C, some overall similarities were also observed. The key pollutants in model-U were O3, NO2, and SO2, indicating that these were common pollutants affecting the solar radiation in the selected cities. By controlling the emission of key pollutants, the dimming effect in cities can be reduced, which in turn can increase the total solar radiation.



Prediction Performance of Solar Radiation Models

Based on the R2, RMSE, MAE, and MBE values of the two models, model-C showed better performance. Local climate and pollution elements were used in model-C, which provided a basis for accurate solar radiation prediction. Model-U used the data on all cities, and showed a similar prediction performance for all nine cities, but the prediction accuracy of each city was worse than that of model-C. Both models showed good prediction performance for solar radiation, with an R2 value exceeding 0.8. In Urumqi, the difference between the two models was relatively significant, while marginal differences were observed for other cities. This could be possibly because model-U included relative humidity, which was not considered in the Urumqi model-C, thereby causing deviations in the prediction results. This indicates that the accuracy of model-U in arid areas needs to be further verified.

Due to varied industry types and population densities in different cities and different air pollutants in different regions, the driving mechanism of daily global solar radiation differed. Model-C was observed to provide a better prediction accurately using the regional pollution characteristics and the impact of key pollutants on solar radiation than only using meteorological factors. Simultaneously, controlling the emission of key pollutants can allow the coordinated development of air quality and solar energy resource utilization during urbanization. Although the model-U performance was not as good as that of model-C, it still showed high prediction accuracy. Model-U can be applied in areas lacking long-term solar radiation monitoring data in China to obtain relatively accurate prediction data.



Limitations and Future Work

This study has some limitations. First, problems in data acquisition limited the regional coverage of the study. Some areas, such as plateau areas, were not included in the study. In addition, factors such as topography, wind and climate may affect pollutant diffusion in the stratosphere, thus adding more uncertainty and complexity to the regional solar radiation prediction and photochemical reaction. This highlights the need to consider the impact of the lag effect of air pollution on solar radiation. Second, due to the coupling effect of many factors, comprehensively analyzing the driving effect of various pollutants on solar radiation is difficult. Thus, the driving mechanism of individual pollutants should be further studied. The analysis results of driving mechanism indicated that several problems need to be resolved to alleviate the negative impacts of air pollution on solar radiation. Despite these limitations, this study effectively evaluated the correlation between different air pollutants and solar radiation, and identified key pollutants that have a strong impact on solar radiation in each study area; additionally, key pollutants suitable for the national prediction model were shortlisted, which also can be used as a reference for other regions.




CONCLUSION

Many studies have indicated that the impact of air pollution on solar radiation cannot be neglected. Previous studies mostly analyzed the impact of AQI on solar radiation through a general perspective of air pollution; however, they ignored the differences in the impacts of different pollutants (PM2.5, PM10, NO2, SO2, CO, and O3) on solar radiation. Because direct accurate measurement of solar radiation data is difficult, solar radiation prediction models are gaining increasing importance. Understanding the differences in the impacts of pollutants on solar radiation is significant to improve the model prediction accuracy and formulate effective pollution control policies. In this study, Pearson's correlation coefficient was used to analyse the correlation between different pollutant types and daily global solar radiation, while the influence mechanism of air pollutants on daily total solar radiation was analyzed using stepwise regression. Varying industrialization levels and climate conditions in different cities can result in different impacts of air pollutants on solar radiation in different regions. The key pollutants that influence solar radiation were identified by model-U and model-C. The accuracy of model-C was higher than that of model-U, but model-U is significant for areas lacking long-term solar radiation data. Further, the key pollutants reflect the regional heterogeneity of the impacts of air pollution on solar radiation, which can assist in improving the model accuracy, proposing more targeted pollution control countermeasures, and promoting the efficient utilization of solar energy resources.
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Outdoor physical activities can promote public health and they are largely influenced by the built environment in different urban settings. Understanding the association between outdoor physical activities and the built environment is important for promoting a high quality of life. Existing studies typically focus on one type of outdoor activity using interview-based small samples and are often lack of systematic understanding of the activities' intensity and frequency. In this study, we intend to gain deeper insight into how the built environment influences physical activities using the data extracted from individual's wearables and other open data sources for integrated analysis. Multi-linear regression with logarithm transformation is applied to perform the analysis using the data from Changsha, China. We found that built environment impacts on outdoor physical activities in Changsha are not always consistent with similar studies' results in other cities. The most effective measures to promote outdoor physical activities are the provision of good arterial and secondary road networks, community parks, among others in Changsha. The results shed light on future urban planning practices in terms of promoting public health.

Keywords: public health, urban planning, GPS tracking, intensity and frequency, trajectory analysis, smart wearables


INTRODUCTION

Recent studies have shown that outdoor physical activities can improve people's physical and mental health by preventing chronic diseases, relieving anxiety, reducing depression, and other mental diseases rates (1). The urban built environment as a container in which such activities happen therefore affects residents' health (2, 3). The aging population in China has urged policymakers to design an urban environment that can promote outdoor physical activities. In China, the most favored outdoor physical activities are running and walking, with 71% and 51.5% of respondents stating that they had done so in 2020 and one of the reasons for choosing such activities is that these activities do not require extra equipment (4).

Regarding the research methods for urban built environment impacts on physical activities, some of the studies focus on the control of physical factors to analyze impacts (5). Furthermore, the subjective feeling of participants has been added to the controlling factors from the built environment (6). Such studies have proved that some of the built environment factors such as the accessibility of land, the design of slow traffic roads, and the visual level of the environmental landscape have an impact on outdoor physical activities (7). There have been also a large number of empirical research carried out using longitudinal study, cross-sectional study, and correlation analysis (8). Recently, the research perspectives are gradually diversified, and the research methods are evolving from original interviews, questionnaires, self, and expert evaluations to more objective technical methods, such as the combination of using remote sensing, geograhpic information systems (GIS) and global positioning systems (GPS) path tracking technologies (9).

Till now the commonly identified urban built environment factors' impacts on a combination of no-equipment outdoor physical activities which are generally applied in China (i.e., walking and running) (4, 10) is relatively less examined. Research especially from a purely built environment perspective is needed to help design urban built environments. Furthermore, local citizens' have their own preferences in China due to the size of each city. Therefore, it is desired to find a way to design a customized urban built environment based on local citizens' activities to stimulate outdoor walking and running activities and promote a healthy living lifestyle (11). Moreover, the current research mainly focuses on the impact analysis from one single perspective of physical activities like their intensity or frequency, in which intensity refers to the total length of each trajectory and frequency refers to the number of trajectories (12–15). However, to understand the outdoor physical activities' pattern better, different angles should be looked upon. As such, research is needed to systematically analyze urban built environment factors' impacts on walking and running from both frequency and intensity angles.

Furthermore, at present, most of the research is based on the research participants' home address, school, and workplace to establish a certain buffer for analysis, but less on the participant's motion trajectory (16–20). The latter, however, can provide a much richer source on identifying the correlations of the urban built environment and the outdoor physical activities (9, 21, 22). Besides, most of the existing research is based on means such as questionnaire surveys, on-the-spot or telephone interviews with a small amount of data, and incomplete questionnaires (5, 23). The development of smart wearables such as smartwatches provides us with a much richer data source to monitor even real-time human trajectories (24).

Open data practices such as open street maps (OSM) and satellite images offer opportunities to combine different urban scales with human trajectories. As such, the use of newly available data sources like trajectory data and open data to generate insights with fewer costs becomes feasible, using automatic scripts and tools from multiple platforms.

To summarize, the gap that we want to address in the current research is:

There is no systematic analysis of one city's urban built environment impacts on outdoor activities from different angles with the help of trajectory data and other open data sources.

Therefore, the research question raised in this study is:

How most relevant urban built environment elements impact public outdoor walking and running activities, using data from wearables and other datasets, for a city like Changsha.

The following part of this article is structured as follows: Background explains in more detail the literature review in relation to the case study area. Methods illustrates the methodology followed. Results and discussion explains the urban planning recommendations based on the analysis results. The Conclusion concludes the research.



BACKGROUND

Regarding impacting factors for outdoor activities, the current research can be divided into three categories. First, built environment factor impacts on physical activities are studied separately, such as the impacts of land-use mix (5, 6, 25–28), the connectivity of streets (29–31), perceived access to destinations (32–36), the environment quality of walking (9, 23, 37, 38), aesthetic feeling (39), and safety (16, 39, 40). Second, built environmental factors are combined to study impacts on the physical activities, such as the combination of park, greenbelt, and open space (21, 41, 42), the utilization of land-use mix and road density, the combination of public open space, and sports facilities (43, 44). Social factors such as living preferences and activity willingness of residents are added into the analysis together with the commonly combined built environment factors (45). Third, studies also discuss the impacts of the urban built environment on physical activity of different types (22, 46, 47) and by different age groups (10, 12, 48–53).

As shown, the existing studies are mainly focusing on one specific city and each city has its own characteristics and therefore, it is important to first understand the context so that we can identify the most relevant built environment factors for Changsha, in combination with the identified factors from literature.


Context of the Research

Changsha is a city located in the Hunan province of the People's Republic of China. As one of the most urbanized cities in China, the aging population has urged the urban planners and decision-makers to provide facilities to support public health activities like outdoor walking and running activities. In China, the government applies 10 min walking distance as a general guideline for residential area planning. It means that within such buffers, it is desired that the public facilities can support outdoor activities. Therefore, in this study, we have applied an 800 m range to create grids for sampling and further analysis.

Changsha has also many universities which form an important destination for many people and therefore, in this research, we have specifically included accessibility to campus as an urban built environment factor to analyze.



Urban Built Environment Factors and Activity Analysis Angels Identification

Based on the existing research results, the most identified factors which influence the urban walking and running activities in Changsha China are given in Table 1, together with the abbreviations (10, 11, 43, 54).


Table 1. Names and abbreviations of independent variables.

[image: Table 1]

Research has shown that there is a positive correlation between the degree of mixed land use (LM) and the possibility of people engaging in active physical activity (55, 56). Specifically, Parra has studied the elderly as the research participant and found that if there are more types of land use in the area where the elderly are located, it is more possible to encourage the elderly to engage in walking activities and exercises to enhance their physical fitness (57). At the same time, the Density of residential land (RLD) also affects the occurrence of physical activities (58, 59). Considering the high urban land-use intensity in China, these factors are considered relevant for this case area.

The density of urban roads also has an impact on physical activities. As the carrier of residents' physical activities, urban roads are also channels connecting the functions and spaces of various parts of the city. The higher the connectivity in the neighborhood, the shorter the distance for residents to reach various target spaces, which is more conducive to increase relevant traffic physical activities, such as leisure physical activities like walking and running (20, 43). Research by Kelly et al. also shows that people who live in areas with high connectivity tend to have higher health levels (60). Moreover, different types of roads and their densities have varying degrees of impact on different types of physical activities (43, 61). Since Chinese cities like Changsha have numerous road networks, these typological factors on various levels are also incorporated in the study, namely, arterial road density (ARD), secondary road density (SRD), and branch road density (BRD).

Public facilities' density is also one of the main factors affecting the frequency and intensity of physical activities. A study found that more parks can effectively increase users' walking frequency and each additional piece of the facility will increase the probability of users' physical activity by 12% (62). In China, the densities of small community Parks (PD) and big comprehensive parks (CPD) are different and it is important to study how such facilities separately could affect outdoor physical activities. Other public facilities' densities such as square density (SD), living service points density (LSD), and market density (MD) are important for leisure physical activities, as well as bus stop density (BSD), and building density (BD) related to traffic physical activities (63). Generally speaking, higher accessibility means that residents can achieve the purpose of travel within a shorter distance, prompting residents to choose green travel methods such as walking, thereby encouraging residents to do physical activities outdoor. Studies have shown that being close to work and service places can promote walking, running, and other non-motorized vehicle travel, and increase traffic physical activities (64). The 16 universities located in Changsha are one of the most represented working places and destinations for residents. In addition, studies have shown that an open campus can effectively promote the physical activities of surrounding residents (65). As such, university campuses density (UCD) is included in the study.

Greenery, in general, has a general impact on outdoor physical activities. Areas with a high normalized vegetation index are more conducive to physical activity (66, 67). To generalize the factors, the normalized difference vegetation index (NDVI) is also applied in this research.

As mentioned in the introduction part, there is less research on combining the different angles of outdoor walking and running activities like frequency and intensity into one research, while it is important to combine these angles to fully understand such physical activities and design customized urban areas to promote these two activities accordingly. Therefore, this study has selected frequency and intensity as the dependent variable for walking and running activities (Table 2).


Table 2. Name and abbreviation of the dependent variable.
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METHODS

In this section, the data collection and processing approaches are explained (Data collection and processing) together with the analysis models used (Multiple linear regression with logarithmic transformation).


Data Collection and Processing

The built environment factors' data in the research area come from multiple sources, which mainly include urban land use type data, road network data, building vector data, urban point of interest (POI) data, and NDVI data. The urban land use type classification data comes from the master plan maps, which is vector data and is adjusted according to the most updated version. The road network data is processed and classified based on the data obtained from the OSM and the not completed parts are supplemented by the traffic status maps. The vector data of buildings is obtained through Gaode Map's open API (68) and calibrated according to the actual situations based on existing images. The city POI data (namely, universities, various parks, bus stops, squares, shopping malls, and life service points) are crawled through Gaode Map's API and corrected based on the real situations. The NDVI data are obtained from Landsat8 remote sensing images (69) through USGS (https://glovis.usgs.gov/). Landsat 8 TM image data are imported into ENVI, and radiometric calibration on the original data is performed. The calibrated data image is used to perform the atmospheric correction. After completing the radiometric calibration and atmospheric correction, NDVI calculation on the corrected TM image data is performed by the vegetation NDVI tool in the spectrum processing toolbar.

The outdoor walking and running physical activities' data and the trajectory data are obtained from smartwatch providers (Duorui wearable and application) and all the personal data have been deleted to protect the privacy and the users have all signed agreements to allow data gathering for research purposes. The research received a waiver of approval from the ethics committee, since it is not involving identifiable human subjects. The consent was given for data collection by all participants. To normalize the datasets and generate samples from the data obtained, the ArcGIS fishing net tool has been used to generate vector points in the study area. According to the actual situation of the urban built environment and the trajectory distribution in the study area, the sample points that fall on the water, non-built-up areas, and the surroundings are deleted. After this process, the sample size is obtained for further model development and analysis.

The dependent variables are calculated as follows: the frequency of physical activity is calculated by the number of trajectories in the sample using ArcMAP spatial connection tool. The intensity of walking and running activities is calculated by the total length of trajectory in the samples using ArcMAP clipping and spatial connection tools. With the help of ArcMAP intersection tool, the trajectory data within the research areas are screened out and the data are cleaned by deleting short motion time, short motion distance, and abnormal motion trajectories.

The independent variables in the models are calculated as follows:

• Land-use mix refers to the degree of diversification of urban land within a certain range. The entropy index model is used to determine the degree of land-use mixing.

[image: image]

where Pi is the proportion of the ith type of land use in the current grid area, and N is the number of land use. The calculated land-use mixing degree value is a number from 0 to 1.

• Residential land density refers to the ratio of the area of residential land within a certain range to the total area of the range.

[image: image]

where RLA is the area of residential land in the area (m2) and AREA is the total area (m2).

• Building density refers to the ratio of the area of the building base (BA) within a certain range to the total area of the range, reflecting the density of buildings.

[image: image]

where BA is the area of the building base (m2) and AREA is the total area (m2).

• Arterial road density refers to the ratio of the total length of the arterial road (ARL) within a certain range to the total area of the area.

[image: image]

where ARL is the total length of urban arterial roads in the area (m), and AREA is the total area (m2).

• Secondary road density refers to the ratio of the total length of the secondary road (SRL) within a certain range to the total area of the scope.

[image: image]

where SRL is the total length of secondary arterial roads in the region (m) and AREA is the total area (m2).

• Branch road density refers to the proportion of the total length of branch roads in a certain range to the total area of the range.

[image: image]

where BRL is the total length of urban branch roads in the area (m) and AREA is the total area (m2).

• University campuses density refers to the proportion of college campuses within a certain range to the total area.
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where UCA is the area of college campuses in the region (m2) and AREA is the total area of the region (m2).

• Comprehensive parks density (refers to the proportion of big parks within a certain range to the total area.
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where CPA is the area of comprehensive parks in the region (m2), and AREA is the total area (m2).

• Normalized difference vegetation index refers to the ratio of the average value of NDVI raster data pixel values to the number of pixels within a certain range, reflecting the vegetation coverage within a certain range.

[image: image]

where NDVIi is the DNVI value of a single pixel in the area, and N is the number of pixels in the area.

• Community park density, bus stop density, square density, market density and living service points density refer to the number of facilities in a certain range. It is calculated based on POI data since these are all small facilities which make it not possible to calculate the area size. Therefore, nuclear density analysis in ArcGIS is first applied to generate a grid, and then the sample grid created is used to extract its grid density value.



Multiple Linear Regression With Logarithmic Transformation

Multiple linear regression (MLR) is a statistical technique that employs several explanatory variables to predict the outcome of a dependent variable. The objective of MLR is to model the linear relationship between the explanatory variables and a dependent variable (70). More than one explanatory variable is involved in MLR which makes it an extension of ordinary least square regression with one explanatory variable. The formula equation of MLR is expressed as follow:

[image: image]

where y denotes the dependent variable of observation, xn denotes the nTH explanatory variable for the ith observation, β0 is the intercept (constant), βn is the slope coefficient for the nth explanatory variable, and ε is the error term (also known as residuals).

Multiple linear regression is a function that allows us to make predictions about dependent variables based on the information that is known about several independent variables. When applying MLR, there is a hypothetical linear relationship between the dependent variables and independent variables. The independent variables should not be highly correlated with each other. The observations of dependent variables must be selected independently and randomly from the sampled population. In addition, the residuals should be normally distributed with a mean of zero and variance σ.

In this study, since it cannot simply take the linear relationships between dependent and independent variables for granted, we used MLR-LT of the dependent variable to avoid the violation of the non-linear relationship which may potentially exist between the dependent and independent variables. The logarithmic transformation is also convenient means of transforming a highly skewed distribution of variables into a normally shaped bell curve. In addition, taking the logarithm of the dependent variable can effectively vary the unit change of independent variables to the percent change. This logarithm transformation is especially important when it comes to using a large dataset. The MLR-LT is expressed as:

[image: image]

The R2 is used as a metric to measure how much the variation in the dependent variable can be statistically explained by the variation in the independent variables. The value of R2 is between 0 and 1, where 0 means the outcome of the dependent variable cannot be predicted by any of the independent variables, and 1 indicates the outcome of the dependent variable can be perfectly predicted by the independent variables without any errors. In estimation, the slope coefficients are valid while holding all the other variables constant. The R2 is monotonous increasing with the number of variables, which leads to the alternative of adjusted R2 ([image: image]). The [image: image] penalizes the statistic outcomes caused by extra variables.

In the regression analysis, many independent variables may affect the frequency and intensity of physical activities; the independent variables are eliminated one by one in the correlation analysis using SPSS software. Then the model's collinearity is checked. The independent variable factors of the urban built environment with correlations are obtained. As such, the influence equations of walking frequency, running frequency, walking intensity, and running intensity are obtained.




RESULTS AND DISCUSSION

This section illustrates how the developed methodology is applied in the Changsha region in China. The first part explains the area and the data sources in more detail, followed by the spatial and temporal distribution characteristics of the collected trajectories for further analysis. To combine the urban built environment factors with the trajectories of outdoor physical activities, a spatial processing process is performed to generate the sample trajectories in the urban built environment (Preliminary analysis results). MLR models with logarithmic transformation are generated using the sample trajectories (Result of MLR-LT). The following part of this section illustrates the analysis results and the indications on urban built environment planning practice (Discussion).


Preliminary Analysis Results

Data on walking and running activities were collected in Changsha from the year 2016 to the year 2018. Based on the 35,019 effective samples of trajectories, we can not only obtain the information of physical activity types but also other information such as spatial locations, starting time, duration, and distance. In particular, 10,773 effective walking data and 5,879 effective running data are obtained, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Distribution of slow motion physical activity trajectories (pink for running, green for walking).


The data used for characterizing the built environment are getting from the master plan maps of Changsha (2003–2020), OSM and the traffic status maps of Changsha (2017–2035), Gaode Map API (68), and Landsat8 remote sensing images (69). Through the preliminary analysis of the motion data, most of the trajectories are distributed in the main urban area of Changsha city, while the trajectories in other areas are less scattered. Therefore, the main urban areas of Changsha, including Tianxin district, Yuhua district, Kaifu district, Furong district, and Yuelu district (excluding Pingtang street, Hanpu street, Yuchangping town, and Lianhua town) are selected as the study areas. The research areas cover 71 streets with a total area of 817 square km. The data is further cleaned by deleting trajectories with position offset, short motion time (<3 min), short motion distance (<0.4 km for walking and <0.185 km for running), and abnormal motion factors like speed <1 km/h. These thresholds are set by the smart wearables' providers.

Some differences in the spatial and temporal distribution have been found between walking and running. From the perspective of time distribution, people mostly go on physical activities in the morning (5:00–8:59) and evening (18:00–20:59), and the average activity time of walking is longer than that of running, while the average activity distance and average activity speed are lower than that of running. From the perspective of spatial distribution, walking and running activities are distributed in the areas with relatively good urban construction conditions, but the scope of walking is larger than that of running. Compared with walking activities, running activities are less concentrated (shown in Figure 2).


[image: Figure 2]
FIGURE 2. Trajectory density distribution of walking (left) and running (right) activity.


Vector points with a distance of 800 m in the study area are generated to normalize the datasets. After deleting sample points that fall on the water, non-built-up areas, and the surroundings, there are 735 samples left for further analysis (Figure 3).


[image: Figure 3]
FIGURE 3. Sample points in the case study area.




Result of MLR-LT

The R2 of each MLR-LT is shown in Table 3, which gives information on how well the regression predictions approximates the sampling data. Accordingly, with R2 and [image: image] exceeding 0.6, the models regarding WAF and WAI fit the data well. Whereas, the R2 and [image: image] of models regarding RAF and RAI indicate that the model of RAF accounts for around 40% of the variance between observed dependent variables and predicted dependent variables, while the model of RAI accounts for around 50%. Regardless of the R2, the significant coefficients still represent the mean-variance in the dependent variables for one unit of change in the independent variable while holding other independent variables in the model constant.


Table 3. The goodness-to-fit of all the estimates of multiple linear regression with logarithmic transformation (MLR-LT).
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The estimated results regarding the frequency of walking and running are shown in Table 4.


Table 4. The results of MLR-LT regarding WAF and RAF.
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The walking and running frequency are both significantly influenced by the residential land density (RLD), community parks density (PD), university campus density (UCD), square density (SD), arterial road density (ARD) and secondary road density (SRD) in a positive way. It is easy to understand the effect of RLD since the location of the home is normally the start point of outdoor activities. The spaces and facilities in the park, university campus, and square are conducive to physical activities. The arterial and secondary roads are also providing routes for walking and running, especially in dense urban environments.

The land use mix (LM), normalized difference vegetation index (NDVI), branch road density (BRD), bus stop density (BSD) and community park density (PD) are proportional to the frequency of walking, whereas their effects on running frequency are not significant. This finding distinguishes the different needs of spatial settings and infrastructures across walking and running activities. The land-use mix level has significant positive impacts on walking frequency, which could be explained by the multiple intentions of people for activities, like grocery shopping, meeting friends, visiting green spaces, etc. The increase of NDVI results in more greenery coverages, which to some extent attracts light outdoor activities, resting, walking, among others. The activity that happens close to vegetation, to some extent, implies people's preference for greenery when walking in outdoor urban environments. However, NDVI is not significantly related to the frequency of running. In real-world contexts of the study locations, the mixed-use branch roads with sidewalks are leading to the nearby neighborhoods, shops, restaurants, and other destinations. It is reasonable to assume that, during walking, residents may carry out other activities simultaneously as above mentioned. The BSD and PD are increased in the areas of more residential neighborhoods. Therefore, the positive effect of the BRDs, BSD, and PD on walking makes sense. On the other hand, the runners must start and end the running in their residential neighborhoods where many branch roads, bus stops, and community parks are located, but they may avoid the branch roads, bus stops even community parks in other neighborhoods, since they are not the right places for running.

The living service points density (LSD) only significantly impacts the frequency of running. The increase of LSD results in less frequency of running. For the sake of efficiency and running conditions, the runners are inclined to avoid the areas with living service points on purpose. Thus, less frequent running trajectories come out in a place with a high LSD.

Concerning the intensity of walking and running activities, the results of the estimation are shown in Table 5. The positive effects regarding residential land density (RLD), community park density (PD), university campus density (UCD), square density (SD), comprehensive park density (CPD), arterial road density (ARD) and secondary road density (SRD) on both walking and running intensities are significant, which is similar with the effects of these variables on the frequency of walking and running activities. The provision of spaces and facilities is still the reason that the higher density of these places and infrastructures are favorable to the increase of the intensity of walking and running activities. The normalized difference vegetation index (NDVI) also has a positive influence on both walking and running intensities.


Table 5. The results of MLR-LT regarding WAI and RAI.

[image: Table 5]

Land-use mix (LM), branch road density (BRD) and bus stop density (BSD) are proportion to the walking intensity, whereas they are not significantly related to the intensity of running. Compared with running, walking is more relaxed and less constrained by the tempo-spatial settings. In some cases, the walking activity is combined with leisure, shopping, social activities in pedestrian business areas, where many brand roads and bus stops are located nearby.

The living service points density (LSD) negatively influences running intensity which is similar to its effect on running frequency. The market density (MD) has no direct significant impact on both walking and running intensities.

Multicollinearity will decrease the statistical significance of the regression model. As the diagnosis for multicollinearity, the variance inflation factor (VIF) of MLR-LT is given in Table 6. Accordingly, the VIFs indicate no multicollinearity for all independent variables (all <10).


Table 6. The variance inflation factor of MLR-LT.

[image: Table 6]



Discussion

The increase of land-use mix (LM) will promote the frequency and intensity of walking while there is no correlation found of land use mix with the frequency and intensity of running activity. This is probably because the higher land-use mix means more abundant destinations and urban functions, which will increase the willingness and intensity of residents to carry out walking activities that can help them achieve several goals like grocery shopping, exercising, and picking up packages. For urban planners, it is important to understand the local communities' preference for outdoor activities to design a balanced land-use mix and prevent unnecessary traffic flow to promote walking activities.

The residential land density (RLD) has positive impacts on both running and walking activities regarding intensity and frequency. This could be explained by that residents all need to start and come back to their residence. However, we can see that RLD has a higher impact on walking activities than on running activities which is probably because runners favor places with more open areas rather than the high residential building density areas.

Interestingly, building density (BD) and market density (MD) have no correlation with both running and walking activities, which is in contrast with the literature.

Community parks and squares play also a very important role. The results show that PD and SD have a high positive correlation with the frequency and intensity of walking and running activities, and the positive impacts are higher for running than that for walking. Compared with the other types of leisure places like a comprehensive park, the community parks and squares are smaller in overall area and less perfect in facilities and landscape, but they are normally more accessible and relatively easy to develop, which makes up for the lack of service scope of the comprehensive parks to a certain extent. In contrary to the PD and SD, the CPD has a fewer impact on walking activities and no direct influence on running frequency, but it does have positive impacts on running intensity. It could be explained that comprehensive parks are not that many, and it is not common for people to run that far. Therefore, community parks and squares can effectively promote the intensity of residents' activities in a certain range. So, community parks and squares should be further promoted in densely populated cities urban planning practice.

University campus density is with even higher correlations to walking and running activities, compared with community parks and the impacts of UCD on running activities is much higher than that on walking activities. This indicates that the campus space carries an important role in promoting physical activities, especially for running. Potential guidelines to use the open campus as a running activity base could be developed, particularly for cities like Changsha which has many universities.

Different types and levels of urban road density affect the frequency and intensity of physical activities on different levels. The urban road factors selected in this paper include arterial road density (ARD), secondary road density “SRD” and branch road density (BRD), and the results show that the urban ARD has a big positive correlation with the frequency and intensity of physical activity, and it has more impacts on walking activities than on running activities. From the regression results, the influence of urban SRD is still positive, but SRD promotes running activities more than promoting walking activities. However, the BRD only has a limited amount of positive impact on walking activities while no direct correlation with running activities. It could be argued that based on the results, context-specific road network designs can be improved. For example, the increase of SRD will significantly promote the frequency and intensity of running activities and the increase of ARD will significantly promote walking activities. For areas with more aging populations, the road network could be with more branch roads to promote walking activities.

Living service points density has no correlation with walking activity but a bit negative influence on running activities, which could be explained that the living service points we have referred to here are all facilities running during daytime while the walking activities are mainly happening not during the daytime and running activities are not prone to stops.

The normalized difference vegetation index (NDVI) mainly affects walking activities. The results show that walking is more likely to be carried out in the urban environment with greenery, while running may have lower requirements for landscape greening than walking, and it is more likely to choose the path with connectivity and comfort and NDVI has no direct correlation with running frequency but positive impact on running intensity. Therefore, for urban planners, general greenery should be provided to promote walking activities and if combined with parks and squares, it could potentially stimulate running intensities.




CONCLUSION

The highly populated and urbanized cities in China ask for high-quality built environments that can facilitate and stimulate outdoor physical activities to benefit social cohesion and public health. In the literature, we have found quite some factors that can influence outdoor physical activities. However, three main limitations still remain. First, the findings of previous studies are mainly case-based without consideration of environmental conditions, which need to be fully understood while designing a generic approach to generate insights. Furthermore, the previous studies have not analyzed physical activities from angles of frequency and intensity. Third, the size of sample data is limited in the existing literature. This research proposes a conceptual framework with the comprehensive influences of urban built environments for identifying commonly found urban built environment factors that influence people's walking and running frequency and intensity for a case city.

This study has, therefore, contributed to: (1) developing a systematic analysis approach for the relationships between the urban built environment factors and outdoor physical activities for a city; (2) identifying effective and significant influential factors based on the city context; (3) presenting the method of collecting and processing data from smart wearables and OSM, Gaode and remote sensing data to analyze outdoor physical activities trajectories and patterns in the urban built environment; (4) addressing the process and results of GIS spatial analysis to obtain physical activities' intensity and frequency and cleaning trajectory data to generate realistic samples; (5) developing multiple models to analyze the impacts of multiple urban built environment factors on two types of outdoor activities, from both frequency and intensity angles; and (6) generating urban planning insights based on the frequency and intensity analysis of the most two favored outdoor activities for the case study region.

This research collects data generated from smart wearables and open geographical datasets like OSM, Gaode Maps, and remote sensing images. The approach is feasible for investigations on urban outdoor physical activities in other regions. Moreover, the findings of this study have implications for related urban policymaking in Changsha and other cities in China with similar environmental and socio-cultural contexts. To be more specific, such findings can help decision-makers in their planning activities as a starting point for discussing with citizens in the pursuit of a better urban built environment which helps to promote public health. Possible starting points could be providing more community parks, maintaining or improving road networks, designing open campuses, etc.

More angles from physical activities like starting time and duration are expected in the future studies. On one hand, analysis of the relationships between built environment characteristics and other outdoor physical activities, such as cycling, dancing, etc., can be followed using the same approach. In addition, the detailed analysis can be performed regarding the difference between recreational walking and transport walking (71). On the other hand, incorporating social factors, and the subjects' demographic information and health-related data may predict citizens' preferences in a certain region and therefore improve the neighboring facilities to promote physical activities, design a flexible and adaptive urban environment that can fit different purposes and help in designing a more customized urban environments for different users. A guideline for integrating different data sources is expected to be developed, together with an automatic approach for the data collection and processing tasks in potential cases.
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Aim: Evidence on the association between natural-built environments and depression is largely derived from the general population and prone to residential self-selection bias because of the nature of cross-sectional research design. Despite emerging adulthood, which includes the university years, is a critical stage for forming life-long health habits, studies on this topic focusing on undergraduate students are limited. The current study aims to illustrate the underlying mechanisms for how the campus-based environments affect depression in undergraduate students.

Methods: Based on a nationwide representative analytical sample of 22,009 Chinese undergraduates in 2018, we examined participants' reports of depression and campus-centered natural/built environments within multiple buffer sizes including 0.5, 1.0, and 2.5 km. After disentangling residential self-selection, we explored the moderating role of the socioeconomic attributes of undergraduates. The depression outcome was measured by the nine-item Patient Health Questionnaire (PHQ9). Indicators of exposure to green and blue space, transportation infrastructure, and food environments were objectively assessed using different circular buffers around each campus address.

Results: Modeling results indicated that campus neighborhoods with more scattered trees (0.5 km), water (0.5, 1.0, and 2.5 km), and street intersections (1.0 and 2.5 km) were protective against depression. In contrast, those living near denser distributions of outlets serving take-away sweets and fast food (0.5, 1.0, and 2.5 km) were susceptible to depression. These associations were modified by undergraduates' socioeconomic attributes (e.g., grade, Hukou status, and ethnicity) and varied according to geographical scales and exposure metrics.

Conclusion: To deliver effective environmental interventions to curb the prevalence of depression among undergraduate students, further planning policies should focus on the careful conception of the campus-based environment, especially regarding different spatial scales.

Keywords: natural environment, built environment, multiple scales, depressive symptoms, moderating effect, undergraduates, China


BACKGROUND

The university period is a critical stage of emerging adulthood (1) during which time individuals are often faced with increasing expectations from their families and society. When there is a perceived failure to meet these expectations, the onset of common mental disorders, such as depression, and risky behaviors, such as suicide, may arise (2, 3). Depression is prevalent among university students in many regions of the world (2, 4, 5) and affects the quality of life, relationships, academic attachment, and work opportunities of many students (6). Many studies reported over 30% of university students suffer from depression (2, 5), which is much higher than global and national levels in China (6, 7). The latest report on national mental health development in China (2019–2020) reported that roughly 18.5% university students were depressed with depressive scores (assessed by the Center for Epidemiological Studies Depression Scale, CES-D) ranging from 10 to 17, and 4.2% of other university students are at high risk of depression with CES-D scores over 17 (8). To respond to the high prevalence and well-documented negative effects of depression in university students, depression screening and prevention have attracted the attention of policy-makers.

The high prevalence rate of depression could be attributed to biological characteristics and external environmental factors, including social, natural, and built components of the environment (2, 9). Unlike adolescents, biologically, most university students are at a point in emerging adulthood where they “have reached physical and sexual maturity, and are highly diverse in their educational and occupational combinations and trajectories, p. 569” (1). In contrast with adults, the majority of university students are not yet in stable long-term romantic or career commitments (1). Consequently, most university students often experience stress, anxiety, and depression (2, 5, 10–12). In addition, most undergraduates in China live and learn on campuses with unique environments and corresponding management modes (12). To mitigate students' living expenditures and facilitate student management, universities typically offer or compel students to live in the low-cost dormitories within or near the campus (13). As a result, undergraduates have hardly any freedom to choose their residences (14). In addition, students perform most of their daily routines (e.g., learning, living, eating, etc.) within or surrounding these campuses (12). Given these factors, there are grounds to explore the implications of campus environment on the mental status of students.

Numerous studies have associated geriatric, adolescent, and pre-natal depression with exposure to natural and built environments (NBEs), especially in regards to the residential and working neighborhoods that are central to people's daily activities (15–20). However, little is known regarding depression in undergraduates in this context. The theoretical and empirical evidence points to the potential of NBEs to reshape depression-related behaviors, including physical activities, social contacts, etc., but their effects on depression itself remains mixed when it comes to different environmental variables and populations (21). Natural spaces, especially green spaces show potential to reduce depressive moods (19, 22–24) and improve mental health (25, 26) through stress relief (11), physical activity (PA) (27, 28), and social cohesion (24, 29). Most existing findings relevant for human benefits in relation to depression have been associated with generalized greenness (commonly captured by the normalized difference vegetation index [NDVI] or by overall greenery coverage) (19, 24, 26, 30), and very few studies have focused on specific types of green spaces (31–33). As reported, the associations between depression/depression-related behaviors and greens spaces differ depending on the type of green space concerned (34, 35). For instance, Giles-Corti et al. suggested the positive effects of flat grassy areas on facilitating social and physical recreation, but not walking, in older adults (34), whereas Holtan et al. associated social capital increase with the presence of tree canopies but not the presence of parks and grass (35). Built environments are broadly defined as human-made facilities and infrastructures for supporting human activities (25). Based on Ewing and Cervero's “5D” model (36), over 100 objective measures of built environments can be used to understand the relationship between built environment and mental health (37). Among these measures, food facilities and road/street environments are closely related to students' daily activities. Road/street environments are more likely to be related to physical activity (38), and food facilities are more likely to change dietary patterns (39), both of which could affect depression (40–42).

Although there is growing scientific recognition of the effect of NBEs on depression and depression-related behaviors (15, 19, 23, 38), there are still some limitations to investigating the relationships between campus environments and depression in undergraduates. First, there is limited relevant research regarding undergraduates who live in distinctive environments and take part in unique daily activities (12, 13). Second, few studies have been performed to examine how depression is correlated with different types of green spaces, which is meaningful to urban planning and decision-making (30, 31). In addition, residential self-selection bias (43–45) and the uncertain geographic context problem (46, 47) both affect research in this field. Residential self-selection implies that participants are likely to choose their neighborhood according to their lifestyle and personal preferences, so those who are healthy, or want to be healthy, may choose to live in a neighborhood with better environmental quality (e.g., places with greener spaces and better walkability) (44, 45). This kind of bias can affect the relationship between health outcomes and exposure to such environments (44, 45), but has rarely been addressed in previous studies (16, 24, 26). Investigating a subgroup population with little freedom to choose their residential location is recommended as an effective solution to mitigate this type of bias because of the high cost for longitudinal and (quasi) experimental research and the difficulties in distinguishing preferences and attitudes (14, 45). To relieve cost and ensure the safety of students, Chinese universities offer dormitories within or near the campus at which residence is compulsory (13), thereby constraining their choices of where to live and restricting most of their routine activities (i.e., learning, playing sports, eating, and living) within the campus environment (12). The uncertainty of geographic context is another undeniable problem relevant to environmental health (46, 47). The measures of exposure to NBEs varies with the definition of neighborhood (i.e., buffer sizes, buffer shapes, etc.), causing mixed findings regarding the relationship between NBEs and depression (38, 48). Empirically, multiple-scale environmental measures have been captured to solve this issue (38, 48).

Last but not least, individual socio-economic status (SES), such as gender, ethnicity, age, education status, and economic condition, have been reported to moderate the association between NBEs and depression (18, 19, 48), and the moderating roles are reported to differ in varying populations. For instance, green spaces are protective against depression among low-educated pregnant women, but this moderating role is not significant for their children's mental wellbeing (48, 49). Therefore, it is necessary to examine the moderating role of individual attributes on this association among undergraduates. Further, this is conducive to identifying subgroups for whom interventions to change the NBEs might be the most effective.

Given the above gaps in the literature (25, 30) and the daily routines of undergraduates in China (see Supplementary Figure 1), a conceptual framework (Figure 1) was proposed to illustrate the underlying mechanisms for how the campus-based environments affect depression. Subsequently, a nationwide representative sample of 22,009 undergraduates from 89 campuses across China was used to examine the associations between depression in undergraduates and campus-centered natural-built environments at multiple spatial scales (i.e., 0.5, 1, and 2.5 km)1. The moderating role of individual socioeconomic attributes was examined after RSS was disentangled. This study contributes to the literature in five aspects: First, it is the original attempt to relate the incidence of depression in undergraduates to NBEs within and surrounding campus environments where undergraduates' living and working conditions are combined (after controlling for RSS bias). Second, this study enhances our understanding of how different types of green spaces affect depression. Third, the uncertainty of geographic contexts is compared at multiple geographical scales (0.5, 1, and 2.5 km). Fourth, the association between NBEs and depression are not confounded by residential self-selection bias in this study. Finally, the individual-based moderating role of environment-depression associations among undergraduates is clarified through interaction analysis.


[image: Figure 1]
FIGURE 1. Conceptual framework illustrating how campus-based environmental factors affect depression.




METHODS AND DATA


Data

In this study, individual information was derived from a nationwide university-based survey on Chinese undergraduates conducted in 2018 (Ethics No. 2018-L-25). Using a stratified, multiple-stage cluster sample design, the research team generated a representative sample of 23,488 undergraduates from 90 campuses in 29 provincial units (Figure 2) after excluding 192 participants owing to missing data.


[image: Figure 2]
FIGURE 2. Spatial distribution and sample size of the surveyed campuses.


A structured questionnaire—designed by a multidisciplinary expert panel consisting of experienced epidemiologists and healthcare professionals—was used to collect data including socioeconomic characteristics, patterns of trips for routine activities, and health status. A set of natural and built environmental measurements was extracted by the GIS method according to the geocoded address of the campuses. According to prior studies (37, 50) and the transportation distances of participants (Supplementary Figure 1), functional neighborhoods were created for three distances of 0.5, 1, and 2.5 km. After excluding respondents with missing NDVI (n = 58) and Hukou status (n = 1,421), the final analytical sample comprised 22,009 respondents from 89 campuses (Figure 3).


[image: Figure 3]
FIGURE 3. Flowchart for participant selection.




Outcome

Depression severity was measured by the nine-item Patient Health Questionnaire (PHQ9, Supplementary Table 1) (51), one of the most widely used tools to measure depression severity for the previous 2 weeks in non-clinical populations (19, 52). This scale has been verified in the Chinese general population (53). Each item is scored from 0 to 3, and the sum scores could range from 0 to 27 (Supplementary Figure 2), with higher scores indicating more severe depression. The sum scores of PHQ9 < 5 is usually recognized as minimal or no depression (2, 51).



Environmental Exposure
 
Natural Environments

Empirical evidence on impact of NDVI on depression is conclusive (19, 20, 54); however, which type of green space has a greater effect on depression is not yet well-understood (30, 31). In this paper, we focus on the benefits of NDVI and five types of urban natural features (i.e., dense tree, scattered trees, bush/scrubs, low plants, and water) derived from local climate zone maps, for the reduction of depression. The NDVI index was calculated by the spectral reflectance measurements acquired in the near-infrared regions (760–900 nm) and visible red region (630–690 nm) retrieved from the Sentinal-2 satellite data with a high spatial resolution (10 × 10 m) in 2018 (55). The values of the unit-less index range from−1 to 1, with higher values indicating a higher level of green vegetation. The coverage ratio of each landscape type was derived from a 30 m Landsat 8 level 1 image of land cover according to the 2018 local climate zone map provided by the Hong Kong University through the mapping on the World Urban Database and Access Portal Tools (56). Local Climate Zones (LCZ) were developed as a classification system consisting of seven types of land cover, five of which can be described as green and blue spaces (GBS), including dense trees (LCZ_A), scattered trees (LCZ_B), bush, scrub (LCZ_C), low plants (LCZ_D), and water (LCZ_G) (57, 58).



Built Environments

The built environments were measured via three main categories depending on their influence on undergraduates' routine activities. As depression has been associated with urbanicity, population density was captured as a proxy of urbanicity, based on the assumption that urbanicity is correlated with population density (16). This was measured as the number of people per square kilometer, as reported by WorldPop in 2018, with a resolution of 100 × 100 m (14). Streets are an internal component of open spaces in cities and have attracted attention from scholars because of their close relation to transportation, especially modes of active travel (38, 59), which are protective against low levels of depression (60, 61). Three measures including street intersection density, road network density, and bus stop density were captured to characterize campus-based street environments. However, road network density and bus stop density were excluded because of collinearity. The number of street intersections (three-way or more), bus stops, and the lengths of road networks in the defined buffer were obtained from Open Street Map in 2018. The presence of diverse food outlets has previously been reported to be correlated with people's dietary patterns (39, 62). Unhealthy dietary patterns such as the consumption of sweets and high-fat food are associated with increased risk for depression (40, 41). Accordingly, food environments were measured based on the number of fast-food restaurants and take-away sweet shops (e.g., bakery shops, ice cream shops, and dessert house) per square kilometer. The count of each food outlet was retrieved from points of interest (POIs) data from the Gaode map (one of the largest map providers in China) in 2018.




SES Indicators and Other Covariates

Undergraduates who are older, female, and of lower socioeconomic status are more likely to report depression (2). The prevalence of depression also varies across rural and urban areas (7), and ethnic groups (48). Following prior studies in China (16, 24), the individual SES attributes of age, gender, ethnicity, Hukou status, and household income, were viewed as potential moderators of the association between environment and depression.

In addition, other individual and campus-based covariates were controlled including body mass index (BMI) and level of physical activity required for transportation (TPA) at the individual and urbanization level, and geographical variation and university type at the campus-based level. The BMI index was calculated by dividing weight in kilograms by the square of height in meters by in situ measurement, while TPA was defined as total time spent weekly on active travel (walking and cycling). TPA was generated according to respondents' answers to questions about the frequency (Fi), distance (Di), and average velocity of travel modes (Vi) for trips to seven categories of daily activities—learning, exercising, shopping, visiting friends, recreation, visiting the doctor, and working or doing internships. The Vi values were assumed to be 15, 5, and 0 km/h for cycling, walking, and other transport modes, respectively (63). The relative deviation of TPA was expressed as tertiles.

According to campus locality, the urbanization level was operationally defined as urban and suburban (14), and geographical variations were operationally defined as eastern, central, and western zones (64). School type was determined according to the Chinese university ranking system (high and general) as established by the National Ministry of Education. As reported, university students from higher level universities are expected to experience high levels of stress because of intense competition and pressure, which may in turn increase depression (11).



Statistical Analysis

Although the PHQ9 score was measured via arbitrary scales and not truly continuous (Supplementary Figure 2), the outcome was treated as continuous because there were more than five distinct values (0–27) for depression (65). Multivariate linear regressions were performed to explore influencing factors of depression at multiple scales (Model 1) for the low infra-class correlation (ICC = 0.03<0.06) in the null model and the robustness of linear regression modeling against moderate violations of the normal distribution assumption (65). Subsequently, multiplicative interaction terms were constructed to examine possible moderating roles of individual socioeconomic attributes on the associations between the frequency and severity of depression in undergraduates and exposure to natural and built environments within and surrounding campuses (Model 2). Variance inflation factor (VIF) values below 4 (Supplementary Table 2) were used to identify and control for multicollinearity among the independent variables (45), which excluded the road network and bus stop densities. To further avoid multicollinearities, the interaction term was generated by centered variables in interaction models. The Akaike Information Criterion (AIC) was introduced to compare the quality of these models; low AIC scores indicate a better model fit (16). The unstandardized coefficients (Coef.) and standardized error (SE) were reported for regression results. All statistical analyses were performed using IBM SPSS Statistics 26.0 and STATA 16.1.




RESULTS


Descriptive Statistics of Samples

As seen in Table 1, the PHQ9 score ranged from 0 to 27 in undergraduates, with a median of 4, standard deviation of 4.48 (Table 1), and 47.7% were reported with depression (PHQ9 ≥ 5) of different degree (see Supplementary Figure 2). Although the average level of depressive score in undergraduates are reported with no depression (PHQ9 ≤ 4) (51), the relevant prevalence of depression is higher than previously reported rates. As reviewed, overall 30.6 and 24.4% of university students have experienced depressive symptoms worldwide (2) and in low-/middle- income countries (66). Additionally, the reported prevalence of depression was 14.9 and 24.3% among university students the United State and Malaysians (67, 68).


Table 1. Descriptive statistics of 22,009 participants.
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Of the 22,009 undergraduates, the majority were female, Chinese-Han, came from low-income families and urban places before enrolling in college, and had studied ≥ 1 year in the surveyed campus. The median TAP and BMI were 1.58 h/week and 20.08 kg/m2, respectively.

As illustrated in Table 2, the average coverage ratios of dense trees, scattered trees, bush and scrub, and water, and population density increased with the buffer radius as it extended from 0.5 to 2.5 km. Density variables for street intersections, fast-food restaurants, and take-away sweets shops were the greatest with a 1.0 km radius, followed by a 2.5 km radius, and 0.5 km radius.


Table 2. Descriptive statistics of natural-built environmental features surrounding 89 campuses.
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Overall Associations Between Built Environment and Depression

Based on the unstandardized coefficients in Table 3, depression in undergraduates is significantly and negatively associated with scattered trees (0.5 km), water (0.5, 1.0, and 2.5 km), street intersection density (1.0 and 2.5 km), and population density (0.5 km). Inversely, undergraduates from campus with a higher density of outlets serving take-away sweets and fast foods (0.5, 1.0, and 2.5 km) are more likely to report higher depressive scores on the PHQ9. It is noteworthy that those impacts vary by different spatial scales.


Table 3. Results of multivariate linear associations between PHQ9-based depression and exposure to natural and built environments at multiple scales.
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The standardized coefficients (β) in Table 3 suggest that there are the highest negative associations between depression and scattered trees and population density. By contrast, the negative relations between depression and water decreased, with a buffer zone of 2.5 km showing the greatest association and a buffer zone of 1.0 km showing the weakest association. Additionally, the negative relationships between depression and street intersection density showed no difference across buffer distances. Unlike aforementioned negative associations, the positive correlation between depression and food outlets for take-away sweets and fast foods was greatest with a buffer zone of 0.5 km and weakest with a buffer zone of 1.0 km.



Other Determinants for Depression

In terms of individual covariates (Model 1 a – c), they played significant roles as expected. Specifically, female, senior, and ethnic minority undergraduates reported higher depressive scores. Urban hukou status before enrollment and high family income were positively and significantly related to higher depressive scores. Additionally, physical inactivity was positively correlated with depressive scores. Regarding campus-based covariates (Model 1 a – c), undergraduates from campuses located in eastern region (0.5, 1.0, and 2.5 km) and urban fields (0.5 km) were more likely to become depressed. In addition, undergraduates studying in high-level universities were more likely to suffer from severe depression (0.5 and 1.0 km).



Moderating Effects of Socioeconomic Factors

Table 4 and Supplementary Tables 3–5 reveal the moderating role of socioeconomic attributes on the association between environment and depression. The negative association between depression and water within a 0.5 km buffer zone is greater in undergraduates from urban cities than rural areas, but the association between depression and number of street intersections was higher in senior (1.0 and 2.5 km), ethnic (2.5 km), and urban-origin (1.0 and 2.5 km) undergraduates than their reference groups. The positive relationship between depression and take-away sweet shop density was stronger in Chinese-Han (0.5 km) and rural (2.5 km) undergraduates. There was no moderating role found for other associations.


Table 4. Results of multivariate linear associations between depression in undergraduates and exposure to natural-built environments at multiple scales and with interaction effects of socioeconomic attributes.
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DISCUSSION


Specific Types of Natural Spaces, Not NDVI, Protect Against Depression

In contrast to the expectation that more NDVI mitigates depression (19, 48), the association failed to reach statistical significance in this study, which is consistent with some other previous findings (20, 54). Similar to prior studies (33, 69), however, more scattered trees within campuses helped to protect against depression. The spatial variation of protective effects of scattered trees on depression may be attributed to the fact that Chinese undergraduates conduct their daily activities within the campus. In contrast to some of the available evidence (20, 70), the prevention of depression was positively associated with an increase in coverage rate of water.



The Effect of the Built Environment on Depression Depends on Features and Spatial Scale

The built environment affects health through either modifying environmental exposure or reshaping behaviors (25). Some previous studies hold that population density mitigates depression as there are more opportunities to contact neighbors or friends (71) and to enjoy medical resources (72), thereby promoting health (16). However, this significant association was only observed within 0.5 km buffers (Table 3). One possible explanation is that the majority of Chinese undergraduates conduct their routine activities within and near campus, as they are required to complete most of their studying on campus and to live in dormitories within the campus or in the surrounding areas (12, 13). Another explanation for the inconclusive association is that most undergraduates can obtain good and affordable medical resources in school hospitals. Improvements to street connectivity create a more walkable neighborhood (73, 74) and encourage active travel such as walking and cycling (38), thereby preventing depression (75). Accordingly, more street intersections surrounding the campus can reduce depression by facilitating PA for transport and reducing the hazardous environmental exposure generated by vehicle transportation. Street intersection density is a commonly used measure of street connectivity that provides direct and safe pathways for active trips (38). Similar to a prior study (76), unhealthy food facilities serving fast foods and take-away sweets might shape a dietary pattern of sweets and high-fat foods (39), both of which are risk factors for depression (40–42).



Moderating Role of Socioeconomic Attributes

A better understanding of the moderating role that individual socioeconomic attributes have on the connections between NBEs and depression is conducive to identifying subgroups for whom interventions to improve NBEs might be the most effective. Increasingly, studies have focused on the moderating role of socioeconomic status, race/ethnicity, gender, age, and urbanicity on the relationships between depression and environment (18, 24, 48), but conclusions vary significantly in space, over time, and across population subgroups. Unlike previous studies on the moderating role of the health benefits of green spaces (48), we found no differences in the associations between scattered trees and depression based on household income and other potential moderators. In contrast, undergraduates from urban areas were generally more likely to benefit more from water (0.5 km), and subsequently experience lower levels of depression.

The presence of more street intersections appears to relate to depression more significantly in senior, urban, and ethnic minority students. This may be attributed to discrepancies in mobility and interaction among these students. Senior undergraduates generally have more opportunities to interact with this transportation infrastructure because of working or doing internships. Undergraduates originating from urban areas may visit destinations (e.g., shopping malls) far away from campus more frequently in their leisure time compared to those from rural areas (14). Additionally, a well-connected campus enables ethnic undergraduates more choices for non-motorized transportation (59). Consumption habits might be a possible explanation for the higher positive association between depression and take-way sweet facilities among rural undergraduates. Compared to students from urban areas who are used to more food choices, rural undergraduates' diet patterns could be more greatly affected by surrounding food facilities.



Implications for Public Health and Urban Planning

Depression is a leading cause for global disability and has been a cause of worldwide concern. Although there is huge variation across studies, the prevalence of depressive disorders in university students is considerably higher than rates reported in the general populations (2, 5–7). On average, 47.7% of Chinese undergraduates experienced depressive symptoms, which is much higher than the overall rates among university students in the globe (30.6%) and in the low-/middle- income countries (24.4%), as well as the 14.9% in the United State (2, 66, 67). Our findings regarding biological and environmental risk and protective factors for depression provide foundations for the prevention of not only depressive disorders, but also other complications, and in turn the reduction of disease and financial burdens.

In response to the high and increasing prevalence of depression in undergraduates, this study has significant implication for urban planning and public health promotion, for both China or other low- and middle-income countries. Our findings confirmed that scattered trees (but not overall greenery) and water within a 0.5 km buffer zone help alleviate depressive symptoms, as previously suggested in literature from other regions. First, campus designers and mangers should consider the effects of specific types of land-cover on depressed mood when seeking to improve or create new campuses. Second, urban designers and planners should include comprehensive plans for nearby areas, because undergraduates often are also exposed to the areas surrounding campuses. For example, better street connectivity and healthier food environments should be considered. Third, socioeconomic differences in the association between campuses and undergraduates show the importance of the dissemination of information regarding and promotion of health lifestyles by campus administrators.



Limitations

Despite our study's contributions to the literature, it also has several limitations. First, it follows a cross-sectional design, which precludes identifying causality between depression and exposure to NBEs. Second, static rather than dynamic or time-series exposure to NBEs was used to identify their effect on depression, although the duration of exposure was operationalized by the grade. Third, data sources on depression and individual covariates could be affected by recall bias, although face-to-face interviews could mitigate this bias to a certain extent. Fourth, since participants' medical and family histories of depression and other emotional disorders were inaccessible, the analyses could not be adjusted for these factors. Finally, measures of overall greenness and natural-land covers including dense trees, scattered trees, bush and scrubs, low plants, and water are operationally defined and characterized by different datasets under different resolutions, there thus might be some misclassification of exposure.




CONCLUSION

This study provides the first nationwide empirical evidence regarding the association between the severity of depression in Chinese undergraduates and the natural and built environmental characteristics within and surrounding their campus environments. After disentangling RSS, we found that natural landscapes and built environments can influence depression, but their effects varied by geographic spatial scales. Scattered trees and water had a protective effect but overall greenness or other landscape types had no association with depression. A well-connected campus buffers against depression. Conversely, more access to food outlets serving fast food and take-away sweets is related to higher levels of depression. Apart from gender and household income, the other individual socioeconomic attributes including ethnicity, Hukou status, and duration of exposure, were found to modify the associations between depression and campus environments, although the moderating roles varied across spatial scales and exposure metrics. The information from this nationwide study has implications that can be used to guide city planning for the improvement of campus environments by the management of natural and physical settings within and surrounding campuses. Further studies, not limited to depression, with prospective cohorts or quasi-experimental designs, are needed to clarify how natural and physical settings surrounding campuses affect the health of college students.
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FOOTNOTES

1A radius of 1.0 km was commonly used to define geographical buffer zone in prior studies. A radius of 0.5 km buffer zone was used to characterize the environments within campus and a radius of 2.5 km was used to characterize the environmental features (1.0–3.0 km) where considerable undergraduates were transported.
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In order to improve the health and quality of life of older adults, the Chinese government is dedicated to establishing an equilibrium level of primary healthcare services for all communities. However, little attention has been paid to measuring the accessibility of primary hospitals to older adults, nor to understanding the seniors' satisfaction with and needs for primary healthcare services. Therefore, this study sought to investigate the spatial accessibility of primary hospitals to older adults, and also to examine the impact of walking distances on the seniors' satisfaction with their healthcare services. A two-step floating catchment area method was applied to measure the spatial accessibility of primary hospitals to older adults at the level of subdistricts. In order to investigate the actual opinions of older adults and verify the results of spatial analysis, a large-scale questionnaire survey was also conducted. The analyses found that (1) primary hospitals were not equally distributed; (2) most older adults did not have access to primary hospitals within a threshold walking distance of 1,000 m, but they usually could reach a hospital in their subdistrict within a threshold distance of 2,000 m; (3) older adults' satisfaction levels with primary hospitals were significantly different among subdistricts; (4) long walking distances negatively influenced older adults' satisfaction with primary hospitals; (5) the satisfaction of older adults was highest with a threshold distance of 500 m; and (6) a piecewise regression model indicated that older adults' satisfaction with primary hospitals would decrease with an increase in walking distance to the hospital. When the walking distances exceeded 1,000 m, the slope of the linear regression model increased significantly compared with the slope for walking distances less than 1,000 m. By adopting multiple research methods and capturing older adults' behaviors and satisfaction, our results provide (1) data on the importance of accessibility of primary hospitals to older adults, and (2) insights for future planning to achieve equity in primary healthcare and enhance the spatial distribution of primary hospitals.
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INTRODUCTION

As a fundamental human right, health plays an essential role in national economic development. In order to improve the health of the entire population, the Chinese government has launched a national agenda, the Healthy China 2030, which aims to increase the average life expectancy to 79 years by 2030 (1). Longevity as a demographic trend has implications in population aging. In fact, China is facing a tremendously large and burgeoning elderly population, with the number of people aged over 65 exceeding 190.6 million in 2020 (2) and increasing to 487 million by 2050, when it will account for 34.9% of the total population (3). Meanwhile, the healthcare needs and demands of older adults are ongoing and continually increase as they age (4).

In China, the government has established a three-tier hospital system, according to the hospitals' service level, facilities, technical skills, and administrative management levels (5). The first-tier hospitals are called primary hospitals and directly offer primary healthcare services, preventive services, and rehabilitation services to community residents. The second-tier hospitals, known as secondary hospitals, provide a higher level of healthcare services to multiple communities. The third-tier hospitals are known as tertiary hospitals, and they provide not only the highest level of healthcare and specialized health services but also medical education and research. The hierarchical medical system is designed to encourage patients to choose hospitals according to their healthcare needs. Unfortunately, Chinese patients often prefer to access higher level hospitals directly, even for simple care needs, and that trend has often resulted in overcrowding and over-utilization of tertiary hospitals (6, 7).

In fact, older adults often suffer from chronic diseases that require access to regular diagnostics and treatment. Primary hospitals are established to provide preventive care and regular diagnosis, monitoring, and treatment for community residents, making them more cost-effective and accessible for older adults than tertiary hospitals are (8). With the added burden of the COVID-19 pandemic, older adults are encouraged to seek basic healthcare services from primary hospitals in order to avoid crowding in tertiary hospitals.

Rational spatial accessibility of healthcare facilities is a major objective of the medical system in many countries. As is mentioned in the Healthy China 2030 plan, China is expected to establish equilibrium primary healthcare services for all communities (9). Primary hospitals are therefore planned on the basis of population scale and service radius. However, previous studies have often focused on the accessibility of tertiary hospitals rather than that of primary hospitals (10), and measuring the accessibility of primary hospitals is still a debated issue. Primary hospitals are developed to serve community residents at subdistrict levels (11), but again, few studies have been conducted to investigate the accessibility of primary hospitals in the subdistricts (12). Moreover, although the spatial accessibility of healthcare has been emphasized by previous studies, older adults' behaviors—-such as their travel modes, needs, and satisfaction, have often been ignored (13). To address that gap, the current paper used both spatial analysis and questionnaire surveys to investigate the accessibility of primary hospitals to older adults and measure those adults' satisfaction with their healthcare services. First, the accessibility of primary hospitals at the subdistrict level was calculated. Next, older adults' satisfaction with their access to primary hospitals was investigated using data collected by questionnaire surveys. Finally, two analyses were compared and policy implications were identified.

This research contributes to the existing literature in two significant ways. First, by the adoption of multiple research methods, our results provide empirical evidence of the accessibility of primary hospitals to older adults by capturing those older adults' behaviors and satisfaction. Second, our results can provide insights for future planning to enhance the spatial distribution of primary hospitals and improve the satisfaction and quality of life of older adults.



ACCESSIBILITY

Accessibility was first defined as spatial interactions related to physical areas and locations (14). Accessibility refers to opportunities for access to destinations, and it is associated with the geographic distribution and locations of facilities, street slops, transportation, networks, and so on (15, 16). It can also be measured as the difficulty of gaining access to public resources, in terms of financial support, prices/fees/charges, travel time, safety, services quality, and the like (17). Accessibility is conceptualized into four key elements: land use (i.e., spatial distribution, quantity and quality of facilities), transportation (i.e., transportation systems), time (i.e., available time to utilize facilities), and characteristics of the individual (i.e., income, educational level, age, etc.) (18, 19).

Various measurement methods for evaluating accessibility can be classified as the proximity, cumulative, gravity, utility-based, and space-time prism models. Proximity models are employed to measure accessibility with respect to travel distance, time, or cost. Cumulative models evaluate accessibility as the cumulative number of opportunities available within a threshold distance of time (20). Gravity models provide spatial information from both the demand and supply sides by determining the interaction between two destinations (21). Utility-based models adopt utility theory to model accessibility, which considers the behavioral characteristics of decision-makers (22, 23). Space-time prism models are adopted to measure accessibility from the dimensions of space and time by assessing people's activities in spatial and temporal dimensions (18).

Abundant previous studies have focused on the spatial accessibility of healthcare facilities and hospitals. Huotari et al. (24) adopted a gravity model to investigate the accessibility of tertiary hospitals by using grid-based population data and travel-time estimates. A study conducted by Yiannakoulias et al. (25) employed a gravity-based model for evaluating the spatial accessibility of primary hospitals, accounting for the number of physicians, the population, and the travel costs between an individual's location and the nearest primary hospital. A kernel density two-step floating catchment area (2SFCA) model has been used to calculate the quantity of medical resources in different subdistricts (26). Different travel modes and time thresholds have been applied to evaluate the spatial accessibility of secondary hospitals and tertiary hospitals, and the findings indicated significant spatial differences between different subdistricts. Boisjoly et al. (27) conducted an empirical study to quantify the spatial accessibility of healthcare services for vulnerable populations in metropolitan regions, and they found that vulnerable populations within metropolitan areas had greater access to hospitals via public transport, whereas the accessibility in suburban areas was low. Cheng et al. (28) examined the spatial availability of primary, secondary, and tertiary hospitals for older adults by measuring accessibility with a 2SFCA model, and their results indicated that tertiary hospitals were more unevenly accessible to older adults than primary hospitals were. A study has also been conducted to investigate spatial inequity in hospital accessibility by using a 2SFCA model (12), and it found that low-income neighborhoods experienced relatively lower levels of accessibility of multi-tier hospitals, including primary, secondary, and tertiary hospitals. In consideration of healthcare system reform in China, Xiao et al. (9) proposed three patient-referral models to evaluate heath care accessibility in different scenarios and concluded that patient referrals had prominent effects on the balance of healthcare facilities. A study by Agbenyo et al. (29) adopted both spatial analysis and semi-structured interviews to investigate the accessibility of healthcare facilities and reveal the behaviors and needs of patients. In a consideration of temporal variations in population distribution, Xia et al. (30) proposed a spatial-temporal model for evaluating accessibility of emergency medical services through big GPS data. Wang et al. (31) also adopted big data analysis to measure accessibility of hospitals, with consideration of individuals' preferences for certain hospitals. Individuals' preferences for hospitals were evaluated by taxi trip records in the investigation of hospital access behaviors.

Although previous studies have emphasized hospital accessibility, only a limited number of studies have focused on the accessibility of primary hospitals (10, 25). The research on primary hospital accessibility for older adults is even more insufficient. In fact, older adults are affected by a progressive decline in mobility and health condition, making them increasingly vulnerable to accessibility in their physical environment (32) and more dependent on primary healthcare services, including regular diagnostic services, prescriptions, and examinations (33). Therefore, it is urgent to investigate the accessibility of primary hospitals for older adults. Moreover, most previous studies emphasized the spatial distribution of healthcare services but ignored the actual and subjective opinions of end users. In fact, accessibility to primary hospitals can increase patients' satisfaction in primary hospitals (34). Access to primary hospital influences satisfaction of older adults, but it is often overlooked (32).

Therefore, this study used both spatial and non-spatial analysis to conduct integrated, cross-sectional research on the accessibility of primary hospitals for older adults.



METHODOLOGY


Study Area

As the capital of Anhui, Hefei is a mega-city with a population of 9.4 million in 2019. In 2020, the population of 65-year-olds and above was more than 1.02 million, which accounted for 12.69% of the entire population. Hefei is a sub-central city of the Yangtze River Delta, and is a national science and education center, manufacturing base, and integrated transportation hub of eastern China. In recent years, Hefei has been one of the most rapidly growing cities in China, with an annual growth rate greater than 4.3%. The total GDP in 2020 exceeded RMB 1,004.5 billion. The administrative division of Hefei consists of four districts (Baohe, Luyang, Shushan, and Yaohai), four counties, and one county-level city.

In this research, we used Baohe district as a case study (presented in Figure 1). Baohe district has two national model aging-friendly communities. The aging population is biggest in Hefei. The administrative center of the local government is located in Baohe district. The entire area of Baohe district comprises 340 square kilometers and includes Chaohu Lake. The population of Baohe district is 1.42 million, and its GDP exceeds RMB 143.2 billion. There are 13 subdistricts in Baohe district. The research team administered questionnaires in seven of the subdistricts (Baogong, Wuhulu, Changqing, Binhu, Fangxing, Wannianbu, and Yandun subdistricts), where most of the aging population is distributed. Among these subdistricts, Binhu, Fangxing, Wannianbu, and Yandun subdistricts have been classified as new urban regions since 2006. The other three subdistricts (Baogong, Wuhulu, and Changqing subdistricts) are old town areas.


[image: Figure 1]
FIGURE 1. Administration map and study areas of the Baohe District.




Framework of Research Methods

In order to investigate older adults' access to primary hospitals, both spatial analyses and non-spatial analyses were conducted. Spatial accessibility of healthcare services and hospitals is usually assessed by using a proximity measure, a cumulative opportunities measure, gravity models, and the two-step floating catchment area (2SFCA) method (12, 21), among which the 2SFCA method has received the most attention. The 2SFCA method was developed by Luo and Wang (35) to assess accessibility from both the demand and supply sides of the question. The method calculates accessibility in two steps. First, the supply-to-demand ratio is estimated for each location by distributing the number of resources to population points within the catchment area. The supply-to-demand ratio is then assigned to the entire catchment area. In the second step, the supply-to-demand ratios of all providers estimated in the first step are summed and each population point is assigned an accessibility value.

The original 2SFCA method is used to hypothesize the same supply-to-demand ratios for population points, ignoring the impact of distances on individual mobility preferences. In order to model the effects of distances, an enhanced 2SFCA method (i.e., Ga2SFCA) was proposed by Luo and Qi (36) that adopted a Gaussian function to measure different distance decay values. We adopted that enhanced Ga2SFCA method to calculate the spatial accessibilities of primary hospitals for older adults in Hefei at the subdistrict level.

The calculations in the Ga2SFCA method comprise two steps. The first step is to calculate the service coverage of primary hospitals. For each primary hospital at location j, all demand points (i.e., residential communities k) are searched within the threshold distance d0. The catchment area is determined by the location j and the threshold distance d0. The supply-to-demand ratio Rj of a primary hospital at location j within the catchment area is computed by using the following equation:

[image: image]

where Rj is the supply-to-demand ratio at location j. The term Sj is the total supply of primary hospitals at location j and is measured by the number of medical staff. In previous studies on the accessibility of hospitals, the supply of hospitals was often evaluated using the number of beds. However, primary hospitals mainly undertake basic medical services and not in-patient services. Hence, for our current study we adopted the number of medical staff to evaluate the supply side of primary hospitals. The term Pk is the number of aging populations at residential community k within the threshold distance dj, thus representing the quantity of demand; dkj is the distance between location j and residential community k.

The second step is to sum the services that each residential community receives from primary hospitals. Each elderly population point in residential community i is set as a searching center, and a threshold distance d0 is set as the searching radius. The catchment area is determined by each searching center i and threshold distance d0. Accessibility Ai is measured by summing all supply-to-demand ratio Rj values for which the location of a primary hospital falls within the catchment area centered in residential community i. The values of Rj were obtained in the first step. Accessibility Ai is calculated as:

[image: image]

where Ai is the accessibility of primary hospitals in residential community i, dij is the distance between residential community i and each primary hospital at location j, and f(d) in the two equations is the impedance function defined next in equation (3), which is a Gaussian function. The accessibility calculation assumes that even within the same catchment, older adults prefer to choose closer primary hospitals rather than other, more distant ones (37). Thus, impedance f(d) is:

[image: image]

In addition to spatial analyses, the study used questionnaire surveys to collect older adults' opinions about their satisfaction with the accessibility of primary hospitals. The survey consisted of three major sections: (1) background demographic information about the older adults (e.g., age, education, income, marriage, health conditions and mobility, etc.); (2) frequency of use by and walking distances for respondents to access primary hospitals; and (3) the respondents' degree of satisfaction with the accessibility of primary hospitals. Frequency of use of primary hospitals was measured with four levels: more than once per week, 1–2 times per month, 1–3 times per year, and “seldom.” Walking distances for the older adults to the nearest primary hospitals were also measured with four levels: within 500 m, within 1,000 m, within 1,500 m, and within 2,000 m. A five-point Likert-type scale was used to measure the respondents' level of satisfaction with the accessibility of primary hospitals, with 1 = very dissatisfied; 2 = dissatisfied; 3 = neutral; 4 = satisfied; and 5 = very satisfied.

Several statistical methods were used to analyze the data collected from the questionnaire and investigate actual behaviors of older adults, which could not be directly determined from spatial analysis. An analysis of variance (ANOVA) was applied to investigate the differences between hospital accessibility and the satisfaction of the older adults with their primary hospitals. Multiple regression analysis was adopted to identify the critical factors that influenced the older adults' level of satisfaction with the accessibility of primary hospitals.



Research Data

In order to measure the spatial accessibility of primary hospitals, both the supply of primary hospitals and the demand for them were evaluated. For the supply aspect, data on the locations of primary hospitals, the numbers of medical staff, and the road networks of the subdistricts were gathered for the study. Locations of primary hospitals were gathered from the official website of Hefei Civil Affairs. The study areas comprised seven subdistricts in Hefei, and those subdistricts had 48 primary hospitals (Figure 2). The numbers of medical staff in the primary hospitals were obtained from local health bureaus. The road networks were extracted from Baidu Maps, which is the largest electronic map service in China (Figure 3).


[image: Figure 2]
FIGURE 2. Locations of primary hospitals in the study areas.



[image: Figure 3]
FIGURE 3. Road networks of the study areas.


The demand for primary hospitals focuses on the needs of older adults. Hence, data on the elderly population and their residential communities' locations were analyzed. Population data are only available at the district level in Hefei, so to analyze the elderly population at the subdistrict level, it was hypothesized that the older adults were symmetrically distributed in the study's seven subdistricts. We used luminous remote-sensing data to measure population data for the subdistricts, with the following steps.

Step 1: Collect luminous remote-sensing images from Luojia No. 1.

Step 2: Extract locations of residential communities from Baidu Maps (Figure 4).


[image: Figure 4]
FIGURE 4. Locations of residential communities in the study areas.


Step 3: Analyze luminous remote-sensing images in ArchGIS by obtaining the gray values Dx of residential communities in the seven subdistricts.

Step 4: Sum the gray values to determine the total gray value DNi of subdistrict i.

Step 5: Establish a model for calculating population data Pi of subdistrict i. The fitting model in the current study was [image: image] (38).

Step 6: Estimate the elderly population by using population data Pi multiplied by the rate of aging in the population in Hefei (i.e., 12.69%).

In order to conduct our non-spatial analysis, questionnaires were administered to collect the subjective opinions of older adults in the seven study subdistricts (Figure 5). Respondents were distributed in different residential communities that were near primary hospitals. Purposive sampling was applied to select appropriate respondents who: (1) were over 60 years of age at the time they took the survey; (2) had accessed primary hospitals at least once within a year; and (3) had sufficient cognitive and linguistic abilities to understand and respond to the questionnaire. There were 1,426 older respondents in total, 633 of which were males (44.4%) and 793 were females (55.6%). A total of 50.6% of the respondents were age 60–69, 37.1% were 70–79, 11.4% were 80–90, and 0.9% were over 90. Most of the older respondents were not well educated (beyond junior high school), and only 4.1% had attended college. Nearly half of the elderly respondents (47%) were self-reported as healthy, but 34.2% of respondents were generally unhealthy and 18.8% of respondents were very unhealthy. Only a very few respondents (3.2%) had mobility problems, and the remaining seniors had good mobility. Nearly all of the elderly respondents suffered from chronic diseases, including hypertension (34.6%), diabetes (22.1%), heart disease (10.9%), chronic bronchitis (11.2%), chronic gastritis (10.2%), and arthritis (19.5%). There were 15.9% who reported a monthly income of less than $141.50, 22.5% reported $141.50–353.75, 32.3% had an income of $353.75–707.50, and 29.4% of the respondents received over $707.50.


[image: Figure 5]
FIGURE 5. Distribution of questionnaire surveys in the study areas.





RESULTS


Spatial Accessibility of Primary Hospitals

In order to measure the accessibility of primary hospitals for older adults, four threshold distances-−500 m, 1,000 m, 1,500 m, and 2,000 m—were determined (Figure 6). Most of China's older adults rely on walking in their daily lives (39). The mobility scopes of older adults are often restricted into a 2,000 m radius centered by their residential communities. Hence, the threshold distance should not be longer than 2,000 m.


[image: Figure 6]
FIGURE 6. Distances between residential communities of older adults and primary hospitals. (A) Threshold Walking Distance ≤500 m. (B) Threshold walking distance ≤1,000 m. (C) Threshold walking distance ≤1,500 m. (D) threshold walking distance ≤2,000 m.


The data for the geographic accessibility of primary hospitals for older adults are presented in Table 1. Figure 7 displays how the spatial patterns of accessibility differed among the seven subdistricts. In new urban areas, the level of accessibility of primary hospitals was quite unevenly distributed. Primary hospitals were relatively more accessible surrounding the center of new urban areas than in the other types of areas (e.g., Binhu and Fangxing subdistricts). In the suburbs (e.g., Yandun and Wannianbu), however, the accessibility of primary hospitals was quite low—nearly zero.


Table 1. Accessibility values of primary hospitals in different subdistricts.

[image: Table 1]


[image: Figure 7]
FIGURE 7. The accessibility values of primary hospitals at different threshold distances. (A) Threshold walking distance of 500 m. (B) Threshold walking distance of 1,000 m. (C) Threshold walking distance of 1,500 m. (D) Threshold walking distance of 2,000 m.


In old town areas, the equilibrium distribution of the accessibility of primary hospitals was relatively better. The accessibility values of primary hospitals in three subdistricts (Baogong, Wuhulu, and Changqing) were similar. Within the threshold distance of 500 m, the accessibility of primary hospitals in Wuhulu subdistrict (i.e., 0.233) was higher than that in Baogong and Changqing subdistricts (i.e., 0.187 and 0.118, respectively). The accessibility of primary hospitals in Wuhulu subdistrict decreased along with the increasing threshold distance, whereas the accessibility of primary hospitals in Baogong and Changqing subdistricts increased when the threshold distance was greater than 500 m. The accessibility values of primary hospitals in Baogong subdistrict were highest at the distances of 1,000 m, 1,500 m, and 2,000 m, at 0.262, 0.261, and 0.260, respectively.



Respondents' Perspectives on the Accessibility of Primary Hospitals

The data gathered from our questionnaire surveys provided a good foundation for understanding older adults' perspectives on the accessibility of primary hospitals. The ANOVA results indicated that older adults in different subdistricts had different satisfaction levels with the accessibility of primary hospitals (i.e., the F value was 13.989 at a significance level of 0.01, as is listed in Table 2). Older adults in Binhu subdistrict reported a significantly higher satisfaction level with the accessibility of primary hospitals, compared with the senior respondents in other subdistricts (i.e., the mean value of satisfaction was 4.090 in Binhu subdistrict). The satisfaction levels of older adults in Wannianbu and Yandun subdistricts (with mean values of 3.306 and 3.330, respectively) were significantly lower than those in other subdistricts. Those results were consistent with the spatial accessibility analysis, which indicated an unbalanced distribution of primary hospitals in new urban areas. In the old town areas, seniors in Baogong subdistrict had significantly higher satisfaction with the accessibility of primary hospitals (with a mean value of 3.824) than the older adults in Wuhulu subdistrict did (with a mean value of 3.628).


Table 2. ANOVA analysis of subdistricts and older adults' levels of satisfaction with the accessibility of primary hospitals.

[image: Table 2]

In order to investigate the impact of walking distances on older adults' satisfaction with the accessibility of primary hospitals, an ANOVA analysis was conducted by setting satisfaction as the dependent variable and walking distances as an independent variable. The results presented in Table 3 indicated that (1) walking distances significantly influenced older adults' satisfaction with the accessibility of primary hospitals (i.e., the F value was 20.427 at a significance level of 0.01); (2) when walking distances to primary hospitals reached 2,000 m, the older adults had a significantly lower satisfaction level (mean value of 3.226) than the other older adults did with shorter distances; (3) the satisfaction level for the accessibility of primary hospitals at a distance of 500 m (mean value of 4.370) was significantly higher than that at a distance of 1,000 m (mean value of 3.763).


Table 3. ANOVA analysis of walking distances and older adults' satisfaction with the accessibility of primary hospitals.

[image: Table 3]

A multiple linear regression model was applied to further investigate the impact of subdistricts and walking distances on older adults' satisfaction with the accessibility of primary hospitals. As illustrated in Table 4, the results indicated that only walking distances exerted a significant, negative impact on older adults' satisfaction with the accessibility of primary hospitals, with a variance of 10.8%. The impact of subdistricts on older adults' satisfaction with the accessibility of primary hospitals was not significant, according to the results of our multiple linear regression model.


Table 4. Multiple linear regression results.

[image: Table 4]

According to the results of our ANOVA analysis, the mean values of older adults' satisfaction with the accessibility of primary hospitals were significantly different at different distances. Hence, a piecewise linear regression model was adopted to predict the complicated impact of walking distances on older adults' satisfaction with primary hospital accessibility. The regression model was set with the following equation.

[image: image]

where β1 is the coefficient of walking distances when they are smaller than d0;

β2 is the coefficient of walking distances when they are larger than d0;

α is a constant of the regression model;

d is the walking distance for older adults to a primary hospital;

d0 refers to threshold distances at 500 m, 1,000 m, 1,500 m;

when d ≤ d0, I =1, when d > d0, I =0; and

when d ≤ d0, I′ =0, when d > d0, I′ =1.

The results of piecewise linear regression models are given in Table 5. Three piecewise linear regression models were predicted, and they adopted three threshold distances: 500 m, 1,000 m, and 1,500 m. The R2 for model III (i.e., 0.098) was lower than that of the multiple linear regression model that was listed in Table 4. The impact of walking distances on older adults' satisfaction was also preposterous in model III, in which the coefficient of walking distance was positive (i.e., β1 = 3.916). Hence, model III was proved to be invalid. The R2 values for model I and model II (0.114 and 0.198, respectively) were both higher than that in the original regression model, which indicated a better fit. Moreover, the coefficients of walking distances were negative, which were consistent with the previous regression model in Table 4. We believe that model I and model II were valid, and model II had a better fit, with a variance of 19.8%. Thus, the final regression model was predicted to be:

[image: image]

The above piecewise regression model indicated that older adults' satisfaction with the accessibility of primary hospitals would decrease in conjunction with the increase in walking distances. When the walking distances exceeded 1,000 m, the slope of the linear regression model increased, thus indicating that older adults' satisfaction with primary hospitals' accessibility rapidly decreased when the walking distances to primary hospitals were longer than 1,000 m.


Table 5. Piecewise linear regression models.
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DISCUSSION

The results of accessibility analysis indicated that the spatial distribution of primary hospitals in new urban areas was unbalanced—-a finding that was consistent with those of previous studies [e.g., (40)]. Older adults in the central subdistricts of new urban areas (i.e., Binhu and Fangxing subdistricts) had better access to primary hospitals than did seniors from suburban neighborhoods such as in Wannianbu and Yandun subdistricts. That improved access might be attributed to the fact that the supply of primary hospitals has lagged behind the development of ongoing urban sprawl. Although rapid urbanization expanded the vast suburban areas of Wannianbu and Yandun subdistricts, primary hospitals in these two subdistricts were seriously insufficient, and that resulted in the low accessibility of nearly zero. The accessibilities of the primary hospitals in old town areas were similar to each other, indicating a relatively equal spatial distribution (28). The explanation for such distributions may be that subdistricts in old town areas are usually high-density communities, and primary hospitals are provided nearby residential communities. Hence, it is easier for older adults to gain access to primary hospitals in old town areas than it is in new urban and suburban areas.

Non-spatial analysis can be used to verify the results of our accessibility analysis. The ANOVA results also showed that older adults in different subdistricts reported different levels of satisfaction with the primary hospitals, which was consistent with other studies (27). Older adults living in Binhu subdistrict had a significantly higher satisfaction level than did those from other subdistricts, which conformed to the relatively high accessibility value of Binhu subdistrict. It is interesting to note that satisfaction with the primary hospitals in Fangxing subdistrict was only higher than that for the other two subdistricts in new urban areas. Although the accessibility of primary hospitals in Fangxing subdistrict was highest at the threshold distances of 1,000 m, 1,500 m and 2,000 m, the satisfaction level with the primary hospital was not prominent. It might reflect that the allocation of primary hospitals in Fangxing subdistrict failed to satisfy older adults in the areas within 500 m, and that allocation then led to intra-district inequity.

Walking distances significantly influenced the satisfaction of older adults with their primary hospitals, a finding that was also proved by previous studies (32). The satisfaction with primary hospitals decreased when the walking distances to them increased. Older adults reported a significantly highest satisfaction with primary hospitals at the threshold distance of 500 m. When the walking distances to primary hospitals exceeded 1,000 m, the older adults' level of satisfaction rapidly declined, as is indicated by the piecewise regression model. The results of network analysis indicated that most of the primary hospitals could not be accessed by older adults within a distance of 1,000 m, although that might be attributed to the cut-off point of piecewise regression model having been set at the distance of 1,000 m. Older adults often suffer from mobility problems, and the long walking distances (e.g., over 1,000 m) might restrict them to using primary healthcare services, which decreases their satisfaction with primary hospitals (41). Furthermore, they might need to rely on public transportation when the distances to primary hospitals are longer than 1 kilometer.

The study's findings are important for policymakers in their efforts to optimize the spatial distribution and supply of primary hospitals and thereby improve their accessibility to and satisfaction in older adults. In order to reduce spatial disequilibrium, tailor-made strategies are suggested for specific subdistricts, depending on actual situations. It is recommended that additional primary hospitals be provided in the suburban areas where primary hospitals are inadequate. If a district has a high level of overall accessibility but a relatively low level of user satisfaction, intra-district inequity should be considered. Primary hospitals should be provided on the basis of the distribution of older adults and their residential communities. Primary hospitals should be supplied in accord with walking distances and the mobility of older adults. It is better to provide primary hospitals within walking distances of 1,000 m or less around older adults' residential communities.

Although this pilot study generated interesting findings, certain limitations should be noted. First, because data for aging populations at the subdistrict level were lacking, we adopted luminous remote sensing data and hypothesized that older adults are symmetrically distributed. That limitation could lead to a deviation from the actual situations of accessibility for older adults. Hence, we also conducted large-scale questionnaires to explore the opinions and satisfaction of older adults regarding primary hospitals. Second, it is suggested that the supply capacity of primary hospitals be further investigated by evaluating multiple factors, including the number of beds, medical facilities, and medical staff. Third, socioeconomic attributes are recommended for further study in order to investigate spatial equity and spatial disparity among different groups of elders. As the predicting accuracy of current results is relatively low, it is strongly recommended to adopt polynomial function and other regression methods to analyze the impact of different factors on accessibility to and satisfaction on primary hospitals. Additionally, it is suggested that bid data methods be adopted and the GPS dataset of older adults be employed to analyze real time accessibility with a spatial-temporal model.



CONCLUSIONS

With today's rapid demographic shift toward an aging society, the demands of older adults on primary healthcare services are constantly increasing. Older adults often suffer from chronic diseases and thus require access to regular diagnostics and treatment. Primary hospitals, which provide mainly preventive care and regular diagnostics, monitoring, and treatment for community residents, are more cost-effective and accessible for older adults than tertiary hospitals are. However, previous studies often have focused on the accessibility of tertiary hospitals instead of that of primary hospitals. Little attention has been paid to measuring the accessibility of primary hospital care for older adults nor to understanding their satisfaction with and need for primary healthcare services. Therefore, both spatial analysis and questionnaire surveys were conducted to investigate the accessibility of primary hospitals to older adults and to examine the impact of walking distances on their satisfaction with their access to healthcare.

Several significant findings resulted. First, primary hospitals were not equally distributed. Accessibility of primary hospitals in subdistricts near the centers of new urban areas was better than that in subdistricts of old town areas and suburban areas. Second, within the threshold walking distance of 1,000 m, most older adults did not have access to primary hospitals, but most primary hospitals could be reached within the threshold distance of 2,000 m, except for those in suburban areas. Third, it was indicated that older adults' satisfaction with primary hospitals would decrease in conjunction with an increase in walking distances. When the walking distances were over 1,000 m, the slope of the linear regression model increased significantly. The findings will be useful for policymakers in their efforts to optimize the spatial distribution and supply of primary hospitals, thereby improving hospital accessibility for older adults and enhancing their satisfaction. These results are expected to provide insights for future urban planning that seeks to enhance the spatial distribution of primary hospitals and improve older adults' satisfaction with healthcare.
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The lack of physical activity has become a rigorous challenge for many countries, and the relationship between physical activity and the built environment has become a hot research topic in recent decades. This study uses the Strava Heatmap (novel crowdsourced data) to extract the distribution of cycling and running tracks in central Chengdu in December 2021 (during the COVID-19 pandemic) and develops spatial regression models for numerous 500 × 500 m grids (N = 2,788) to assess the impacts of the built environment on the cycling and running intensity indices. The findings are summarized as follows. First, land-use mix has insignificant effects on the physical activity of residents, which largely contrasts with the evidence gathered from previous studies. Second, road density, water area, green space area, number of stadiums, and number of enterprises significantly facilitate cycling and running. Third, river line length and the light index have positive associations with running but not with cycling. Fourth, housing price is positively correlated with cycling and running. Fifth, schools seem to discourage these two types of physical activities during the COVID-19 pandemic. This study provides practical implications (e.g., green space planning and public space management) for urban planners, practitioners, and policymakers.

Keywords: physical environment, cycling, running, spatial inequality, Strava, health, physical activity, Chengdu


INTRODUCTION

Physical activity is normally defined as “any bodily movement produced by skeletal muscles that results in energy expenditure” (p. 126) (1). It includes walking, running, cycling, mountain climbing, and Tai Chi. Ample evidence reveals that physical activity decreases the incidence rate of chronic and non-communicable diseases, which have become urgent urban public health problems. Physical activity can also help individuals reduce their risk of developing cardiovascular disease, obesity, and many metabolic syndromes (2). Apart from improving physical health, physical activity plays an important role in alleviating depression, cognitive impairments, anxiety, neurosis, and stress. However, physical inactivity (or the insufficiency of physical activity) has plagued many countries worldwide for various reasons, including the deterioration of the urban environment and the sedentary lifestyles of residents. Therefore, promoting the physical activity of residents is being widely advocated worldwide. Even top academic journals Nature and The Lancet have published a few papers on physical activity (2–6).

The built environment means the physical attributes of the urban landscape (7–10). Many studies have established significant associations between the neighborhood-level built environment (e.g., density, diversity, design, and accessibility) and the physical activity of residents. Various studies have also proven that urban design (e.g., green space, street environment, and service facilities) stimulates residents to engage in physical activities, thereby improving their health (11). Therefore, identifying the association between the built environment and the physical activity of residents is critical in guiding healthy urban planning and creating a livable community environment.

As fundamental forms of physical activities, walking, running, and cycling are extensively carried out in public spaces (i.e., parks, streets, and playgrounds). These activities are suitable for all age groups because pedestrians, runners, and cyclers can adjust their activity intensity at will according to their physical conditions. As effective ways of eliminating the sedentary living habits of individuals, these activities are also typified by a low risk of injury. Therefore, they have recently attracted much attention from residents and academia alike (12–18).

Against this backdrop, this study takes central Chengdu (China) as the study area and scrutinizes the relationship between the built environment and the physical activity (including cycling and running) of residents. First, crowdsourced data has the potential to help researchers solve complicated but meaningful questions and gain new and thought-provoking findings. In stark contrast to previous studies that mostly use “small” physical activity data, we use secondary data from the Strava Heatmap (novel crowdsourced data) in December 2021 to examine the distribution of cycling and running tracks in central Chengdu. We then assess diverse types of built environmental indicators based on multi-source big data and the “5Ds” model. We also develop spatial regression models to analyze the relationship between the built environment and physical activity. Notably, we focus on the different impacts of the built environment on cycling and running and offer practical implications (e.g., green space planning and public space management) for urban planners, practitioners, and policymakers.

The contributions of this study can be summarized as follows. First, most physical activity studies have used small data, such as questionnaire surveys (which often cover hundreds of people), whereas this study uses the Strava Heatmap to obtain the spatio-temporal distribution of physical activity tracks (aggregate data) in Chengdu. Secondly, previous research on the impact of the built environment on cycling/running mostly focuses on a single mode; that is, only very few studies have compared the impact of the built environment on cycling and running. Third, this study integrates new built-environment indicators. Specifically, the night is a vital period for residents to cycle or run. However, the light index has rarely been considered. Furthermore, green and blue space indicators (e.g., river line length) and economic variables (e.g., housing price) have seldom been discussed in the literature.

The remainder of this study proceeds as follows. Section “Literature Review” presents a review of studies on the impact of the built environment on the physical activity of residents. Section “Data” describes the basic overview of the study area and introduces the data and variables. Section “Methodology” presents the research methods. Section “Results” reveals the modeling results. Section “Discussion” provides a critical discussion of the outcomes. Section “Conclusion” summarizes the major conclusions, policy implications, and research limitations.



LITERATURE REVIEW

The correlation between the built environment and activity behavior has always been a hot research topic. Evaluating the built environment is fundamental to this research field. The most popular framework for assessing the built environment is the “3Ds” (or “5Ds” and “7Ds”) model, which was seminally proposed by Cervero and Kockelman (7) in 1997. The “3Ds” model suggests that the built environment is assessed by density, diversity, and design. Over 10 years later, Ewing and Cervero (19) expanded the “3Ds” model to the “5Ds” model (adding destination accessibility and distance to transit) and the “7Ds” model (adding demand management and demographics).

Numerous studies have assessed the built environment using the “3Ds” or “5Ds” model and its relationship with activity behavior using econometric methods (20). First, some scholars point out that a high residential density contributes to extending the walking time of residents (21). However, a few scholars observe that residents in high-density areas have a low willingness to walk because these areas, which are generally characterized by a high flow of people and vehicles, are likely to incur traffic accidents. Second, Li et al. (22) confirmed that areas with mixed land use provide residents with various travel destinations and service facilities (e.g., parks, schools, retail, public transportation, and entertainment). Therefore, mixed land use facilitates “transport walking” (e.g., walking to school) (23) and “leisure walking” (e.g., walking to the park) and fosters the enthusiasm of residents for walking. Third, Yang et al. (24) developed multilevel models to examine the correlation between intersection density, a typical design element, and the travel propensity of older adults in Hong Kong.

Many scholars have recently explored the impact of the built environment on walking from the micro perspective of urban design. For example, ample evidence supports significant correlations between infrastructure quality (e.g., sidewalk quality and lighting facilities) and walking behavior (25–27). Boarnet et al. (28) argued that pedestrian crossings, traffic signals, overpasses, and street facilities have a strong effect on walking, whereas natural elements and architectural features only have a marginal impact. Lamíquiz et al. (29) investigated the influence of Madrid's urban form on walking behavior based on a spatial syntax and found that walking frequency is negatively correlated with the route length of the street but is positively related to spatial intelligibility. Interestingly, pedestrians are likely to avoid perceived long routes. Based on a large-scale official travel survey and Google Street View imagery data, Yang et al. (30) concluded that the eye-level street greenery has a positive effect on the walking time of older adults in Hong Kong, but the effect varies across space (spatially heterogeneous effect). Using the random forest modeling approach, Yang et al. (31) suggested that the eye-level street greenery has a non-linear effect on older adults' walking propensity in Hong Kong.

The impacts of the built environment on cycling have also been extensively studied. Heinen (32) highlighted a positive correlation between population density and cycling trip rate. Guo and He (33) revealed that population density is unassociated with to-metro bike-sharing use. Tu et al. (34) concluded that cycling trip frequency is positively correlated with the proportion of residential land and green space area, floor area ratio (FAR), and road density but is negatively related to intersection density. Wang and Chen (35) found that certain indicators, such as land-use mix and access to commercial service facilities, are positively associated with cycling. Kaltenbrunner et al. (36) carried out a cycling study in Barcelona and revealed that people's demand for cycling increases when they enter the city from the edge. Many scholars agree that supporting facilities, such as bicycle lanes and stations, parking spaces, signal lights, and drinking facilities, have a discernable impact on cycling (37, 38).



DATA


Study Area

As the capital of Sichuan Province (China), Chengdu is one of the national central cities as well as core cities in West China. Chengdu is located in the west of the Sichuan Basin and has a subtropical monsoon humid climate. Besides, Chengdu enjoys the honor of a “Park City,” a national forest city, as well as a national civilized city. As of the end of 2020, the permanent resident population of Chengdu was 20.94 million, according to the data of the Seventh National Census. The GDP reached 1,771.67 billion yuan.

This study selects five districts in central Chengdu (wu chengqu; namely Jinniu, Qingyang, Jinjiang, Chenghua, and Wuhou districts) as the study area (Figure 1).


[image: Figure 1]
FIGURE 1. The study area: central Chengdu.




Strava Data

Strava is one of the largest sports/exercise apps in the world, and currently, it has more than 50 million users worldwide. This app allows users to track their cycling, running, water, and winter activities and has an interactive map display interface to present the Strava Heatmap of all its users across the globe. Notably, walking data is not recorded in Strava.

In 2021, Strava had 1.8 billion physical activity records, representing an annual increase of 38%. The Strava Heatmap not only provides road information and preferred routes for runners and cyclers but also offers the physical activity track distribution with a monthly update.

We collected the distribution map of cycling and running tracks in Chengdu in December 2021 from the official website of Strava (https://www.strava.com/heatmap) and obtained the cycling and running heat data. Afterward, we divided our study area into 500 × 500 m grids through the grid processing feature in GIS. We obtained the cycling and running intensity/index in each grid. The spatial distribution of the two indices is shown in Figure 2.


[image: Figure 2]
FIGURE 2. The spatial distribution of the two indices. (A) Cycling index. (B) Running index.




Built Environment Data

As a new data source, POI (point of interest) data can reflect the spatial layout characteristics of various service facilities. We used Python to crawl POI data in Chengdu from the Gaode map (https://www.amap.com/) and to obtain information on number of residential buildings, enterprises, schools, and stadiums in the 500 × 500 m grid. We calculated the land-use mix degree using 22 POI categories.

We obtained building outline, road, and traditional bus transit (abbreviated to “bus” hereafter) and metro network data of Chengdu from Gaode Map and calculated the FAR, road density, and number of bus and metro stations in each grid using GIS.

We gathered water and green space data from the Geographic Information Service Center of the State Bureau of Surveying and Mapping. Using the data, we calculated water area, river line length, and green space area in each grid.

We collected housing price data from the website of Lianjia (https://cd.lianjia.com) and retrieved lighting data with a resolution of 500 × 500 m from the website of the US National Oceanic and Atmospheric Administration(https://ngdc.noaa.gov).



Variables

This study chooses cycling and running, two types of physical activities, as the dependent variables. The selection of the independent variable follows the “5DS” model. Moreover, this study adds housing price, an economic attribute, as an independent variable. The summary of the dependent and independent variables is shown in Table 1.


Table 1. Descriptive statistics of the variables.

[image: Table 1]




METHODOLOGY

We adopted a linear regression model (i.e., OLS model) as our basic model, given that our two dependent variables are continuous. However, the presence of spatial autocorrelation (or spatial dependence) violates the traditional OLS regression assumptions. As such, spatial econometric or spatial regression models, such as the spatial lag model (SLM) and spatial error model (SEM), need to be applied to address the spatial autocorrelation and to improve the reliability of our findings and conclusions. Indeed, the application of spatial econometric models is becoming increasingly popular in built environment research, highlighting the obvious shortcomings of traditional OLS regression methods (the inability to address the spatial autocorrelation). Prior to the use of spatial regression models, Moran's I (or Geary's C, Getis'G) statistics often need to be calculated to detect the presence/absence of spatial autocorrelation (39).

Two basic spatial regression models—the SLM and SEM—are often used in prior studies. The SLM specifically handles the spatial autocorrelation in the dependent variable by adding a spatially lagged dependent variable into the linear regression model. It is expressed as follows.

[image: image]

where Y is the dependent variable (continuous variable); W is a spatial weight matrix; WY denotes the spatially lagged dependent variable; X is the independent variable; β is the coefficient of X; ρ is the spatial autocorrelation parameter; and ε is spatially uncorrelated residuals. If ρ = 0, then the SLM is equivalent to the OLS model.

The SEM specifically addresses the spatial autocorrelation in the residual. It is expressed as follows.

[image: image]

where ε is spatially correlated residuals; u is spatially uncorrelated residuals; λ is the spatial autocorrelation parameter; and other parameters are as defined above. If λ = 0, then ε becomes spatially uncorrelated residuals, and the SLM is equivalent to the OLS model.

Unlike the SEM, the estimated coefficients of the SLM cannot be directedly interpreted, and they only describe the directed effects of the independent variables instead of indirect effects or total effects.



RESULTS

A pair-wise correlation analysis is conducted to detect the multicollinearity between the independent variables before regression. Figure 3 shows the outcome, which indicates no multicollinearity in the data (correlation <0.7).


[image: Figure 3]
FIGURE 3. Pair-wise correlation analysis result.


We initially estimated the non-spatial regression models, that is, the OLS models, and present the results in Table 2. We find that most independent variables are significant at the 5% level, which agrees with our expectations.


Table 2. OLS modeling results.

[image: Table 2]

We calculated the Moran's I statistics for the cycling (0.63) and running (0.74) indices in ArcGIS and presented the calculation results in Figure 4. Both statistics are significant at the 1% level, indicating the presence of a positive spatial autocorrelation. A z-score of 45.89 or 54.58 suggests a <1% likelihood for this clustered pattern to be the result of random chance. In sum, using spatial regression models is critical.


[image: Figure 4]
FIGURE 4. Moran's I statistics for the cycling and running indices.


Table 3 presents the spatial modeling results. The SLM slightly outperforms the SEM in assessing the two indices, as indicated by its lower AIC and higher log-likelihood. Therefore, we used the SLM results for the subsequent interpretation. Moreover, the spatial autocorrelation parameter is positive and significantly different from zero (p-value < 0.01), which indicates the presence of a positive spatial autocorrelation and echoes the Moran's I statistic. This observation agrees with our expectations.


Table 3. Spatial modeling results.
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The cycling index modeling result demonstrates that the “5Ds” variables, namely density, diversity, design, distance to transit (or transit accessibility), and destination accessibility, are significantly related to the cycling index in the study area. Specifically, the cycling index is positively correlated with land-use mix, water area, green space area, road density, number of bus and metro stations, number of enterprises, and number of stadiums (p-value < 0.05) but is negatively associated with FAR and number of schools (p-value < 0.01). Interestingly, residential building density, river line length, and the light index insignificantly affect the cycling index, and housing price is positively related to this index (p-value < 0.01).

The modeling results for the running index show that this index is positively associated with water area, river line length, green space area, the light index, road density, number of enterprises, and number of stadiums (p-value < 0.01) but is negatively correlated with residential building density and number of schools (p-value < 0.01). Nevertheless, FAR, land-use mix, and number of bus and metro stations are insignificant at the 5% level. Furthermore, housing price is positively connected to the running index (p-value < 0.01).

The above outcomes suggest that the impacts of some built environmental indicators on cycling and running are highly consistent (e.g., water area, green space area, and road density), whereas those of some other attributes (e.g., residential building density, FAR, river line length, and number of bus and metro stations) vary considerably. Most of our findings align with those of previous studies. However, our findings related to FAR, number of schools, and river line length substantially differ from those of the literature.

We compare the magnitude of the coefficients in the OLS and spatial econometric models and find that the effects of most independent variables on the dependent variables are magnified by the presence of a positive adjacency effect. In other words, these coefficients are usually bigger in the OLS models than in the spatial econometric models because of the feedback from the spatially lagged dependent variable (addressed by the SLM) or spatially auto-correlated residuals (addressed by the SEM).



DISCUSSION


Density

Residential building density and FAR have either negative or insignificant effects on the cycling and running indices, which contradicts the results of previous studies. Unlike cities in North America, Europe, and Oceania, where walkable neighborhoods/areas are a rarity, Chengdu is a high-density city with constant urban expansion. Therefore, the impact of residential building density and FAR in Chengdu on physical activity may differ from that observed in western countries. The contrasting results may also be ascribed to the habits of Chinese residents, who mostly prefer to use the Strava app to record their leisure physical activities. Compared with their counterparts in low-density areas, Chinese residents tend to engage in physical activities in public spaces marked by clear vision, low traffic flow, and high safety. Some evidence also suggests that density plays a vital role in transportation walking, and its correlation with leisure walking (more broadly, leisure physical activity) remains unclear (40).

Areas with high residential building density and FAR may be unfriendly to running and cycling activities because of heavy pedestrian and traffic flows, poor safety, and poor exercise experience. In addition, high population density and road density tend to induce traffic accidents.



Diversity

Principals of New Urbanism assert that mixed land use promotes the active travel (an essential component of physical activity) behavior of residents. Interestingly, in contrast to classical wisdom, we find no significant relationship between land-use mix and cycling/running, possibly because areas with mixed land-use have abundant facilities, thereby allowing residents to achieve various travel purposes within a short distance and subsequently reducing their physical activity. Moreover, we argue that mixed land use does not affect physical activity in only one direction. Specifically, mixed land use not only provides residents with abundant facilities and various travel destinations but also makes this area noisy and crowded, thereby hindering their physical activity (41).



Design

Water and green space areas are positively correlated with cycling and running, indicating that these areas can promote these two types of physical activities. In other words, in grids with a larger water area and green space area, the cycling and running indices are higher. Previous studies show that urban green space area plays an essential role in facilitating the physical activity of residents and enhancing their health (42). Moreover, urban green space provides residents with a wonderful visual and psychological experience by supplying them with a pleasant natural landscape. Therefore, urban green space significantly increases the physical activity frequency and duration of residents. Similarly, Gong et al. (43) confirmed that elderly men living in communities with more green space regularly engage in more physical activities than those residing in communities with limited green space. Cohen et al. (44) found that the physical activity of women is significantly correlated with number of parks located within a mile of their residence.

River line length shows a positive connection with running but not with cycling, thereby suggesting that the adjacency to rivers stimulates running behavior. Runners attach great importance to the environmental quality of their routes. By contrast, cyclers generally focus on the natural scenery in a broader range, thereby driving their preference for spacious and continuous greenways. Such a difference explains why the government is more inclined to build running lanes rather than dedicated cycling lanes around the waterfront. In sum, runners are more hydrophilic than cyclers.

The light index has a positive association with running but not with cycling. Most city dwellers in China are restricted to the “9 a.m. to 5 p.m.” (zhao jiu wan wu) working schedule (go to the office at 9 a.m. and get off work at 5 p.m.). Therefore, the night is a popular time for these residents to engage in physical activities. Night running has become the main exercise model for these residents. Those areas with a high light index provide clear spatial visibility, thereby improving the sense of security of runners. This argument is supported by Painter (45), who believed that a dark environment inhibits the physical activity of residents. However, cyclers, who tend to perform outdoor activities during the daytime, are hardly affected by the light index.

Road density is positively correlated with cycling and running. The transportation network of dense-road areas has good connectivity, which is conducive to traffic micro-circulation (wei xunhuan), and thus encourages many kinds of physical activities. Moreover, continuous footpaths, small regions, and dense intersections can slow down the speed of vehicles and provide residents with a safe walking/running/cycling (active travel) environment.



Distance to Transit (Transit Accessibility)

Given its potential to relieve various contemporary urban problems such as traffic congestion and environmental degradation, transit has received substantial attention from policymakers, planners, and scholars in recent years. Countries across the world have also started to advocate and promote the use of public transit. Moreover, we feel that international readers may be unfamiliar with the characteristics of buses in our study area, so we introduce them here. In Chengdu and other Chinese cities, buses, which run in mixed traffic on an army of overlapping lines with different headways, are considered the pervasive transit mode because of their dense and extensive networks, great temporal and geographical coverage, and high frequency (e.g., headway = 3 min), especially in the central city.

We find that transit accessibility (described by number of bus and metro stations in this study) has a significant correlation with cycling but not with running. This finding may be ascribed to the fact that Chinese residents prefer to choose public spaces (i.e., community parks, stadiums, and squares) with a low correlation with transit for their running activities, especially leisure running activities. Moreover, those areas with abundant transit stations (high transit accessibility) generally have heavy traffic and noisy environment and are thus unsuitable for leisure physical activities.

Distance to transit, one of the “5Ds” variables, should not be narrowly understood (just as a “distance”) in “activity behavior-built environment” studies, especially in those focusing on transit use-related activity behavior (e.g., transit ridership and the first/last mile travel). We suggest that it should be interpreted as “transit accessibility.” As some transport literature (46–48) suggests, apart from “to-transit accessibility” (or accessibility to transit), transit accessibility has an additional far-reaching meaning, namely “by-transit accessibility” (or accessibility by transit). By-transit accessibility is much less well-known than to-transit accessibility, which refers to the ease of accessing transit.

When the transit service is pervasive but poorly designed and planned such that people have good to-transit accessibility but poor by-transit accessibility, they still cannot satisfactorily use the service to travel. As such, by-transit accessibility is also essential, although it is always ignored. It has profound implications for travel/activity behavior (46, 47).

To-transit accessibility is often measured by (transit station) “location” variables, including travel distance or time to nearby transit stations (the first/last mile). By-transit accessibility is commonly measured by (transit) “service” variables, such as transit travel time to the city center and transit frequency.



Destination Accessibility

Schools and stadiums are often regarded as significant places for promoting the physical activity of residents. Schools, which are characterized by small internal traffic flow and high safety, provide excellent venues for many kinds of physical activities. People can participate in physical activities within campus grounds (e.g., street, playground, green space, and public space) without any worries for their safety. Nonetheless, we find that school accessibility is negatively correlated with the cycling and running behavior of residents, which can be ascribed to the school management policy during the COVID-19 pandemic in China. Indeed, campuses in China have become semi-open or fully closed since the COVID-19 outbreak, thereby preventing nearby residents from visiting. Therefore, physical activity in schools has decreased significantly during the pandemic.



Housing Price

Housing price has positive associations with running and cycling (p-value < 0.01), indicating that areas with higher housing prices have greater physical activity intensity.

Many urban development projects (e.g., environmental remediation, brownfield site redevelopment, and green infrastructure construction) can introduce new amenities, improve the living quality of nearby residents, and subsequently increase the value of nearby land or housing. An increase in housing value generates a “squeeze” effect on low-income residents or people with low housing affordability (especially housing renters, not housing owners) and may compel them to move out of their areas. Meanwhile, improvements in living quality can attract high-income groups to move in and occupy high-quality spaces, thereby inducing “environmental gentrification.” Although these amenities are either fully open (e.g., riverside park and citizen square) or semi-open (e.g., high-end community and lakeside villa), spatial inequality remains. Environmental improvement may exacerbate spatial inequality and undermine environmental justice.



Public Goods and Services as the Nature of the City: A Theory

In this study, several public services—including transit, school, and stadium—are the correlates of physical activity indices. This finding reminds the authors of an interesting and thought-provoking theory proposed by a famous Chinese urban planning scholar at Xiamen University, Yanjing Zhao. The related paper was published in a top Chinese planning journal, City Planning Review, in 2009. We decide to discuss this captivating theory here with the aim of spreading it to international academia.

What defines a city? What distinguishes a city from a town (or a village, a hamlet)? What is the nature of the city? The answers are not as clear-cut as they seem to be. Organizations and scholars have developed numerous city definitions based on different perspectives (e.g., population and the economy). No universal city definition exists. A well-known definition of the city is a large and permanent human settlement, while others include a place with high population density or concentrated economic activities. Generally, the criteria for distinguishing a city from a rural area include, but are not limited to, population size/density, number of dwellings, functionality, non-agricultural occupation (or economic structure), political status, social organization, the symbol of wealth, lifestyle and landscape, and the presence of literate elites. Furthermore, various city categories based on prominent characteristics exist, such as resource-oriented, trading, industrial, political, defensive, and tourism cities.

Zhao (49) explores the nature of the city from the perspective of the institution and innovatively proposes the institutional archetype of the city. He uses his theory to answer a host of questions that traditional urban theories cannot adequately explain (e.g., quality of urbanization). He argues that a city is essentially a place to produce and consume public goods and services (PGSs) (gonggong chanpin he fuwu), such as defense security and school, and puts forward that a city “starts from the space where the public services are provided” (p. 9). He points out that what discriminates a city from a rural area is whether or not a transaction of PGSs occurs (e.g., by means of the tax). He then demonstrates the significant role of government or pseudo-governments (e.g., owners committee) in providing PGSs.

Note that Zhao (49) holds that PGSs must be charged through “space.” The perspective is different from that in economics. Under the framework of Zhao (49), the significance of PGSs to a city has been further emphasized compared with others, such as human settlement, economic activities, and population density.




CONCLUSION

This study examines the correlation of the built environment with running and cycling, which are measured by using crowdsourced data, that is, the Strava Heatmap. In doing so, this study enhances our understanding of the different impacts of the built environment on the cycling and running activities of residents. The results can guide policymakers and urban planners/designers in formulating the appropriate and effective physical activity intervention measures, promoting healthy urban planning, and creating a livable community-level built environment.

Unlike previous studies that focus on many low-density cities in North America, Europe, and Oceania, this Chengdu-based study does not show that high density and high land-use mix are conducive to physical activities (cycling and running), which may be explained by the strict urban management in China during the COVID-19 pandemic. In line with our expectations and the findings of previous research, we find that water area, green space area, road density, number of stadiums, and number of enterprises significantly promote cycling and running. Nonetheless, river line length and the light index have a significantly positive effect on running, but not on cycling. Interestingly, housing price is positively correlated with cycling and running, whereas number of schools is negatively correlated with the two physical activities, probably due to the strict regulation of schools during the COVID-19 pandemic (prohibiting the entry of city residents).

This study provides some practical implications. First, the negative impact of “environmental gentrification” can be alleviated by adjusting the housing supply. In other words, a fair and shared public space should be created. One approach toward this objective is to offer compound residential land (e.g., commercial housing, talent apartments, and affordable housing), which can reduce the impact of urban green infrastructure renewal on low-income earners. Second, we find that green and blue spaces (i.e., water area, river line length, and green space area) are particularly attractive for people engaging in physical activities. In its current plans to construct a “Park City,” Chengdu should set up walking- and cycling-friendly greenways and provide its residents with sufficient green space (e.g., along the main river or on both sides of the road). Third, high-density communities can build a sophisticated slow-moving system and develop a small-block, dense-road model to reduce the adverse impacts of dense traffic flow on runners and cyclists and ensure their safety. Last, public spaces with high physical activity demand should be given sufficient lighting to satisfy the physical activity needs of residents in the evening and at night. This measure may even encourage residents to participate in physical activities in particular time windows.

However, this study also has its limitations. First, due to data unavailability, variables such as bicycle lanes, running tracks, the quality of slow-moving facilities, open/gated community, and weather/climate are excluded from the models (50, 51). Second, this study is grid-based or area-based (aggregate) rather than individual-based (disaggregate). Therefore, great caution is advised when interpreting the modeling results. Making causal and associative inferences about individuals from inferences about the group (grid in this study) to which the individuals belong, which is commonly called the ecological fallacy (also called ecological inference fallacy or population fallacy), should also be avoided (for example, Simpson's Paradox may arise). Individual (micro) correlation cannot be deduced from ecological (macro) correlation. Last, this study only focuses on dealing with spatial autocorrelation. Another distinct characteristic of spatial data is spatial heterogeneity (or spatial non-stationarity), which means that some variables exert larger impacts in some locations but smaller or imperceptible impacts in others. It is overlooked in this study. In sharp contrast with physical processes, social processes are often non-stationary. Different from OLS regression, which uses a single equation to describe global relationships in physical or social processes, the geographically weighted regression (GWR) model creates a multitude of equations for the description and specifically tackles spatial heterogeneity. Therefore, it is a popular approach to modeling social processes. We feel that using the GWR model or its enhanced version—the multiscale GWR model—to scrutinize the spatially varying relationship between physical activity and the built environment is worthy of investigation in further studies.
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Despite significant interaction between children's psychology and space in welfare institutions, only a handful of empirical studies have focused on it to date. Through the investigation, analysis, and spatial classification of the psychological issues of troubled children in the SOS children's village community in Chengdu, we observed the records for 1 year and used the PHCSS-SD method innovatively to systematically and quantitatively analyze the psychology of troubled children and their perception of public space in the park. Based on the needs of hearing, vision, touch, interaction, and safety of children in distress, we selected nine evaluation factors, including daylighting, interesting pattern, participation, and touchability. Each factor was categorized into five evaluation scales for psychological measurement and analysis to provide a basis for the development of mental health and the optimization of the living environment of children in distress. Based on the SD broken line of public space, we analyzed the advantages and disadvantages of space and affirmed the crucial contributions made by the Chinese government to children's welfare. Overall, this study discusses the strategy of building outdoor public spaces in the SOS children's village community.

Keywords: children in distress, outdoor space, child psychology, SD method, design strategy


INTRODUCTION

Since the reform and opening-up, China has experienced a remarkable transformation (1–3). As a vulnerable group, children are in a transitional society. Fronting the complex situation, their growth exhibits a diversified trend, and they are easy to fall into the dilemma of mobility, inequality, and instability (4). At the end of 2020, the law of the People's Republic of China on the protection of minors and the prevention of juvenile delinquency was revised and promulgated successively, and the professional role of social welfare work was established by legislation. Previously, the proposal of the CPC Central Committee on formulating the 14th five-year plan for national socioeconomic development and the long-term goals for 2005 proposed the requirements to protect the legitimate rights and interests of women and children and upgrade the social welfare system for orphans. In recent years, the government has continuously increased public expenditure on children in distress, including cash expenditure, government purchases, and support to social institutions. With the government's attention, the number of children in distress in China has also decreased yearly to 210,000 this year (Figure 1).


[image: Figure 1]
FIGURE 1. Statistics of children in distress in China in 2021.


However, a large number of children remain in distress in China. According to the 2021 China Civil Affairs Statistical Yearbook—China social service statistics, there were 240,000 orphans in 2020, with 169,000 social scattered orphans and 2.24 million children in poverty. Moreover, countless children with severe disabilities, rare diseases, and abuse are experiencing inconceivable problems such as survival, safety, schooling, medical treatment, and many more. Children negotiate, struggle, and adapt to the external and internal world in their own way (5). Thus, paying attention to the construction of community communication space plays a vital role in the physical and mental health development and self-worth realization of children in distress. China is gradually attaching more importance to child welfare protection, and social development is also presenting higher requirements for all children in distress (6). With the snowballing number of children in distress, the demand for quality of life is also increasing (7). Nevertheless, the imperfect community service system, low participation of residents, intensification of commercialization tendency (8), and the alternative neglect of traditional ideas to vulnerable groups lead to deficient children's services. Children's growth space is constantly compressed, and there is a spatial trend of “weak standard,” “skewness,” and “separation” (9). Children's lack of natural perception and the decline of their independent mobility exert negative effects that are not conducive to their physical and mental growth (10). Meanwhile, common problems exist in the overall space environment, targeted design, and humanized treatment (11, 12).

Owing to the rapid urbanization, people are facing the lack of significant outdoor activity places, compressing users' communication space and time. As a vulnerable group, children are more prone to forming an outlier character of loneliness, introversion, and poor communication. “Children in trouble” is even worse, as they lack the protection of society and family, lose their dependence, and are in trouble after family collapse events. In addition, they have serious physical and psychological defects. Unlike regular children, those in distress reflect great differences in psychophysiology, not only at the material level but also in all aspects of the spiritual world and growth process. The psychological issues of troubled children, as a disease of psychological disability, render them more vulnerable to life ability and have higher instability (13).

Children in distress often play in outdoor spaces. As a learning way of exploration and experience, games are not only a game space but also a learning place for them. In recent years, the high mobility of the travel environment has directly declined children's independence and even various adverse symptoms such as autism and obesity (14). A data survey revealed that the sedentary problem of Chinese children in recent years led to their serious lack of activity, causing great harm to their health. Besides, there are multiple obstacles to the psychological problems and social interaction of children in distress. To stimulate the sense of belonging and self-identity of children in distress, the outdoor space design of children's community is of utmost significance in the special period of their growth, and it is also the unshirkable responsibility of the whole society (15). The optimization of family structure in the welfare community of the SOS children's village can boost the behavior activities of children in distress (16). The outdoor activity space of the children's village is the place where children in distress have the most frequent communication behavior, except at school. As the fundamental unit constituting the spatial support system of children's friendly city, it is the “first environment” for them to exercise their rights. Hence, the impact of space construction on children's communication behavior cannot be overlooked (17).

Based on the summary and induction of scholars' research on welfare community for children in distress in recent years, this paper puts forward the elements of research on public activity space of welfare community, analyzes the living situation of children in distress, and puts forward the renewal strategy of public space of welfare community based on the concept of healing nature. It has profound social significance to awaken the social and humanistic care for children in distress, enhance the sense of belonging and self-identity of children in distress, and effectively solve the psychological problems of children in distress. In addition, the comprehensive use of social assistance, social welfare, security and other policies and measures, classified implementation of policies and precise assistance, to create a demonstration environment for the healthy growth of children in distress for the promotion and learning of SOS Children's villages across the country, and also a response to the call of national policies.



CHILDREN'S PSYCHOLOGICAL THEORIES AND BEHAVIORAL CHARACTERISTICS


Overview of Environmental Space From the Perspective of Children

In 1924, the 5th United Nations General Assembly adopted the Geneva Declaration on the rights of the child, which proposed: “children must be provided with all kinds of material and spiritual needs.” In 1933, the urban planning outline in the Athens Charter stipulated that attention should be paid to the composition of children's living and activity space, and proposed: “in new communities, open space should be reserved for the construction of parks, playgrounds and children's activity sites.” In 1959, the 14th United Nations General Assembly adopted the declaration on the rights of the child, highlighting: “relevant laws and regulations should be formulated to protect children's rights under the principle of maximizing children's interests” and “children have the right to education, play and entertainment.” Joe L. Frost, in his book Play and Child Development, proposed that paying attention to children's natural amusement tendency is a key principle of venue design and proposed the significance of children's autonomous activity venue. The “Outdoor Space for Child Care” of Human Places: Guidelines for Urban Open Space Design compiled by Clare Cooper Marcus and Carolyn Francis mentions that the design of outdoor activity space can support active game activities to promote children's physical development. Jane Jacobs highlights in the Death and Life of American Big Cities that children need opportunities to communicate with their living environment. Absolute isolated protection places are not good for children. Society should pay more attention to the interaction between children and others in the process of growth, which is positive and beneficial to their growth. To promote the construction of a child-friendly city, the Portland government of the United States proposed the concept of “complete community,” emphasizing addressing the demand of families with children for community housing and public service facilities. Subsequently, the regulatory guidelines for high-density family settlements with children were formulated, which outlined requirements for public spaces suitable for children in settlements (18).

In China, in 1920, Chen Heqin, a child educator, took his son Chen Yiming as the research object and used the method of diary description and recording to publish China's first monograph on children's psychology “Research on children's psychology” for 3 years. Chen Heqin argued that appropriate play behavior could promote children's physical and mental health development. Huang Yi explored children's language development and character evaluation and authored The Psychology of Children's Painting. The Psychology of Children published in 1966 examines the development and mechanism of children's psychological process and also refers to the correlation between children and the environment. Regarding the urban social environment, Prof. Yang Guiqing of Tongji University published the book “Urban Social Psychology” in 2000 and presented relevant discussions on the relationship between children's growth process and the urban space environment. Among them, behaviorism theory and sociological theory emphasize the role and influence of the acquired environment. Supporting the enhancement of the acquired environment will play a more positive role in shaping children's behavior and psychology, as well as theoretically support that the design of children's activity places should be based on the scientificity and necessity of children's psychological development. In 2009, Li Yuanyuan published a study on the coupling between children's outdoor game venue design and children's behavior and psychology. Aiming at vulnerable children, this paper reported that the research and design of outdoor activity venues should focus on safety. As children's body shape and physical fitness are lower than adults, they should fulfill the requirements in terms of activity space scale. The above-related contents mostly focus on the impact of residential landscape material environment on children's games. This study reviews only 17 academic papers in this direction, as only few papers have focused on the interaction between children's psychology and space in welfare institutions.



Division of Children Groups
 
Age Division

The United Nations Convention on the rights of the child divides the age of children into 0–18 years. In psychology, according to the research focus and operability, children's ages are categorized as follows: fetal period: conception to birth; early childhood: 0–6 years; middle childhood: 6–12 years; adolescence: 12–18 years (19). Considering the specific situation of children in distress, at present, there are 103 children in the SOS children's village, including 13 children in distress, 2 in extreme poverty, and 88 general orphans; their age distribution is 2–16 years, including 74 children aged 6–12 years, accounting for the majority. During this period, children are sensitive to the outside world and full of learning enthusiasm. Thus, this study only focused on children in the early and middle stages (0–12 years) to examine the influence of external factors on this group in outdoor space activities.



Gender Division

The development of children's gender consciousness can be categorized into three stages—fuzzy stage, sensitive stage, and differentiation stage. Different stages of gender awareness exhibit behavioral differences. It is challenging for children in the fuzzy period before the age of 2 years to distinguish their own gender from others. Over time, children's gender cognition becomes increasingly concrete and they can gradually distinguish gender. Girls tend to have stable peer relationships. Owing to their relatively weak identity, they are often easy to obtain help from others and establish a continuous sense of security in life. Thus, the sense of relationship stability is higher than that of boys (20, 21); that is, girls have a higher sense of control over life than boys. When children are in the differentiation stage, great differences exist in the behavior of boys and girls. Boys are more outgoing and tend to stimulate, a broad, and challenging activity environment, while girls prefer introverted and low-energy activities (22).



Scale Change

Children's physical characteristics are the basis of children's outdoor activity space planning and design, and children's growth and development scale are a process (Table 1, Figure 2).


Table 1. Height and size table of difficult children of different ages in the “SOS children's village.”
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FIGURE 2. Child scale.


With the continuous change of children's height and weight, the range of activities is also expanding. German urban planning highlights that infant activity venues should be set around parents, need adult auxiliary activities, and like imitation and experience, the activity area of school-age children should be 300–400 m; and children should move within the sight of adults and have strong individual expression. The average height of senior children is ~1.5 m. They can move independently and like to gather information. Thus, the length and width of children's outdoor activity site should be more than 1 m, and the use area should be >2.5 m2. According to the body growth size data of children in distress, the average growth of children in distress has been found to be the slowest on the scale of 3–5 years.





RESEARCH METHODS


Questionnaire Survey Method
 
PHCSS Children's Self-Awareness Scale

The PHCSS children's self-awareness scale was formulated by Piers Harris in 1969. Its main function is children's self-consciousness evaluation and pathological tracking. Through this table, we can comprehend the views of children in distress on appearance, emotion, study, behavior, happiness, and satisfaction, which is conducive to discovering the deviation of children's psychological self-consciousness and correcting it in time. The scale has 80 questions and is divided into five scales. The total score of children's self-consciousness was assessed according to the national norm and urban norm of Chinese children's self-consciousness scale (total score < 46, low self-awareness; total score > 58, high self-awareness; score = 46–58, normal self-awareness).



Eysenck Personality Questionnaire

We adopted the Chinese version revised by Gong Yaoxian of Hunan Medical University. The Eysenck Personality Questionnaire (EPQ) was compiled by Prof. Eysenck, a British psychologist, who collected a large number of non-cognitive characteristics, summarized three orthogonal dimensions through factor analysis and proposed three basic factors determining personality: introversion and extroversion (E), neuroticism (also known as emotional) (n), and psychoticism (P). Different tendencies and degrees of expression in these three aspects constitute different personality characteristics. EPQ is one of the most broadly used questionnaires in the fields of medicine, justice, education, and psychological counseling. The questionnaire has 88 items, including four subscales: extroversion (E), psychoticism (P), neuroticism or emotion (n), and concealment (L).

The general interpretation of the EPQ scale score results is as follows (in fact, it should be calculated and determined according to the standard deviation):

① E scale score: a score >15 indicates an extroverted personality, which could be sociable, eager for stimulation and adventure, and easy to be impulsive. If the score is <8, it means that you are introverted, such as quiet, introspective, do not like stimulation, like an orderly lifestyle, and have relatively stable mood.

② N scale score: a score >14 indicates anxiety, depression, strong emotional response, and even irrational behavior; however, <9 indicates emotional stability.

③ P scale score: if the score is >8, it may be lonely, indifferent to others, difficult to adapt to the external environment, inhumane, unfriendly to others, like to make trouble, like to do strange things, and regardless of danger.

④ L scale score: if the score is >18, it shows that the subjects tend to cover up, and the test results could be distorted.

According to the total score (rough score) obtained by subjects on each scale and the standard score t (t = 50 + 10 × (x – m)/SD) converted according to the norm, we can analyze the results of the personality characteristics of children in distress as subjects. The average score of the tested population and the total score of the tested population are expressed as the standard deviation (the score of X and m are expressed as the standard deviation; Figure 3).


[image: Figure 3]
FIGURE 3. Eysenck personality questionnaire subscale. Source: medical psychology.





SD Methods

The SD method selects as many adjective pairs related to describing the research object as possible. This method has been extensively used in the assessment of urban design, landscape design, architectural design, and other fields, and has strong quantitative rationality and scientificity. In this study, the SD method to analyze the experience of troubled children in the SOS children's village. The average value of children's perception of outdoor activities was calculated as the average value of the score of outdoor activities, which is the basis of the arithmetic evaluation of children's perception of outdoor activities. [image: image]. After the average value was obtained, we performed the evaluation analysis. The positive value of the score indicates that the score is better, and the larger the value, the more positive it is, suggesting that the children in distress have a higher overall evaluation of the spatial factors of outdoor public activities in the welfare community. A negative value signifies a poor score; the smaller the value, the more negative it is, indicating that children in distress have a poor overall evaluation of the spatial factors of outdoor public activities in welfare communities. We used SPSS software to conduct t-test on the obtained data and quantitative analysis to determine the psychological perception of children in distress in the public activity space of the welfare community. During the experiment, the test value of the single-sample t-test was set as the middle value of the semantic measurement scale 0 (i.e., subjects had no obvious psychological perception tendency toward the evaluated public space). When the P-value in the analysis result is <0.05 (i.e., above the 95% confidence estimation level), it is proved to be significant. The mathematical formula of single-sample t-test quantity: [image: image] (where = 1, 2, 3…, N; is the sample average, is the population average, is the standard variance, and N is the number of samples. Based on the selection of evaluation factors for the physiological and psychological needs of children in distress, summarizing the relevant research literature on outdoor activity space for children in distress revealed that the researchers primarily focused on the physiological and psychological needs of children in distress, including six aspects: ① hearing, ② vision, ③ tactile, ④ interaction, ⑤ safety, and ⑥ education. Thus, this study starts from these six needs. In addition, the environmental support provided by the SOS children's village for children in distress was selected as the main evaluation factor.




RESULTS

Among 83 children in distress, 43 were boys and 40 were girls. The minimum value of the total score was 27, while the maximum value was 69. The self-awareness test results of 83 children in the SOS children's village were compared with the Hunan norm (see Table 2 for details).


Table 2. Comparison between 83 children in the children's village and Hunan norm (x ± s).
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Result Analysis 1

Compared with the Chinese urban norm, the scores of boys' behavior factor and self-consciousness were lower than those of intelligence and school situation, while the scores of satisfaction factor were lower than those of the Chinese urban norm. The intelligence, behavior, happiness and satisfaction factor scores, anxiety factor scores, and total scores of girls were lower than those of the Chinese urban norm (Table 3).


Table 3. Comparison between the SOS children's village's children in distress and Chinese urban children (x ± s).

[image: Table 3]



Result Analysis 2

The comparison of EPQ scores of children of different genders and their comparison with the corresponding national norm revealed that the scores on the extroversion scale of boys and girls were lower than the national norm, and the difference was statistically significant (P < 0.05). In addition, the score on the mental quality scale for girls was lower than the national norm. The comparison demonstrated that the score of the mental quality factor for boys was higher than that for girls, and the score of the concealment scale for boys was lower than that for girls (P < 0.05; Table 4).


Table 4. EPQ scores of children in the children's village and comparison with national norm (x ± s).
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Result Analysis 3

The analysis of each factor score, the total score of self-consciousness, and Eysenck scale demonstrated that the total score of PHCSS significantly negatively correlated with the scores of EPQ psychoticism and neuroticism, as well as factor scores of behavior, intelligence, and school situation, mental quality, and neurological quality. In addition, the gregarious factor score and happiness satisfaction factor negatively correlated with the mental quality and neurological quality scale, but significantly positively correlated with introversion and introversion and concealment scale. A significant positive correlation was observed with the masked subscale. Intelligence and school situation positively correlated with the introversion and introversion subscale because of physical appearance and attribute factor scores, while anxiety factor negatively correlated and positively correlated with neuroticism and concealment factor scores, respectively, and positively correlated with introversion and introversion and concealment subscale (Table 5).


Table 5. Results of correlation analysis between self-awareness and EPQ scales and children's general situation (n = 83).
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Selection of SD Evaluation Factors Based on Physiology and Psychology of Children in Distress
 
Visual Environment Requirements

Children are curious about things around them and like bright colors and novel and interesting patterns. Owing to their poor living conditions, most children were in poor mountainous areas or remote and backward villages and had an exploratory attitude toward things around them. Unlike adults, children are more sensitive to the outside world (23). Thus, the outdoor public space of the SOS children's village should consider exploring the needs of children in distress.



Auditory Environment Requirements

Most children in distress come from minority inhabited areas in Sichuan, where singing and dancing are predominant cultural customs and recreational activities. Music is the key to awaken their local memory. Malon P. Wells highlighted that nature is very attractive to children. Children solve problems in nature games. Through selection, exploration, and discovery, children can enhance their cognitive and physical development (24). Thus, children are close to nature and have a desire to be close to the sound of insects, birds, and water.



Tactile Environment Requirements

Tactile environment requirements denote the physical environment that children can perceive physiologically. Owing to the lack of awareness of the things around them, they are used to measuring and perceiving themselves. When they play in the outdoor space, they are attracted by the vegetation odor form. Exposure to natural elements and experience of the natural environment can not only stabilize emotions, augment attention, promote the development of children's cognition, and balance coordination ability but also promote social interaction, increase the frequency of children's contact with the outside world, and enhance creativity (25). By touching natural elements closely in the outdoor space, children in distress can make this soft vegetation or object liberate their body and mind, smooth and relieve their emotions, and release their pressure. Real feelings in nature and participation in activities can effectively decrease the disaster risk in growth (26).



Interactive Environmental Requirements

Interactive environmental requirements are embodied in activity dependence, including active participation, experience, and education. The pathological psychological problems of children in distress are resolved to some extent in the interactive space, which can effectively help children in distress alleviate problems such as autism and loneliness (27). Ordinary children display dependence on their parents in outdoor activities alone. Children in distress are not easy to exhibit trust in their parents; instead, they show a state of being clever, calm, and lonely in outdoor activities alone. In group activities, they exhibit dependence on their peers, lively, chasing, and playing. owing to curiosity and exploration, the activity places for children in distress are more concentrated in “informal” places like greening on both sides of the road and large green open spaces (28).



Safety and Environmental Requirements

The vital factor in the activities of children in distress is safety (29), as they have experienced adverse events and psychological and physiological injuries before entering the village. Thus, safety and comfort should be considered in the outdoor activity space. Some safety protection facilities and buffering soft small sandpits should be provided for facility accessories.



Children's Intellectual Needs

Children in distress in the park are usually aged 2–10 years. At this stage, they are full of curiosity and exploration of the outside world. Their strong thirst for knowledge enables them to constantly learn knowledge and accrue survival and life experience in activities. Hence, educational activities should be considered in the activity sites in the park.



Comprehensive Analysis

Combined with the physiological and psychological characteristics of children in distress, this study determined nine pairs of adjectives to reflect the needs of children in distress: color richness (plain—rich); light in the village (more—less); water flow sound (more—less); insects singing and birds singing (noisy—quiet); plant season (rich—single); vegetation growth (lush—sparse); touchability (very strong—very weak); the sketch device is entertaining (interesting—boring). In the study of safety problems during play (hidden danger—safety), the subjective assessment is categorized into five levels, which are distinguished by “very,” “general,” and “none.” The abovementioned adjectives are divided according to the evaluation level from left to right, and assigned −2, −1, 0, 1, and 2, respectively. In this study, 83 troubled children in the SOS children's village were selected for the test. Before the test, the evaluation factors were introduced to the experimenter, the requirements were explained, and the relevant factors in the form were evaluated per the standards. A total of 83 questionnaires were collected, of which 80 were valid.




Summary of the Spatial Plane Model of the Children's Village

According to Piaget's classification, children's game behavior was categorized into functional games, constructive games, hypothetical games, and regular games (30). Research on appropriate outdoor play activities is conducive to muscle strength, psychological patience, and cardiovascular health of children in distress (31). Thus, the plane organization mode of the SOS children's village was summarized, which was categorized into four main spaces: a large toy fun pool, cement playground, fitness equipment area, and plastic playground. Furthermore, four plane organization modes were found to affect the activities of children living in the SOS children's village (Table 6, Figure 4).


Table 6. Space classification of several important outdoor activities in the SOS children's village.
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FIGURE 4. Summary of the plane model of children's village.



A Space Mode—Children's Fun Pool

The children's fun pool is a plastic activity site with an activity area of 100 m2. The main users' children aged 3–6 years, who are young and have poor sports ability. They like to play in this auxiliary amusement facility surrounded by venues. Children's fun pool can effectively attract children of this age and let them break barriers and participate in activities. The site is equipped with children's outdoor large toys. The interior is paved with a plastic lawn, which is hard as a whole. In hot summer, it emits the smell of plastic because of exposure to the sun. It is mostly covered with ginkgo trees, Magnolia, climbing rattan, and other vegetation. The configuration type of vegetation is relatively single, but the arrangement of climbing rattan is continuous, which can create a continuous section. The southeast portion is close to an 80-m Boulevard full of vines. In summer, it is a path where children like to gather and enjoy the cool.



B Space Mode—Cement Playground

The cement playground is a relatively wide playground with an area of 400 m2 in the children's village, including a basketball court and tennis court, surrounded by a circle of green barbed wire. Children who come to this activity are >8 years old and have certain motor ability and limb coordination ability. Children in this age group are in a crucial period of physical growth, and their limb coordination abilities and activity ability are basically formed. As the site is made of cement, it is hard. Owing to the wind and rain in the open air all year round, the court lines on the site are worn, and the ball baskets and nets are loose and damaged. In winter and summer, the activity is reduced owing to the outdoor temperature.



C Space Mode—Fitness Equipment Area

Simple fitness equipment stands on the hard cement ground, including a swing and seesaw, which is no different from the equipment for outdoor public activities in general residential areas. Typically, children come here for less time. The equipment color is a combination of blue and yellow, and there is no sign of wear and aging. On the south side of the field is a tree-lined corridor full of climbing vines, which is connected with the cement playground in the north. Besides, there is less vegetation around.



Class D Plane Function Space Model—Lawn Activity Field

A small football field with an area of 350 m2 is surrounded by red plastic runways. These areas are primarily established for baseball or football games. Children exercise body and cooperation ability in communication and confrontation with their peers. The lawn in this area is planted with general natural turf. The seasonal phase of turf changes because of seasonal changes. The applicable crowd of the stadium is usually children aged >8 years.





DISCUSSION


Result Analysis of Psychological Problems

Through analysis, the self-awareness level of children in the SOS children's village was found to be lower than that of children in China. These children usually lack a sense of happiness and security, have low self-satisfaction, have relatively negative emotions, and are prone to negative emotions like anxiety and depression. The formation of self-consciousness correlates with the environment in which they were born and grew up, and the reasons for the formation of their bad emotions are as follows: ① troubled children in the SOS children's village have been concerned by the surrounding people for a long time, and their psychology has developed a special group label. The impact of this brand enlarges their various behaviors in life and hinders the correct formation of children's self-consciousness. ② Most children in distress come from poor mountainous areas in Southwest China. Before entering the village, they have experienced vicious negative events such as family fragmentation, parents' death, and relatives' abandonment. These events lead to physical and psychological trauma and hinder the development of their self-consciousness. ③ Children in the SOS children's village are introverted and withdrawn, which influences their ability to communicate with others or impart knowledge. Thus, most children in the children's village do not like learning, and their poor grades also lead to the imperfect development of their self-consciousness. Children in the children's village tend to be introverted, lonely, and not good at talking to others. Moreover, children in trouble like quiet daily life. Male children are more withdrawn and rebellious, with poor environmental adaptability, poor emotion, and poor self-regulation ability, while girls are timid, strongly dependent on others, and have dull and stereotyped behavior. With the extension of time in the village, children's concealment decreased and their simplicity improved. Furthermore, the study demonstrated that individual children had a concealment score of >79%, had a tendency to disguise, liked to disguise themselves, and had poor simplicity.



Result Analysis of Physiological Problems

By summarizing and classifying the scores of 80 questionnaires, the SD curve was obtained, and the longitudinal intergroup comparison, that is, the score comparison of different plane modes, was conducted to obtain the advantages and disadvantages of the plane form (Figure 5).


[image: Figure 5]
FIGURE 5. Characteristic diagram of SD factor.




Evaluation and Analysis of Spatial SD Factor Combination

According to the self-awareness score and spatial factor extraction of children in distress, the PHCSS-SD quantitative analysis method was formed, and the design strategies in the process of outdoor space communication activities to solve the psychological problems of children in distress were analyzed (Table 7, Figures 6, 7).


Table 7. SD factor example classification table.

[image: Table 7]
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FIGURE 6. Comparison between PHCSS scores of children in distress in Chengdu SOS children's village and Chinese norm scores.



[image: Figure 7]
FIGURE 7. Comparative analysis of PHCSS-SD scores between activity space pattern groups.



An Activity Space Model

From the broken line of type A activity space, it can be deduced that the anxiety factor score of target children is high in creating the visual environment of “interesting pattern” and “daylighting.” Thus, it is appropriate to increase the thought-provoking experience in the activity—the large toy space and children's interesting pool of type A plane space model have advantages so that it can better create this environment. As this region mainly aims at children in difficult circumstances, the safety requirements are high. In the plant season construction, it is a large deciduous vine, which makes the planting of type A plane space model vegetation more advantageous than that of single tree row planting. Besides, the advantages of planting shrubs are higher than that of trees in terms of touchability, which can create a closer natural experience for children in distress.



B Activity Space Model

Type B space has a large open space, which is similar to area A in terms of “daylighting” requirements, to facilitate lighting and calcium supplements for children's activities. Regarding the requirements for “beautiful songs,” as most of the activities are large-scale sports activities and need to be stimulated by relevant music, the requirements for hearing are high. Meanwhile, because children in distress are still young and lack understanding of the world, safety is paramount. The surrounding vegetation can better decrease the interference of vehicle space to the open space, create a safer and free environment, and optimize the activity experience of children in distress.



C Activity Space Model

Except for “corridor lighting” and “beautiful song,” all scores of the SD curve in mode C were high. As this corridor comprises vines, it reflects the core through rich planting methods and large green space width and has stable ecology and good ornamental. Thus, the equipment activity space besides the corridor also forms a relatively natural and comfortable playing space and ornamental walking space (32, 33) so that children in need can make space choices based on their needs.



D Activity Space Model

Type D space has the largest soft artificial grassland for children's daily activities, which is in contrast to the hard ground in area B. As it is an artificial turf football field, the single score of “vegetation season” is the lowest, and the “vegetation growth” is relatively weak, but the “education” brought by large-scale activities is high.




Strategy

Based on the field investigation and SD psychological measurement analysis of the public space and troubled children in the SOS children's village in Chengdu, this study establishes the potential relationship between the outdoor public space and the physiological and psychological growth and development of troubled children, as well as provides some suggestions for the construction of community outdoor public space.

1) In the plane organization of outdoor public space, the division should not be too noticeable.

2) Enrich the terrain changes and enhance the interest in the activity space.

3) When there are two or more planting spatial patterns, the primary–secondary relationship should be created and should not be homogeneous.

4) When constructing the activity place, consider the safety and education brought by the activity place.

5) Try to create a transition space between spatial modes.

6) Properly control the sound scene of the outdoor space.

7) Add interesting patterns.




CONCLUSIONS

This study provides a theoretical basis for developing children's welfare in China. With the acceleration of urbanization in China, community public outdoor activity space has become one of the most broadly used public spaces for children. Nevertheless, at present, the activity functions and activity facilities for children in the public space are single lack attraction and richness. As mentioned in the first China Children's Friendship Action Seminar, children's friendships should be reflected in the details of life scenes and should be transformed from grand narrative planning to the corner of life. Thus, how to stimulate the strong sense of belonging and self-identity of children in distress and effectively address the psychological problems should be explored. Activity space optimization creates a comfortable and safe activity space for children in distress, which is of great and practical significance to help them thrive.
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As a significant part of outdoor built-environment, public open spaces are closely associated with people's daily lives. Studies of outdoor behavior in these spaces can shed light on users' environmental perceptions and contribute to the promotion of physiological and psychological health. Many recent studies are case studies focused where observations, surveys and interviews have been conducted to understand the factors influencing people's behavior on one or few sites or city environments. There have been few reviews related to this topic, and none have been based on the systematic understanding of influencing factors. This paper presents a systematic review of interactions between behavior and the built environment in public open spaces, and highlights the impacts of diverse and objective influencing factors. Followed the rules of PRISMA method (Preferred Reporting Items for Systematic Reviews and Meta-Analyses), 109 papers published in 2000–2021 were selected and reviewed. The distribution of the studied interactions is analyzed, and the impacts of four distinct factors: personal background, location and context, environmental component, and climate stimuli, are extracted, categorized, and specified. Moreover, outdoor health benefits are discussed based on which, crucial factors that require emphasis after the outbreak of COVID-19 are identified. Throughout this paper, behavioral influencing processes, including objective influencing factors, subjective feedback, and the relationships involved, are considered to provide a comprehensive picture. With the robust classification of existing factors, architects, urban designers, policy makers and fellow researches could be easier to get a more comprehensive trend from the past. This paper also provides guidance for future research, especially given that COVID-19 has created huge changes to outdoor needs and customary behavior.

Systematic Review Registration: http://www.prisma-statement.org/.
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INTRODUCTION


Background

Public open spaces, as the main component of outdoor environments in urban public lives, refer to freely accessible parks, green spaces, esplanades, plots with sports and leisure facilities, and other spaces that offer opportunities for recreational activities and act as visual amenities (1, 2). Public spaces are strongly associated with people's outdoor recreation activities and daily lives; as such, people's behavior has been highly mentioned in public space-based research.

A growing number of studies have been conducted to investigate behavior, background situation and information (3), the underlying drive (2), objective and subjective aspects of the influencing factors (4, 5), and behavior-related feedback (1, 6, 7). According to the previous study, the subjective feedback can be divided into three categories: people's behavior, feelings and health impact (see Figure 1).


[image: Figure 1]
FIGURE 1. Subjective feedbacks frequently investigated in public open spaces.


Due to the focus on multiple types of outdoor factors and diverse behaviors, outdoor-behavior-based investigations are complex. Certain movements such as walking (8, 9), route-choosing (10), sitting, and thermal adaption (11) have been considered as the most common activities. While studied with similar research objects, topics more clearly targeted are physical activity, which refers to any bodily movement produced by skeletal muscles that require energy expenditure (12) closely associated with health impacts (13–18); leisure activity that is more inclined toward outdoor leisure, recreation (19, 20), and short-term recovery; and social activity, mainly studied as social factors closely associated with people's needs. General occurrence, as a reflection of overall behavior without type classification, has also been frequently studied to highlight the impact of identified factors on the premise of the overall environment.

Moreover, people's feelings were considered closely associated with outdoor behavior. Drive and needs, physiological feeling, environmental perception, and psychological feeling, have been frequently mention and studied in exist studies (21–34). Among them, drive and needs, considered as the origin of outdoor behavior, have been studied linked with provided locations. Physiological feeling and thermal comfort, not only associated with thermal adaption (35) but also linked with feelings and emotions (36), were considered could affect places' overall attendance. Moreover, investigations based on environmental perception and psychological feeling were also applied in some researches to measure more in-depth interactions (37).

Health impacts were also investigated in some behavior-based studies, including long-term impacts such as physical and mental health and short-term impacts such as fatigue restoration, attention recovery, and emotion elevation (38–40).

The objective influencing factors can be divided into five categories (see Figure 2): people's background, the built environment context, environmental components, climate stimuli, and others. Those environmental design related studies focused more on site usage and people's occupancy, whereas medical-based reviews focused more on category, strength, and promotion of outdoor activity associated with health promotion (41). Physical activity and activity with physical attributes (42) were mentioned more often in medical-related reviews. Microclimate was found to have a significant influence on the general occurrence and thermal adaption (43), among which temperature, solar radiation, and wind speed were shown to be the most significant factors (44). Moreover, naturalness, expectations, time of exposure, perceived control, and outdoor experience were found to have an impact (35) as well as personal factors, social factors, perceptions of the built environment, and physical factors (45).


[image: Figure 2]
FIGURE 2. Objective influencing factors frequently investigated in public open spaces.


For behavior with physical attributes, reviews conducted were more precise: activities including walking (46) and dog-walking (47); backgrounds including country and region, location, context, gender, and specific groups (41, 48, 49); social factors including social support, networks, cohesion, capital and socioeconomic position, income inequality, and racial discrimination (50), and identified places including parks, neighborhoods, or places with physical facilities (51–53) were focused on and frequently linked with health promotion effects.



Review Objectives

Existing reviews mostly focused on a particular type of activity or an influencing factor and lacks a comprehensive understanding of the interactions associated. This review fills the research gap by offering a systematic comprehension of influencing factors in outdoor built environment, because outdoor activities were often affected by complex environmental stimuli.

The first objective of this review is to introduce the background, importance, and method of the research topic which are included in Section Introduction and Method of Review. The second objective is to summarize the types of activities studied in previous articles and to establish the association between objective influencing factors and subjective feedbacks. The third objective is to categorize the impact of objective factors, such as people's background, context and location of built environment, environmental component and constituent, the influence of thermal and other climate-based stimuli. The final objective is to understand the changes in outdoor behavior-based studies after the outbreak of COVID-19 pandemic.




METHOD OF REVIEW

This article focuses on outdoor behavior-based publications from the scope of architecture and urban design. Since the application of quantitative research in this field is mainly concentrated after year 2000. Articles using quantitative methods and published from 2000 to 2021 were focused. Followed the method of PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses), studies based on behavior investigation in public open spaces were identified as shown in Figure 3 which including following four stages:


[image: Figure 3]
FIGURE 3. Method of review.


(1) Identification: In the field of architecture and urban design, academic journals are commonly published by Elsevier, Springer, Taylor and Francis, Sage, and Wiley. Therefore, related research engines were chosen during identification. Web of science was not considered due to the similar databased and search outputs.

(2) Screening: Using keywords (outdoor OR public OR ‘open space') AND (behavior OR behavior OR activity OR activities), 3,258 papers related to this review topic were downloaded. Precisely, 1,500 papers most related were downloaded from Springer and 1,500 from Elsevier, and they are identified searching through title, abstract, or keywords. Additional 107 papers from Taylor and Francis, 86 papers from Sage, and 65 papers from Wiley were identified using full text research.

(3) Eligibility check: A more specified screening were conducted though full texts check. Articles written in languages other than English were excluded; studies full-text unavailable were removed, investigations only based on outdoor occurrence without activity studied were excluded; and papers using simulation methods without in-situ monitoring were not considered.

(4) Inclusion: After selection, remaining 109 articles were included for this systematic review.



OVERVIEW OF IDENTIFIED PAPERS


Distribution of the Types of Studied Behavior

Based on our sample of reviewed papers, the distribution of the behaviors these studies focused on is shown in Figure 4. Overall, the number of behavior-based investigations has increased gradually over the past few years, and has risen rapidly in 2020 and 2021. Physical activity, and general occurrence were the two major types.


[image: Figure 4]
FIGURE 4. Distribution of types of behaviors being studied or focused.


Among all types of behaviors, specific movements have been less studied; only a few studies investigated walking (54, 55) and sitting (56–59). By comparison, the studies focused more on thermal comfort and climate conditions (60–72).

Owing to the complexity of outdoor spaces, specific movements and types of behavior are usually considered to have different attributes; for example, recreational walking with friends can be classified as physical, leisure, and social activities. Regarding the focus of activity attributes, physical activity (73–111), leisure activity (112–118), and social activity (119–127) have gained more attention. Due to the close link with health impact, several of these studies are associated with physical activity, and this stream of research has risen significantly in the past 2 years because of the focus from the field of environmental design.

Mainly related to thermal comfort and space design, general occurrences (36, 128–148) have received continuous attention. Because of the focus on people-centric designs, more investigations have been conducted on this topic since 2014 with the adoption of other types of systems (149–161).



Distribution of Interactions Between Objective Influencing Factors and Subjective Feedbacks

The number and distribution of interactions in the studies by subjective feedback and objective influencing factors are shown in Figure 5.


[image: Figure 5]
FIGURE 5. Distribution of objective influencing factors.


Associated with behavior, great differences can be found in the activity characteristics and research focus. Without mention of utilitarian walking on streets, recreational walking in public open spaces such as neighborhoods and greenways has seldom been studied. In comparison, although sitting is also not frequently shown as a research focus, more investigations have been conducted in which sitting was considered part of outdoor leisure and thermal adaption. For physical activity, leisure activity, and social activity, interactions differed greatly because of behavioral attributes. Because of the wide range of physical activity and the large number of related studies conducted, physical activity investigation was associated with the most influential factors. In contrast to physical activity, leisure activity has shown a prevalence in parks and neighborhoods compared with squares because of environmental recreational attributes. Social factors were studied more as subjective factors that can affect general occurrence in existing research; thus, there was less focus on the influence of identified components, such as greenery and shading.

Among all types of the studied feelings related to behavior investigation, there was less focus on needs and drive, although they are extensively linked with all types of factors because of their association with most behavior. Physiological feelings, mainly associated with thermal adaption and comfort studies, were more related to climate-based influencing factors compared with others. Environmental perception, which is widely associated with all types of influencing factors, was the most studied among all types of feelings.

Although many outdoor behaviors can affect health conditions, only a few studies have directly investigated such interactions. There was a greater focus on people's background factors than thermal-based impacts. Short-term impacts, including fatigue recovery, cognitive ability, feelings, and emotions, have been more studied and linked with greenery. Long-term impacts, including both physical and psychological health, were also highly linked to greenery, and neighborhood greenery has been emphasized.




EFFECTS OF OBJECTIVE INFLUENCING FACTORS

Referring to existing research, complex influencing factors and interactions were investigated, as shown in Figure 6. Owing to the factors' characteristics, the type and proportion of associated behavior were diverse, as shown in Figure 7. Specifically, the associated behavior, outstanding conclusions, and focal points are categorized and identified as follows.


[image: Figure 6]
FIGURE 6. Direct associations related to types of factors.



[image: Figure 7]
FIGURE 7. Distribution of behaviors related to types of factors.



People's Background

In most cases, based on questionnaires, people's backgrounds, including demographic features and socioeconomic status, were considered to affect outdoor behavior greatly. Based on people's age, gender, region, and other background differences, site preference (154), thermal tolerance (157), and psychological feelings (30) were found to have significant differences. Therefore, respondents' backgrounds were well-controlled (104) or adjusted (85) in most behavior-based investigations.


Gender

Gender is one of the main factors that can affect people's outdoor attendance, preferences, and feelings. Besides physiological and psychological differences, gender-based differences can be inferred through acquired gender patterns (78) and traditional gender roles in some places. For example, only elderly females showed higher levels of activity and less sedentary behavior in the presence of higher retail, food outlet, and public transit densities at short distances. By contrast, only elderly males showed significant associations with entertainment density, light-to-vigorous physical activity, and sedentary behavior (93).

In terms of overall attendance and preference, males were found to be more physically active, spend less time at home (87), and be more enthusiastic about physical-related features and facilities. More males than females were observed using parks, and males were twice as likely to be vigorously active (105). Such tendencies were also found in elderly groups: elderly males were more active in parks than females, although fitness and health-related physical activity such as walking and fitness exercising were found to be especially attractive to females (78). For younger adults, recreational facilities such as greenery were found to be associated with physical activity measures for females (87) while males were found to care more about sports features (94). Moreover, fitness equipment and sports courts were found to be positively correlated with engaging in physical activity for male adults (91).

Psychological feelings and the need for spaces were also found to differ, among which safety was one of the main attributes. For urban parks, safety was assessed as satisfactory for all genders, while female respondents were found to have greater security requirements. For the same outdoor environment, female respondents were found to be significantly less satisfied than male respondents (70). For adolescents, boys were more concerned about characteristic features and environmental design, while girls were more concerned about accessibility and safety (95).

In addition, differences can be found regarding the natural environment. Males were found to be more sensitive to environmental change, and in an investigation of the dose-response curve between stress reduction and natural exposure, only males were found to have an inverted-U curve shape with varying densities of tree cover and stress recovery (40). Meanwhile, more positive feedback was found in females: girls were more attracted to playing with water than males in urban green spaces (114). Similar differences were also found in thermal aspects: women were more positive when responding to an uncomfortable environment. And female pedestrians were also found more careful about protecting themselves from solar radiation than males in subtropical area (11).



Age Difference

Participants' activities, habits (152), preferences (114), concerns (95), and emotional estimations of outdoor urban places (27) were diverse because of age differences.

In an open space, people of different ages have diverse preferences for use. Design elements in open spaces were found to be linked to activities, and young children were identified as mostly using playgrounds and natural lawn areas. Older school children and teenagers tended to use sports areas and semi-secluded spaces to play sports or to meet in groups and socialize. Meanwhile, older peoples' sedentary activity was exclusively observed on benches, and non-sedentary activities such as jogging were nearly exclusively identified in larger, more shaded parks (86). Identified environmental factors were found to be related to activities of different ages. Associations between greenness and physical activity for individuals were highly linked with age, especially in people aged 20 to 30 years, attributable to their special life stage. However, the investigation did not demonstrate a strong association between levels of physical activity and greenness among older adults, which was conjectured to be caused by their health condition and limited mobility (87).



Regional Differences

Discrepancies caused by regional differences are diverse: race, culture, thermal environment, different experiences, and even regional economic situations (80) can produce different outdoor feelings, perceptions, and habits. Thermal preferences and behavioral habits are the most studied topics associated with the design of public open spaces.

Climate-based environmental perceptions, adaptation, and attendance can differ. Environmental tolerance was surveyed in a fixed location to study people's perceptions (32), among which minor tolerance was found in local respondents compared with tourists, especially those from denser and more polluted cities. Furthermore, the thermal feeling is strongly linked to the climate zone of habitation: the thermal comfort range and neutral temperature of subjects in hot and humid regions were found to be higher than those of people in temperate regions (72). Under similar thermal conditions, the Japanese evaluated the weather as warmer and less preferred for outdoor activities, while the Swedes felt happier, calm, and pleasant, which tentatively indicated a difference in environmental attitudes between people from different countries (34, 37).

In addition, cultural and social backgrounds can cause behavioral differences. Socioeconomic and cultural influences were compared in North Africa and America under the same climate conditions (56), and it was found that a higher number of people in North Africa tended to spend more time outdoors and with larger groups or families, but with less variety in activities carried out. Behavior types were also found to be different; people in North Africa tended to sit more and wear more clothes (56). Furthermore, recreational walking behavior was compared between neighborhoods in 12 countries, and it was found that participants in some European countries tended to walk more often and longer for recreation and reported better environmental perceptions compared with people in Latin American countries that reported lower walking frequency, duration, and some environmental attributes (33). Moreover, the difference in outdoor behavior can also be based on different city density compositions and traditions: walking behavior was tested and reported to be different in Brisbane and Hong Kong. Specifically, older adults reported better access to most destinations and accumulated significantly more minutes of walking, particularly for shorter distances in Hong Kong because of differences in accessibility and city density (25).



Other Factors

Health, social, economic, and educational status were also found to be related to outdoor behavior. In an investigation of hot arid climate zones, researchers found that the upper band of people tends to spend less time outdoors (56). In America education was found to exacerbate the negative effects of adverse weather conditions on the decision to exercise outdoors, while another investigation found that people with higher education levels were more likely to walk and exercise outside, and those of lower socioeconomic status were more affected by outdoor weather (85). In an investigation based on objectively assessed neighborhood characteristics (93), social factors rather than physical capacity and health status were found to influence older adults' total physical activity more strongly. Compared with age and health-related status, education and car ownership were found to be more strongly associated with physical activity and sedentary behavior (93). Furthermore, as the elderly have functional limitations and perceived problems, type of limitation was found to affect people's behaviors. People with both movement and perception or cognition-related functional limitations were less satisfied with the frequency of activity, which may be because of the negative health experience and problems in the pedestrian environment (22).




Background of Built Environment

The location of the studied public open spaces is diverse and can be analyzed based on several aspects: (1) the influence of cities or districts, such as district density (36, 141) and neighborhoods; (2) identified location being investigated, such as parks (9), squares, and other open spaces; (3) other characteristics of locations associated with the research focus, such as investigation of shopping that emphasizes the commercial background (4); and the study focused on seniors' behaviors that highlights old city zones (149).


The Influence of District Density

City density is highly related to people's behavior and needs. Better accessibility and perceived accessibility to destinations, including services and public transportation, are deemed to facilitate an active lifestyle (93). Such an impact is particularly clear for older adults: higher accessibility to most destinations could accumulate significantly more minutes of walking for the elder (25), which may partly explain why older adults living in Chinese and other high-density Asian cities accumulate substantially more physical activity and less sitting time than their Western counterparts (93). The need for infrastructure may also differ owing to density discrepancy. Elderly residents living in suburban areas need to feel secure when accessing close-to-home green spaces, while elderly people living in urban residential areas need more connection to green spaces and frequent physical activity in association with commuting (100). Moreover, people's perceptions can also differ. People living in rural areas are more sensitive to outdoor environmental changes such as seasonality impacts (162) compared with those living in urban areas. Moreover, people living in high-density residential environments require more natural scenery than low-density built forms (129). For the reasons mentioned above, the research conducted slightly differed: more research focused on urban-based public open spaces, including studies of thermal perception and experience (63, 140), restorative processes (38), and health-based investigations (29, 101, 109).



The Influence of Neighborhoods

Neighborhoods are closely associated with daily life. Unlike public open spaces far away from home, they usually link activities with noted purposes. Public open spaces in neighborhoods or residential areas can provide easily accessible places for physical and leisure activities and play an important role for residents with functional limitations. Because of a higher frequency of use and better accessibility for residents, studies based on neighborhoods are highly linked with people's health situations, especially for the elderly.

To study the behavior in neighborhoods, common research contents such as specific constituents (74, 87), outdoor comfort parameters (64) perceived environmental attributes (23, 33), and other aspects were taken into consideration. Utilitarian destinations of neighborhoods such as grocery stores, restaurants, retail stores, and convenience stores, were found to be significantly correlated with walking and physical activities. Housing type, sports facilities, and transportation infrastructure were found to be associated with vigorous physical activity (98). Because of fear of crime freedom has been restricted, preventing residents from engaging in outdoor activities (123). In addition, environmental stressors, including neighborhood incivilities, traffic noise annoyance, and air pollution concerns related to neighborhood aesthetics ratings, were taken into consideration (23).

Closely associated with leisure-time physical activity (81), residents of advantaged neighborhoods reported significantly higher levels of total activity and were less likely to walk for transport (75). Because of the close link with physical activity, people's health is one of the main focuses in neighborhoods. Close-to-home green spaces were spotlighted and proven to elevate the rate of physical activity, which was further linked to self-rated health (100, 110). Among the existing studies, stress mitigation (103), mental health (111), and physiological health including excess weight, obesity (110), and cardiovascular disease (111) were all considered.

Elders were particularly focused on the neighborhood because of functional decline and inactivity. Physical and social environments were considered to affect the elderly's physical activity (79) and were further associated with their ages (104). Among all types of influencing factors, the mean radiant temperature, air temperature, greenery, and outdoor seating were found to correlate with space usage (57). Parks located near homes served as a place that can provide social interaction (122), which was found to have a greater influence on physical activity than physical capacity and health status (93). Moreover, other factors including safety, aesthetics, amenities, cleanliness, comfort, density, urban landscape (21), and the elderly's personal information such as gender, age, education, car ownership, and health-related status (93) were also considered. Neighborhood environments are increasingly salient to the elderly who face multiple personal and social changes that often limit their daily activities to their immediate or nearby surroundings (79).



Squares

Because of the low interference of plants and greenness, the research conditions in squares are relatively simple. Research has mainly focused on changes in specified influencing factors or activity. Plaza users' behaviors, including activity type, attendance, distribution, and activity level; the influence of physical factors, including environmental conditions, shading, temporary design, and thermal comfort (62, 67, 72, 142, 148, 155); subjective perception such as the width of the square, spatial openness, and appearance of materials (140), as well as other influencing factors such as culture and environmental attitude (37), threshold density, and sheltered seating (58) were taken into consideration. In general, square-based studies were less interfered with compared with other types of public open spaces and focused more on the identified behavior without the influence of greenery and health-related factors. Therefore, thermal adaption and general occurrence were more focused on and studied in public open squares.



Parks

Because of their close link with leisure, recreation, and physical activity (52), parks are the most frequently studied form of public outdoor space (19, 60, 65, 130). Based on a wide range of park-based investigations, types of behavior, influencing factors, and diverse background locations, including neighborhoods, residential areas, hospitals, and city centers, have been studied (92, 145). The accessibility of parks has been highlighted in existing research: visitors to nearby, medium-distance, and distant parks vary significantly in terms of park visit frequency, travel mode, time spent in parks, and type of activity (133). The maximum number of park visits dropped exponentially as the travel distance to parks increased (133) while perceived accessibility was found to have an even stronger explanatory power (135).

Park use was significantly higher among dog walkers, couples living with children, and those living in the least disadvantaged areas (107) and was highly associated with physical activity and leisure activity (106, 153). Park users were found to be more active than non-users in all forms of physical activity except for transport walking (101), and were more likely to meet the physical activity guidelines than those who indicated that they did not regularly use a park (107). Among all age groups, the elderly's use of parks has been focused on (86). Seniors visited urban parks frequently and spent more than half of their visit time engaging in moderate to vigorous physical activity, especially for males younger than 70 years old and in good health condition (83). Regarding the promotion of activities, park usage was found to mitigate stress by fostering social support (103) and benefits in terms of relaxation, self-perceived confidence, and mental health (101), which were further associated with environmental, social, and psychological health benefits (108).

Particularly, the characteristics, components, and conditions of parks were found to be influential. Physical activities conducted were found to differ by park type. Linear parks were found to provide the greatest overall physical benefit, while other park types provide nonphysical community benefits (108). The size of the park was also found to be positively associated with physical activity participation. Users of larger-sized parks were found to spend more time doing vigorous activities (107) although pocket parks, when perceived as attractive and safe destinations, were also found to increase physical activity by encouraging families with children to walk there (82). Among all types of components, greenness was found to be especially important. The density and quality of greenery can affect people's sensation and satisfaction, which further impacts usage patterns (129, 161). Moreover, the feeling of nature was found to be related to the usage frequency and activity conducted (70). Different parts and components of parks, such as trails, fitness stations, secure areas, lawns, sports fields, and playgrounds, were found to be preferred by different age groups, related to types of activities, and play different roles (78, 83). Moreover, the attendance and use of parks were found to be influenced by thermal conditions (60, 63, 139).



Other Open Spaces

Besides the aforementioned sites, existing research has focused on other types of built environments. Among them, places frequently used in daily lives such as nursing homes (144), workplaces (147), preschool centers (90, 158), schools (3), and campuses (113); places with aesthetic values or specific meanings in urban lives such as riverbanks, water features, coastal and marine areas (114, 146, 154); and places used by mixed groups of people such as urban transit areas (32) have been emphasized and studied. To compare the discrepancies among sites, some studies investigated more than one type of built environment (36).

Places renovated have been shown in several studies. Behavior changed after design interventions in urban brownfield (151) and playground (157). Previous living experiences, established social networks, and people's needs were found to play important roles in the renovation of elderly community urban districts (122).




Environmental Constituent

Environmental constituents, which are highly associated with environmental perception and evaluation, have been the focus of research because of their significant impact on outdoor behavior. Among all the types of environmental components, greenery, facilities, and shading were the most frequently studied.


Greenery

Greenery's impact has been mentioned from two perspectives: the constituents of vegetation and the overall influence of urban green space (132), which refers to accessible open spaces with a high degree of vegetation cover (132). Closely related to usage rate, activity pattern, and preference, and indirectly linked with health impacts (42, 73), greenery has been studied in relation to types of behaviors and diverse user groups (77, 87, 95).

Greenery has a direct effect on people's behavior. Typically, such influence is put into effect through changes in people's perceptions, including thermal comfort, preferences, and psychological feelings. The level of space enclosure and greenery density were found to be significantly associated with outdoor microclimate conditions and use behaviors, including visit patterns, sensations, and healing evaluations in dense urban contexts (129). This difference in greenery can influence people's choices, satisfaction levels, and overall perceptions and activities.

The constituents of greenery were found to be associated with diverse behavioral impacts. Overall attributes, including perceived culture, serenity, lushness, plant richness, distribution, density, vegetation quality, design, and maintenance were found to have a significant effect on environmental evaluation (73, 74, 117, 159). Different types of greenery, such as tree canopy and open grass, were found to have different impacts on physical activity intensity (81), and the green coverage ratio and diversity of shrubs were found to be positively related to diverse types of physical activity (89). Additionally, to study outdoor preferences, restorative constituents in urban parks were compared for people who were fatigued and looking for a place to rest. Greenery, such as grass and trees, was found to be more important than decorative components, such as flowers and water features, in attracting respondents (38).

Overall, greenery exposure was found to be positively related to outdoor physical activity (7, 102) and further linked to health impacts. The quality of urban green spaces, self-reported frequency, duration of physical activity, stress, mental health, and physical health were examined (109) and such associations were highly linked to the location of greenness. Meanwhile, the accessibility of green spaces has been emphasized in many studies (110) although it is not a limiting factor for most people (131), and a large number of studies have focused on near-home greenness in residential areas or neighborhoods (29, 40, 74, 81, 100, 103, 110, 111). By comparison, few studies have focused on other areas, such as independent greenness, without the location description (112, 156). In general, physical health, including cardiovascular disease (111) and obesity (110); mental health, including the restoration process (39, 112); stress mitigation (40, 103); positive emotion (112), and other psychological influences (29, 111, 156) were found to be related.



Shelters and Shaded Areas

Shaded areas are one of the top influencing factors in people's outdoor space usage (145) and adaption behavior (60). Seasons, climate zones, temperature, and other thermal parameters were frequently mentioned as preconditions in these studies because of the close connection between the preferences for shaded areas and thermal comfort.

People's behavior is highly linked to seasonal thermal changes. In unshaded areas within parks, the number of visitors increases following rising thermal conditions during cool seasons, whereas the number of visitors decreases during hot seasons (60). During the heat stress period, the tree canopy, shaded areas, and water features were found to be the most attractive for outdoor participants (71). In a study based on renovation, shaded shelters and vegetation cover were added in a playground and had a huge impact on people's behavior. More occupants were attracted in summertime; people stayed longer, reported less heat stress, and interacted with each other more often (157). People's preferences also changed in other seasons. During summer, visitors preferred to sit in shaded areas; during autumn and winter, sunlit areas were more popular (61). However, such rules cannot be applied arbitrarily in all situations. The overall attendance and the regional climate need to be taken into consideration. For example, the number of visitors to shaded areas increased with rising thermal conditions in both cool and hot seasons in hot and humid areas (60).

Extreme weather conditions have also been highlighted in some cases. Attendance at the exposed site was found at half of the tree-shaded sites because of the shorter thermally acceptable time in humid-subtropical Hong Kong (66). Under similar climatic conditions, people in Taiwan preferred outdoors shelters (72) and tended to engage in static activities in environments with sufficient shade. Shaded areas were found to be conducive to static activities as the summer became hotter (62).



Other Facilities

As one of the most common components of outdoor spaces, seats are frequently used, such as in large-scale public open spaces. Regular and auxiliary seats accounted for more than half of the stay-in activities and nearly one-third of all activities (150). Therefore, the usage, features, and preferences of seats have been investigated (59). Among all studies conducted, elderly have been highlighted. The importance, as well as the number and quality, of seats were found to affect the elderly's usage, preference, and activity (57, 121, 149).

Large-scale sports and living facilities, such as outdoor fitness equipment, gym equipment, coffee shops, and public toilets, as well as walking paths, water features, wildlife, amenities, and dog-related facilities (52, 55, 117, 148, 150) can affect space usage. In public spaces, the facilities and locations that were reported as frequently used differed with the facilities that people preferred and associated with well-being (136). The influence of facilities by user group has been emphasized in some studies. For example, although restricted to male adults, the installation of fitness equipment and sports courts was found to provide opportunities to engage in physical activity (91). In addition to gender differences, age groups were distinct in most investigations. Facilities were highly associated with children's outdoor physical activity intensity. Regarding park usage, children were found to be attracted to parks with sports facilities, playground equipment, toilets, drinking fountains, BBQ facilities, large lawns, and landscaping (86, 96). In schoolyards and preschool centers, facilities were found to affect children's physical intensity strongly (158). Different types of behavior settings, including pathways, play structures, and open areas, can affect children's physical activity level. Moreover, facilities with different attributes, including circular vs. straight pathways; open areas with different ground surfaces; asphalt, compacted soil, woodchips, and sand were also found to play different roles (90). For adolescents, playing sports, meeting in groups, and socializing were found to be the most frequently conducted activities (86), and not only physical activity but also social interactions have been highlighted. Grassy open spaces were important for all activities (127) while facilities including sports courts, fitness equipment, walking and cycling paths, playgrounds, and green open spaces were found to be associated with physical activity. Facilities including barbecue and picnic areas, sports features, seating, shade, and cafés were found to be well associated with social activity (94, 127). By contrast, seniors were found to prefer pathways, paved open spaces, and other natural areas, although they are all less likely to be linked to light or moderately vigorous instantaneous activity (83).




Climate-Based Environment

Unlike indoor behavior, which is less affected by the overall environment and climate, outdoor behaviors are highly associated with climate situations, among which both objective and subjective influencing processes should be considered. Based on the same outdoor conditions, people's thermal feelings can differ due to individual, physical, social, and psychological differences (37, 57, 68, 119, 143). Psychological impacts of one's perception of environmental features were found to affect thermal comfort and acceptability. For example, thermal comfort in summer can be improved if more trees, water ponds, or shade provisions are perceived to be present in parks (31). Objective parameters, including thermal environment, thermal-related parameters, thermal comfort, and other factors such as air quality, acoustic environment, and other climate-based factors were highly associated with environmental assessments, place perceptions, types of behavior, and place-related attendance (36, 60, 85, 138). These factors were also found to influence the functions of places such as parks and squares (139), particular settings (84), and environmental constituents such as shading (67). And seasonal-based change, microclimate influence, and specific parameters are the most frequently studied influencing factors.


Seasonal Changes

Outdoor behavior differs according to seasonal changes, especially in summer and winter (142, 163). Outdoor parameters were closely associated with the season and further linked to people's behavior. For example, during cool seasons, a positive correlation was found among the air temperature, mean radiant temperature, and physiologically equivalent temperature of shaded areas and the number of visitors. During hot seasons, temperatures that reflected solar radiation conditions were found to be negatively correlated with the number of visitors in hot-humid regions (72, 141).

Seasonal influences were associated with the choice of positions. During summer, visitors preferred to sit in shaded areas and adapted their park use behavior by coming later in the evening (70), whereas during autumn and winter, sunlit areas were more popular (61). People's leisure patterns and heat tolerance were also found to change during cool and hot seasons (62). In the investigation of exercise habits, people delayed exercise both in summer and winter, and individuals that listed rain as the predominant adverse weather condition had higher odds of exercising indoors and higher odds of delaying exercise compared with those mentioning heat as the predominant adverse condition. Individuals for whom ice or snow was an adverse winter weather condition were more likely to delay exercise than those who were concerned with the cold weather (85). The usage pattern in outdoor spaces was also found to differ in an educational precinct, and seasonal changes were found to coincide with the type of visitors, frequency of visits, length of stay, category of activities, thermal adaptive measures, and the number of people attending outdoor spaces. Among the seasons studied, the number of people attending the study site was more evidently correlated to micrometeorological conditions in autumn than that in the other two seasons because of the occurrence of cool to cold windy weather conditions (69). Aside from the students, such differences also occurred in the elderly, and the factors influencing the elderly's thermal perceptions varied in the winter and summer. A significant association between thermal acceptability and satisfaction was found with open space (119).



Microclimate or Specific Outdoor Thermal Parameters

The correlations between space usage and microclimate indicators such as shade, air temperature, solar radiation, wind speed, and relative humidity have been widely studied (36, 61, 129, 143). Outdoor place–human relationships, including weather parameters (air temperature, wind, and cloudlessness) and personal factors, have been reported to have a significant impact on participants' perceptual and emotional estimations. Among these factors, solar radiation was found to affect the outdoor activity choices of citizens significantly. A significant correlation was found between space utilization and solar radiation conditions, with fewer people visiting the park during summer (141) or experiencing outdoor heat stress (71). In addition to sunlight, thermal conditions have also been associated with overall attendance (130). In some cases, temperature was found to be the most powerful factor influencing space use. This demonstrated that people presented in an open urban space are the most subjected to the air temperature they are exposed to (142). Although great variation in the level of use among spaces cannot be explained solely in terms of microclimatic differences, the use of spaces varies chiefly as a function of microclimate (155). The number of counted park users, particularly children and elderly people, significantly declined at the highest temperature of approximately 30°C (86). The type of temperature was highly linked to behavior. Specifically, a strong link was found between cycling and cold temperature, and between kayaking, and hot temperature (19). To obtain a more comprehensive overview of the outdoor microclimate, some parameters such as UTCI (Universal Thermal Climate Index) and PET (Physiological Equivalent Temperature) were used. Steady-state models, such as the PMV (Predicted Mean Vote) index, may not be appropriate for the assessment of short-term outdoor thermal comfort, mainly because they are unable to analyse transient exposure (63). UTCI was chosen in many studies and was found to affect respondents' feelings, attendance, and choice significantly (11, 66, 128). Moreover, such behavioral responses to the thermal environment were found to differ by gender, age, and types of activities (157). Similar to UTCI, PET has also been used to define outdoor thermal comfort in many studies (34, 141, 142). A PET within a comfortable range was chosen to define thermal comfort conditions, which were further used as a steady background to study participants' thermal, emotional, and perceptual assessments (34).



Other Climate-Related Factors

Air conditions are one of the basic influencing factors of outdoor behavior. Air pollution has been found to be highly linked to special kinds of behaviors (19) and is mentioned as one of the environmental stressors proven to influence individual emotional reactions (29). Moreover, auditory and visual elements were also found to influence individual emotional reactions (24, 29, 32).




Other Influencing Factors

Access to green spaces, parks, and identified facilities has been highlighted in many outdoor behavior-related studies. Among them, accessibility and perceived accessibility were both measured and considered to have high similarity, although perceived accessibility was found to have stronger explanatory and predictive power in some cases (135). Investigations based on accessibility and perceived accessibility were mostly focused on the distance between recreational elements and places, such as parks and green spaces, and were highly linked to people's physical activity, leisure activity, and recreational walking. Perceived accessibility and people's demand had the highest impact on park usage (135). In neighborhoods, only the number of parks within 500 m was found to be associated with physical activity (101) although they were mostly not used by almost half of respondents. Whether respondents used their nearest green space depends primarily on area size, distance to the area, and factors that suggest reduced mobility, such as old age, young children, and poor health (132). Increasing accessibility can help in achieving physical activity recommendations, reduce the possibility of being overweight and obese (110), and restore visitors' moods and energy levels. Interaction with nature was found to bring mental health benefits in terms of relaxation and self-perceived confidence (101).

People were also regarded as influential factors. Large-scale populations, population structure, diversification of rural production and labor patterns, and rural leisure lifestyles were found to influence people's behaviors and routines (163). Perceptions of positive social relationships were associated with greater involvement in leisure activities and with better health, especially in the elderly (118). The effect of privatization of public open spaces on the quality of life of people was investigated, with many studies showing degradation of public spaces' openness to the public as a result of privatization (120). In a study of plaza user behavior, certain social behaviors, such as the impact of smokers and crowding, were examined. Surprisingly, smoking was found to have no effect on the distribution of users and activities. People can accept slightly higher levels of crowding in their preferred condition when environmental conditions are limited. When the threshold density of people was reached, users opted for less ideal conditions, moving into the preferred condition when space became available (58).

Other factors were also investigated. Time's influence has been noted in some studies, such as behavior and activities at night time (116, 125, 126). Constructions, especially perceived neighborhood environmental factors such as street pattern and connectivity, residential density, and land-use mix were found to be curvilinearly associated with walking for recreation (33).




DISCUSSION


Outdoor Health Impact

Outdoor activity is considered an intermediate factor between the outdoor built environment and health effects.


Associated Behavior

In public open spaces, behaviors such as visit pattern, duration, and sensation were found to be associated with health impact and healing evaluation (129).

Outdoor exposure was found associated with emotion elevation and individual recovery process (112). Air pollution, trash, traffic-related noise considered as environmental stressors (29) and the influence of green spaces were frequently considered in relate studies.

The impact of physical activity in outdoor public spaces has also been highlighted. The World Health Organization has pointed out that every move counts toward better health (164). In green spaces, the health benefits of walking were found to be better than those of sitting (156). The frequency and duration of physical activity were found to be linked with the health situation, including physiological health, such as being overweight or obese (110), and mental health, including restoration, energy levels, relaxation, and self-perceived confidence (101).

In addition, social support and interferences in neighborhoods or open spaces were also mentioned (103) to be associated with stress and health benefits.



Associated Factors

The health impacts of greenery have also been emphasized (42, 117). Among them, the density of green spaces is crucial (129). Because of the promotion of physical activity, greener neighborhoods were found to be positively related to physiological health (111). Furthermore, tree density was found to be helpful for the stress recovery process (40). When specific behavior was matched with the appropriate greenery of per capita area, walking in a high per capita area and sitting in a low per capita area were found to have the most beneficial effects with regard to reducing stress, improving mood, and matching the participants' preferences for urban green spaces (156). Moreover, studies on the quality of greenery also examined stress mitigation, levels of well-being, place attachment, and people's attention (29, 39, 109). Moreover, discrepancies can also result from the greenness component and structural difference. Defined as structural components, grass and trees, compared with decorative components, were more valued by people who were fatigued (38).

Neighborhood greenness was spotlighted because of higher exposure rates in people's daily lives. Neighborhood parks were found to promote physical activity directly and mitigate stress indirectly via spaces' positive impact on social support (103). The frequency of green space usage was found to decline with increasing accessibility, and respondents living closer to green space were found to be more likely to achieve physical activity recommendations and less likely to be overweight or obese (110). As a result, the greenest neighborhoods were found to have the lowest risks of poor mental health, and cardiovascular disease risk was reduced in all neighborhoods with more than 15% green space availability (111). In addition, the quality of neighborhood green space was found to be crucial. The index score of area-aggregated perceived green neighborhood qualities, including five distinct characteristics of the green neighborhood environment, namely, cultural, serene, lush, spacious, and wild, was proposed and applied, and turned out to have an impact on general health, mediated by physical activity and neighborhood satisfaction (74).




Scope of Study During COVID-19 Pandemic

Since the outbreak of COVID-19, diversified measures have been adopted to reduce the spread of the virus. Among them, lockdowns, social distance limitations, and public space shutters can significantly affect people's daily lives. Strategies of healthy urban planning and design have been ever more important (165, 166). People's needs, behavior types, and activity patterns in public open spaces were changed correspondingly.

People's physical activity, outdoor leisure activity, and the need for social activity have changed greatly because of the pandemic, and opportunities to adapt to the pandemic conditions differ greatly. For respondents that shifted to working remotely and changed their daily routines, such conditions have led to spending time outdoors more often and for some, spending less time, while others have avoided recreation in crowded areas because of social distancing (167). In particular, the overall volume of physical and social activity decreased greatly, and patterns of specific behavior, such as walking speed, step length, and the number of steps, were found to differ (168). In contrast to the decrease in overall physical and social activities, leisure and recreation activities associated with outdoor space usage increased. Nearly half of the respondents increased outdoor recreation and the majority of outdoor recreation sites were visited more often or as often as before the pandemic (167). Compared with activity levels in 2020 relative to the weather benchmark as a baseline, recreational activity was found to increase greatly by 240% during lockdowns (169). Site preferences also changed accordingly. Among all city land-use zones, a shift was observed in Norway—away from residential and commercial zones toward city green spaces, including forests and protected areas during lockdowns. Moreover, cultural landscapes and protected areas received disproportionately high activity levels relative to the length of recreational trails available within them (169). Regarding specific space usage, spatial analysis in Finland revealed that the most frequently visited recreation sites were near forests, semi-natural areas, and housing areas, as well as places relatively close to the respondents' residences (167). Such impacts were also found to differ according to socio-demographic and urbanization characteristics (170). Among children and adolescents, youth were found to be more affected and worried during the pandemic, and nearly half of the surveyed children and youth reported that changes in their emotional state may contribute to lower subjective well-being (171) although they were more physically active (169). For elders, physical exercise and places closer to home were found to be especially important (172).

To mitigate behavioral changes caused by COVID-19 and promote physical and psychological health, factors associated with physical activity engagement, social interaction, and perception during outdoor leisure should be further investigated (see Figure 8). Closely associated with public health after the outbreak of COVID-19 (173), the influence of activity-supportive infrastructures such as greenery (102, 174), subjective feeling, and well-being (167, 171) should be examined in more detail. Activities in parks, neighborhoods, and those influenced by facilities should be emphasized. Specific groups' behavioral patterns and needs should receive more attention, among which the influence of age and gender should be considered. Furthermore, although other influencing factors were less related to the physical, leisure, and social attributes of outdoor behavior, their impact in the post-COVID-19 period should not be neglected because of the significant impact of outdoor usage and people's overall occurrence.


[image: Figure 8]
FIGURE 8. Behavior study in post-pandemic period.





CONCLUSION

This article is a systematic review focus on behavior-based studies in public open spaces. Followed the method of PRISMA, 109 related research articles were identified. Based on these studies, objective influencing factors' impact were categorized, analyzed, and identified. In specific, distribution of identified papers was first introduced in Section Overview of Identified Papers. Types of behavior being studied, interactions between objective influencing factors and subjective feedbacks were introduced separately. In Section Effects of Objective Influencing Factors, influencing factors' impact were identified. Four types of influencing factors including site location and components, climate-based stimuli, as well as people's background information have been emphasized. Then, health impacts of people's behavior were emphasized, and the research focus in the post-COVID-19 period was further discussed in Section Environmental Constituent.

Several points were highlighted in this research: (1) a relatively complete picture of outdoor influencing factors was proposed; (2) the impacts of factors mainly including the effects of people's background, location and context, environmental components, and environmental stimuli were specified; (3) the distribution of existing papers was analyzed, associations were emphasized, and less studied interactions were distinguished; (4) and research focus after the outbreak of COVID-19 was further discussed.

Moving forward, several points should be considered in future behavior-based investigations: (1) the diverse influencing factors' impact should be more systematically considered in outdoor environments; (2) according to the behavior–factor distribution in existing research, some interactions that are less studied should be considered; (3) factors identified to be associated with outdoor physical, leisure, and social activity promotion and contributing to health benefits should be given more attention in the post-COVID-19 period.

Overall, this paper has provided a relatively systematic review of objective influencing factors frequently studied in existing research. We hope that this paper will benefit design of outdoor built environment and provide a more systematic and complete basis for subsequent behavior-based investigations.

Though most frequently studied influencing factors were extracted and mentioned in this paper, to get a comprehensive understanding of outdoor behavior, further investigation is still needed. As most studies reviewed in this paper were concentrated in regions with better research competence, people's behavior in less developed areas have gained less attention. In addition, subjective factors' impact, such as safety and aesthetics are also highly associated with people's feelings, evaluation, and environmental perception. Such impacts were neglected in this paper while they were also proved to have great impacts of outdoor behavior.
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Vaccination is essential to controlling the pandemic of coronavirus disease 2019 (COVID-19). People living with HIV (PLWH) were considered more vulnerable to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection compared with the general population. Therefore, it is urgent to protect PLWH from SARS-CoV-2 infection. For PLWH, vaccine hesitancy could be more common and may compromise vaccine coverage. Our study aimed to investigate the willingness to receive the COVID-19 vaccination among PLWH and associated factors. A cross-sectional online survey was performed among PLWH and the general population from 4 April to 18 April 2021 in Wuhan, China. The multivariable logistic regression was used to analyze associated factors for COVID-19 vaccination willingness among PLWH. A total of 556 PLWH and 570 individuals from the general population were enrolled. The COVID-19 vaccine willingness among PLWH was 60.8%, which was relatively lower than that in the general population (80.9%) (P < 0.001). The results of multivariable analysis indicated that PLWH with comorbidities (OR = 2.07, 95% CI: 1.25–3.45), those who had idea about PLWH would be more serious if they were infected with SARS-CoV-2 (OR = 1.67, 95% CI: 1.11–2.51) and those who thought their antiretroviral therapy (ART) would be affected by COVID-19 epidemic (OR = 2.04, 95% CI: 1.22–3.42) had higher willingness to receive COVID-19 vaccination. PLWH who had a monthly income over 5,000 RMB (OR = 0.64, 95% CI: 0.45–0.92) and had a sex orientation as non-homosexual (OR = 0.67, 95% CI: 0.47–0.96) were associated with lower willingness for COVID-19 vaccination. Our findings showed that the PLWH had a lower willingness for COVID-19 vaccination compared with the general population in Wuhan. Targeted interventions such as health education should be conducted to increase the willingness for COVID-19 vaccination among PLWH, thus enhancing COVID-19 vaccine uptake among PLWH.

Keywords: COVID-19 vaccination, willingness, PLWH, general population, Wuhan


INTRODUCTION

The coronavirus disease 2019 (COVID-19), which spread rapidly worldwide to become a global pandemic resulting to more than 424 million infections and 5.8 million deaths up to 22nd Feb 2022 (1). COVID-19 bring more challenges for people living with HIV (PLWH), studies have shown that PLWH were more likely to be infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (2) and had poorer outcomes (3, 4) compared with HIV-uninfected individuals. In addition to the physical impact, the COVID-19 pandemic also affected the emotional and social wellbeing of PLWH, which brought more obstacles for the health care and the access to antiretroviral therapy (ART) (5). So, extensive public health measures should be implemented to reduce further transmission of SARS-CoV-2, especially for vulnerable populations including PLWH.

Vaccination would be one of the most important measures for controlling the epidemic of COVID-19. With the global popularity of the COVID-19 vaccination, evidence has shown that the COVID-19 vaccines could reduce the morbidity and mortality of the disease effectively (6). Simulation experiments showed that 75% coverage of vaccination could control the COVID-19 pandemic without any other control measures when vaccine efficacy was 80% (7). A number of studies observed a comparable immune response and safety between PLWH and HIV-negative individuals in response to messenger RNA (mRNA) and adenovirus vector COVID-19 vaccines (8, 9). Similar results were also found in inactivated COVID-19 vaccine (10). Our former study also showed no serious adverse events for COVID-19 vaccination were observed among PLWH in China (11). Above evidence had proved that PLWH could benefit from COVID-19 vaccination. However, vaccine hesitancy which could be common, especially in some particular groups including PLWH, which may compromise the coverage of vaccination (12). Therefore, it is crucial to understand the willingness to receive COVID-19 vaccination and related factors among PLWH. Two published studies investigated COVID-19 vaccine willingness among PLWH in the United States (13) and France (14) showed that around 70% participants were willing to receive COVID-19 vaccination. A survey in eight cities (not including Wuhan) of China reported 57.2% PLWH have willingness to COVID-19 vaccination (15).

In China, the COVID-19 pandemic had been well-controlled (16, 17), several factors (18) including high population density and general susceptibility makes the vast majority of Wuhan's residents with no immunity against SARS-CoV-2 and at continued risk of infection. For preventing the potential re-emergence of COVID-19, the Chinese government is also trying to promote the coverage of COVID-19 vaccination, especially for particular groups including PLWH. In the central Chinese city of Wuhan, where the first outbreak of COVID-19 occurred, the COVID-19 vaccination willingness and associated factors among PLWH is unclear. This study aimed to investigate the willingness to receive the COVID-19 vaccine and associated factors among PLWH.



MATERIALS AND METHODS


Study Design and Participants

This cross-sectional study was performed from 4 April to 18 April 2021 among PLWH and individuals from the general population by distributing an online structural questionnaire via an investigation platform named Wenjuanxing (www.wjx.cn). PLWH managed by the Wuchang district center for disease control and prevention (CDC) were eligible for recruitment. Individuals from the general population were recruited from the physical examination center in Zhongnan Hospital of Wuhan University. HIV infection was excluded by HIV antibody screening. A link to access an online self-administered questionnaire was sent to the consented participants. All the participants were ≥18 years old.



Questionnaire and Measures

The questionnaire consists of four sections: (1) sociodemographic information including age, gender, education, occupation, marital status, monthly income; (2) the perception of susceptibility and severity; (3) health status characteristics including comorbidities, history of COVID-19 for themselves or their family members/friends, and other vaccine experiences in the last 3 years; (4) willingness to receive COVID-19 vaccination and reasons for willingness or unwillingness to receive the vaccination.

For PLWH, they were also asked if their ART was affected by the COVID-19 epidemic. And other information including gender identification, sexual orientation, sexual orientation disclosure, ART, HIV viral load, the last CD4 count were collected via the Acquired Immune Deficiency Syndrome (AIDS) Comprehensive Prevention and Control Data Information Management System of the Chinese Center for Disease Control and Prevention (CDC).



Statistical Analysis

Normal distribution of continuous variables was expressed as mean ± standard deviation and tested by the student's t-test or variance analysis, while the continuous variables with abnormal distribution were presented as median (interquartile range) and tested by the Wilcoxon rank-sum test. Categorical variables were expressed as n (%) and compared by the chi-square test or Wilcoxon rank-sum test. A binary logistic regression model was adopted to test the association of sociodemographic characteristics, health status characteristics, the perception of COVID-19 susceptibility and severity and other variables with the willingness to receive COVID-19 vaccination (dichotomous variable, we defined “Yes = 1” and “No = 0”) among PLWH. The associations between the potential associated factors and willingness to receive the COVID-19 vaccine were presented as odds ratios (ORs) and 95% confidence intervals (CIs). A two-tailed p-value < 0.05 was considered statistically significant. SPSS version 26 (IBM Corp., Armonk, NY) was used in the data analysis.




RESULTS


Characteristics of Study Participants

In total, 556 PLWH and 570 individuals from the general population were enrolled in this study. Of PLWH, the age (mean ± SD) was 37.59 ±11.45years, 92.6% (515/556) were male, 71.0% (395/556) were unmarried, 13.5% (75/556) had comorbidities (hypertension, diabetes, etc.). About one-half (52.2%, 290/556) of the PLWH self-reported a sexual orientation as homosexual, 39.9% (222/556) had the last CD4+ T lymphocyte count (CD4 count) higher than 500/μL, 96.0% were receiving ART, 73.7% were virally suppressed. Besides, more than four-fifths of the participants ever disclosed (35.6%, 198/556) their sexual orientation to others. The PLWH were younger than the general population group (P = 0.001), they were also predominantly male (P < 0.001) and had more comorbidities than the general population group (P = 0.002). The differences between the two groups in the marital status, education level, occupation, and monthly income were also statistically significant (P < 0.05) (Table 1).


Table 1. Descriptive characteristics of all participants in Wuhan, China, 2021 (N = 1,126).
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Willingness for Receiving the COVID-19 Vaccination Among PLWH

COVID-19 vaccination willingness among PLWH was 65.5%, which was lower than that in the general population group (80.9%). After adjusting the confounding factors (such as age, gender, marital status, educational level, monthly income and comorbidities) with multivariable logistic regression analysis, this difference still existed (P < 0.001) (Supplementary Table 1 and Figure 1).


[image: Figure 1]
FIGURE 1. COVID-19 vaccination willingness among PLWH (60.8%) is significantly lower than the general population (80.9%), P < 0.001, multivariable logistic regression model was used.




Factors Associated With Willingness to Receive COVID-19 Vaccination Among PLWH

The results of the logistic regression analyses are shown in Table 2. The PLWH with comorbidities (OR = 2.07, 95% CI: 1.25–3.45), those who thought PLWH would be more serious if they were infected with SARS-CoV-2 (OR = 1.67, 95% CI: 1.11–2.51), and those who thought their ART affected by COVID-19 (OR = 2.041, 95% CI: 1.22–3.42) had higher willingness to receive COVID-19 vaccination. The PLWH who had a monthly income over 5,000 RMB (OR = 0.64, 95% CI: 0.45–0.92) and had a sex orientation as non-homosexual (OR = 0.67, 95% CI: 0.47–0.96) were associated with lower willingness to receive COVID-19 vaccination (Table 2).


Table 2. Univariate analysis and multivariable logistic regression on factors associated with COVID-19 vaccination willingness among PLWH in Wuhan, China (N = 556).
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Reasons for Willingness or Unwillingness to Receive the COVID-19 Vaccination Among PLWH

There was a total of 364 PLWH willing to receive the COVID-19 vaccination. The top stated reasons were vaccination being a civic duty (68.6%), vaccines being effective (63.3%), and vaccines being safe (46.8%). This was followed by the convenience to take the vaccine (27.5%), recommended by people around (25.2%), free of charge (22.8%), and occupational requirement (9.8%) (Table 3).


Table 3. Reasons for willingness or unwillingness to receive COVID-19 vaccination among PLWH in Wuhan, China (N = 556).

[image: Table 3]

On the other hand, there were 192 PLWH unwilling to receive the COVID-19 vaccination. The top two reasons were that they were concerned that the vaccination would affect their ART (75.2%) and the concern about the potential side effects of the vaccine (39.0%). This was followed by the fear of information leakage (33.6%). Further, 28.9% of PLWH thought that COVID-19 vaccine might not be safe and 24.3% thought that COVID-19 vaccine might not be effective (Figure 2).


[image: Figure 2]
FIGURE 2. Proportion of reasons for willingness and unwillingness to receive COVID-19 vaccination among PLWH.





DISCUSSION

The central Chinese city of Wuhan, where the first outbreak of COVID-19, had been locked down for more than 2.5 months (19–22). The epidemic has significantly impacted people's emotional and social wellbeing for all populations and has brought more obstacles for the health care and the access to ART among PLWH. Vaccination would be one of the most important measures for controlling the epidemic, so it is essential to understanding the COVID-19 vaccination willingness among PLWH in Wuhan.

We found that PLWH had a low willingness to receive COVID-19 vaccination (65.5%), which is significantly lower than that in the general population in Wuhan, China (80.9%). This level was lower than that of PLWH in France (14) and the United States (13) as well as the general population in most parts of the world (23) and China (24, 25). But it was higher than that of PLWH from a nationwide survey in China (15) and also higher than that in south India (26). The comparison between the data from these two groups suggested that there was a more serious phenomenon of vaccine hesitancy among PLWH. Since there is a gap between willingness and actual uptake, COVID-19 vaccination coverage would be even lower without effective interventions (27). These findings indicated that it is urgent to implement more comprehensive and targeted interventions so as to promote COVID-19 vaccination among PLWH. We also found the majority of general population in Wuhan were willing to receive COVID-19 vaccination (80.9%), which was slightly lower than the willingness to receive COVID-19 vaccination among the public population in a nationwide survey in China (28), but higher than that observed in seven European countries (73.9%) (29). This result may reflect the strong demand for COVID-19 vaccination in the general population in Wuhan.

The results of multivariable logistic regression analyses showed that PLWH with comorbidities had higher COVID-19 vaccination willingness, similar results were found for other vaccines such as influenza (30). PLWH with comorbidities potentially had been already engaged in preventative practices. They had an appreciation for the benefits of preventative healthcare; therefore, they are more willing to vaccinate against a preventable illness. According to our result, vaccine education efforts should address vaccine complacency, particularly among PLWH without comorbidities.

Our study also suggested that PLWH who had idea that they would be more serious if they were infected with SARS-CoV-2 reported higher willingness. Studies have shown that perceived severity were positively correlated with the acceptability and uptake of vaccines, which is consistent with previous studies (31, 32). Past interventions that have included components targeting such perceptions have been successful in improving knowledge, attitudes/beliefs, and uptake of other vaccines (33, 34). The results indicated that interventions targeted at modifying such health beliefs about COVID-19 may lead to improved vaccination rates.

In addition, the results showed that PLWH with a monthly income of ≥5,000 RMB reported lower COVID-19 vaccination willingness, which is consistent with other studies (35) and they may think they will have more favorable living conditions to prevent COVID-19 infection. It suggested that communication and education strategies on vaccines should pay more attention for PLWH with higher income.

The main reasons for unwillingness to receive the COVID-19 vaccination among PLWH are concerns that ART would affect COVID-19 vaccination, the potential side effects, the safety and efficacy of the COVID-19 vaccines, which is consistent with various studies (36). According to the recommendation from the United Nations AIDS program (UNAIDS), the COVID-19 vaccine is safe for PLWH and could bring the same benefits as they bring to all individuals and communities, the COVID-19 vaccination should be recommended for PLWH regardless of their CD4 count and HIV viral load levels or even given priority to them (37). The national technical guideline for COVID-19 vaccination in China encourages PLWH to take up inactivated vaccines or recombinant subunit vaccines (38). Several studies have reported that the PLWH has a comparable immune response to COVID-19 vaccines and there are no serious adverse events after COVID-19 vaccination (11, 39). It is essential to design and develop health education programs to improve their perceptions and confidence in COVID-19 vaccines to improve COVID-19 vaccination coverage.

Some limitations should be mentioned. First, selection bias existed due to the potential limitation of enrollment methods and the generalizability of the results from this study should be done with caution. Second, this was a questionnaire-based cross-sectional survey, thus suffering from the inherent weaknesses of this type of study, such as recall bias. Third, this study focuses only on willingness to receive the COVID-19 vaccination among PLWH, however, a willingness to be vaccinated does not necessarily lead to the actual practice of vaccination. Further study is warranted to explore the vaccination situation of PLWH who are willing to receive the COVID-19 vaccine. In addition, the willingness to receive the COVID-19 vaccine would change as people's thoughts, decisions, and perceptions could change rapidly over time, a more comprehensive study at a different time will be conducted to compare with the results of this study next.

In conclusion, our study showed that PLWH in Wuhan reported a relatively low willingness to receive COVID-19 vaccination compared to the general population. PLWH with comorbidities, those who had idea that they would be more serious if they were infected with COVID-19 reported higher COVID-19 vaccination willingness, while PLWH with a monthly income of >5,000 RMB reported lower willingness. Targeted interventions such as enhancing health education should be conducted to enhance COVID-19 vaccine uptake among PLWH.
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To better comprehend the relationship between the environment and walking, this study developed a conceptual framework that explained the association between the street environment and the route choice behavior of pedestrians. We collected the route choice data of 219 residents of the Chunliu community in Dalian and used a conditional Logit model to analyze the factors influencing route choice behavior to explain how the street environment affected pedestrians' walking habits and induced them to choose longer or more complicated routes for their activities. We found that sidewalk and driveway width, garbage bins, green spaces, the characteristics of street walls, the proportion of facilities could influence pedestrians' walking habits and compel them to choose longer and more complex routes. This study would provide new insights into walking characteristics and offer policy recommendations to the government on improving the street environment.
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INTRODUCTION

Walking has been widely perceived as a sustainable and effective method of promoting physical health and social interaction. The enhanced ability to walk could potentially reduce the risk of obesity and increase economic employment (1, 2). Many studies have focused on discussing built environment factors that influenced walking behavior, and have advocated the construction of pedestrian-friendly communities with mixed land use (3–6). Therefore, researchers specializing in urban planning, transportation, and public health focused on detecting the chief elements and exploring efficient methods to enhance the activity of walking among people.

Many studies are now examining the correlation between the built environment and walking behavior. Existing studies typically use the social-ecological theory of human behavior, suggesting that environmental factors also impact an individual's behavior (7). When correlating the built environment with walking, stronger macro-level features such as density, diversity, design, distance, and destination (3Ds or 5Ds) can explain the environmental factors that affect the propensity to walk. Similarly, numerous tools can be used to measure the micro-level environment and interpret the association between the street environment and an individual's walking experience. However, these factors were individual-based and focused on region-specific measures (8, 9). For example, most methods of measuring environmental factors used the zoning unit (e.g., spatial units) that could investigate the extent of walks (such as time spent walking, number of trips, pedestrian volume), but did not inform us about people's perceptions when walking and their walking experiences on specific streets.

Route choice is a decision-making process that involves pedestrians selecting a route from among all options that link the origin and the destination (10). Consequently, studying route choice behavior ensures that researchers recognize the environmental preferences of people engaging in a walking experience (rather than walking propensity), which then provides a basis for the findings on the interaction of the environment and behavior. Thus, in contrast to conventional studies on the built environment and active travel, exploring route choice offers researchers a distinctive perspective on walking behavior.

Empirical research on route choice based on the route choice model obtained route data by directly observing or investigating actual walking routes, and then employing appropriate statistical techniques to infer the implied utility function for the pedestrian, and interpret pedestrian preferences by comparing a chosen route with an alternative one. Specifically, the environmental factors that affect pedestrians' perceptions and preferences can be explained by establishing a route choice model. Research on route choice analysis was mainly comprised of behavioral analysis and model development types (11). The behavioral analysis applies available modeling techniques to study how different factors, such as the influence of the built environment, affect route choice behavior. Model development was more focused on alternative route generation techniques and testing transferability and effectiveness (12, 13). This study belongs to the behavioral analysis type since it focuses on the street environment-walking behavior relationship, that is, which environmental factors trigger pedestrians' perceptions and preferences in making the optimal choice from among many alternative routes. However, limited literature is available on pedestrian route choice behavior. A few studies have emphasized the need to establish an accurate and comprehensive unit of measurement for the street environment audit tool to conduct a comprehensive interpretation of the relationship between the environment and walking behavior (14).

This study focuses on assessing the components of the micro-level environment, which is referred to as the street environment tool, and is built by combining categorical and quantitative measurement methods based on the correlation in literature between the street environment and walking behavior. The purpose of this study is to find out how the street environment affects pedestrians' route choices and walking experience during walks. Hence, we discuss the relationship between the street environment, walking behavior, and route choice behavior, and discover the street environmental factors that influence route choice behavior by means of literature reviews. We then use various forms of the pedestrians' route adjustment process: (1) pedestrians determine the route before departure and do not adjust the route during the trip, indicating long-term habitual behavior (2) pedestrians obtain certain spatial information during walks, and make real-time adjustments of the route at each decision point (intersection), indicating that they were stimulated by the environment, and this affected their walking experience during the trip. Finally, we arrive at the factors that affect route choice behavior using the route choice model.

Our study began with the Chunliu community, one of the old communities that was formed in the 1990s in Dalian, but lacked good quality walking conditions, such as pedestrian facilities and infrastructure, as well as policies that considered the needs of pedestrians. Since this study concentrates on the interaction of the street environment with walking behavior, we explore the environmental factors that affect pedestrian perception and preferences from route choice behavior and offer policy suggestions to improve the prevalent street environment.



LITERATURE REVIEW


Street Environment and Walking Behavior

The behavior model for the environment explains that regional features influence actual or potential volumes of pedestrians, route choices, and the availability of alternative transportation modes. Likewise, route characteristics define the quality of a route and primarily influence the safety, comfort, experience, and perceptions of pedestrians (15). This implies that the micro-level street environment (route characteristics) affects the walking experience and subjective perception of pedestrians. However, various physical environments and subjective perception elements were frequently defined based on regression models (16, 17), with these models always being empirical in nature and lacking the support of strong theoretical backgrounds (18).

Measurement of the street environment is achieved with a tool that assesses physical environmental situations related to physical activities and which is derived from the quantitative indicators of urban planning, transportation, and public health to promote the quality of physical activity. Many of the tools used to comprehensively and accurately measure the quality of the physical environment have been derived from other fields, including urban design, transportation, and public health (19–22). However, existing audit tools present geographical discrepancies and still require extensive testing, since they are focused on developed countries such as America and Australia, where road network density, block size, traffic environment, and travel habits differ extensively from those of the developing countries.

Moreover, a few studies have suggested a correlation between positive perceptions about the external environment and increased walking (23, 24). Although understanding why pedestrians have different perceptions that affect their walking experience was of vital importance, few studies have explored these issues. According to Ewing (25), an individual's perception was a result of the interplay between past experiences and the individual's culture, which could also explain how perception intervened in between the physical factors of the environment and walking. One report suggested that certain, but not all, changes in perceptions were related to changes in walking behavior (26). However, in reality, people are not constantly conscious of their actions, and when behavior is repeatedly performed, it could become habitual, especially with trips that were executed daily (27, 28). The accumulation of positive feedback for a certain route will ensure that this route choice becomes more favorable than others. In such a situation, a decision-making process is less likely to recur, thus forming the habit of this route (29). We regard this habit as a preference for the environment.



Route Choice Behavior

Route choice behavior refers to the decision taken as a result of the interaction between the street environment and walking behavior. However, research on the impact of the street environment on pedestrian route choice is fairly limited due to the difficulty in obtaining detailed street environmental data. Of these studies, almost all of them indicated that distance was the key determinant of route choice. For example, the shortest route is the most preferred among competing routes, as it was generally perceived that pedestrians frequently minimize distance and walking time when selecting a route (30, 31) and there exists adequate empirical evidence to support this claim (32, 33). On the other hand, several studies have focused on the topological view based on the space syntax concept that pedestrians always chose the simplest route and have established that the route with the least directional change could account for most of the pedestrian movement in streets (34–36).

Another non-built environmental factor that is consistently identified as significantly influencing route choice behavior is habit. This signifies that the chosen route is the one that has always been used. Thus, it could be surmised that the street environment plays a significant role in pedestrian route choice behavior only if a pedestrian's actual travel route deviates from the route with the shortest distance (37). Based on extant literature on street environment and route choice behavior, the street environment factors can broadly be classified into road safety (38), pedestrian infrastructure (39), and land use (40).

Interestingly, a few studies observed that other factors such as distance and network and personal and trip characteristics also affect pedestrian route choice (41). Similarly, several other studies that focused on socio-spatial groups demonstrated that both the physical and the social environments are vital factors for route choice (41–43). while certain other studies discussed the possibility that pedestrians' perceptions and preferences could lure them away from the route with the shortest distance (14, 44).

Despite the wide range of factors, it is possible to classify the process of route choice behavior into two forms of route adjustment. One occurs when pedestrians determine the route before departure and do not adjust the route during the trip. The other takes place when pedestrians obtain certain spatial information when walking and make real-time adjustments to the route at each decision point (intersection).

Therefore, we analyzed route choice behavior to find out how the street environment affects pedestrians' route choices and walking experience. We assume the first form of route adjustment, wherein the route they choose is determined by habitual behavior. Moreover, the second form of route adjustment reflected in the walking experience is caused by the appeal of the environment.



Conceptual Framework

The influence of the street environment on walking behavior has previously been examined in the public health field to increase trip generation (walking amount), choice of travel mode (walking frequency), and choice of destinations using the area-based measurement. Then again, a significantly lesser amount of work has been carried out on route choices, even though the determinants of route choice could reveal important information about the role of the environment in influencing active travel behavior. When route choice behavior is the end result of the interaction between pedestrians and the street environment, it reflects pedestrians' preference for a particular street environment. This preference is engendered by pedestrians' walking habits after a long-term interaction with the street environment or as a result of being attracted by the street environment of a certain road segment during the walking process.

This study has been developed on a micro-level street environment to explain the association between the street environment and walking behavior (Figure 1). We believe that pedestrians' personal characteristics (experience and culture) influence their individual perceptions of the objective environment (25). Moreover, it might be reasonable to expect objective measures of a street environment to directly and indirectly (through perception) influence an individual's walking (24, 29).


[image: Figure 1]
FIGURE 1. Conceptual framework of street environment and walking behavior.


Route choice behavior explains the consequences of the interaction of the environment with behavior. Thus, from the literature review on route choice behavior, we can conclude that although there are certain rules to such behavior, such as minimizing distance or direction, the street environment affects route choice behavior only when a pedestrian's actual travel route deviates from specific routes. Hence, we compared chosen routes to alternative routes (shortest route and least directionally modified route) to find the environmental factors influencing walking habits and experience.

Moreover, the impact of the street environment on route choice behavior is reflected in two forms of route adjustment: (1) pedestrians determine the route before departure and do not adjust the route during the trip, which is indicative of long-term habitual behavior and affects the overall perception of the street environment. (2) pedestrians can obtain certain spatial information during a trip and make real-time adjustments to the route at each decision point (intersection), which suggests behavior that has been stimulated by the environment and affects the walking experience during the trip.

All of these factors—street environment and individual reactions—can influence how individuals feel about the environment. By generating a route choice model, scholars can better correlate street environment-related physical factors with walking behavior.




DATA AND METHOD


Study Site

The focus on route choice behavior is affected by data feasibility because of the limitations of the data collection methods (45). Moreover, collecting data for a route requires investing a great deal of time and money for a detailed study of a number of road segments, necessitating the limiting of sample collection to a certain range area. However, another potential limitation to data collection is technical complexity due to the complex route choice model. Therefore, to simplify the model, the most effective way to collect data is by limiting the spatial scope of activities to a certain range area (14).

As discussed above, our study site was located in the Chunliu community in Dalian, China (Figure 2). The Chunliu community is a multi-storied residential area that was constructed in the 1990s and is plagued by many residential environmental problems in its declining spatial and functional structure brought on by the aging of the building, making our research to improve the street environment of the residential area and undertake various intervention measures to engender environmental transformation and renewal even more pertinent.


[image: Figure 2]
FIGURE 2. Study site.




Chosen Route Data Collection

To record pedestrian route behavior in Chunliu, we conducted an unobtrusive tracking method that did not rely on the subject's memories and could record reliable routes. In particular, we invited participants to install the “2bulu” App, which is software that records behavioral trajectories. We then encouraged participants to send us the routes that took them to their first destination from their residence after having completed their trips. We have excluded routes from residents who are dog walkers since they have the same origin and destination points. The experiment was conducted from 3:00 to 5:00 p.m. every Sunday of October 2020. Sunday afternoon was selected for this study because it was easier to collect data on active travel for utilitarian walks, including grocery shopping, walking to the park, and walking to access public transportation to visit other locations. Ultimately, we collected the route data of 219 residents.



Street Environment Data Collection

For environmental measurements, we reorganized the street environment factors collected from studies on the relationship between the street environment and walking behavior and summarized the street environment and route choice behavior. Based on the functional characteristics of the physical aspects of roads, we classified environmental features as roadway features, streetscape, pedestrian infrastructure, and facilities (Table 1).


Table 1. Categories and description of the street environment tool used to collect data.

[image: Table 1]

We gathered street environments from multiple sources, including the road network data provided by the OSM map and the Points of Interest data collected by the Baidu Map to discover facilities such as retail establishments, catering, public services, parking lots, and medical facilities, bus stations, and so on. To measure the quality and extent of street environment features such as width and walkability of sidewalks and driveways and building heights, we recruited a well-trained auditor to perform a survey and gather data for each road segment along the route. For variables that were related to the functional condition of pedestrian infrastructure (on-street parking, sidewalk condition, green spaces, characteristics of street walls) and specific values (sidewalk and driveway width, DH), we created a length-weighted average.



Route Choice Model

According to the utility theory, people tend to make reasonable decisions to maximize personal interests (46, 47). Route choice behavior symbolizes a decision-making process wherein pedestrians combine their utilities with some overall utility measure according to the properties in every alternative and then choose the most effective alternative. This implies that route choice models are grounded on the hypothesis of utility maximization behavior (48).

However, the study of route choice behavior needs to transcend two technical barriers. The first involves identifying feasible but unchosen routes. This was apparently more complicated than the study of other travel mode options. For instance, a few travel options were not that difficult to be defined and visualized, such as travel by car, bus, and train. However, for route choice, numerous alternative routes become almost impossible to cite or visualize. Moreover, available routes for traveling remain uncertain and covered by street networks that are almost unidentifiable (49). Consequently, researchers needed to first recognize the alternative route set that pedestrians perceive to define the model specification. Nevertheless, while it is challenging to generate alternative routes in pedestrian route choice behavior, researchers have employed a considerable number of technical methods to form choice sets (14, 34), such as labeling (50), kth shortest path (51, 52), branch and bound (49), etc., in route choice modeling.

Since the route data we collected from the residential area to the first destination point indicated that most of the routes explored involved short walking trips, we employed the labeling method and generated two alternative routes (shortest distance and least directional change route) to replace the complex alternative route generation techniques.

The route with the shortest distance between the residential location as the origin and the first destination, as generated by the road network dataset in ArcGIS, uses distance as an impedance to form the route. Generating a route with the least directional change is more complex. We used the Depthmap software to convert the road network to a segment map, which was adopted for calculating angular step depth from each origin, with a total of 219 angular step depth maps being formed. Lastly, we generated the route with the least directional change by converting the 219 angular step depth maps into a shapefile using ArcGIS.

The second barrier to be overcome is route correlation due to the overlap among various alternative routes. From a traditional perspective, route choice models are based on the assumption of maximum utility, which can be classified under the discrete choice mathematical models. Nevertheless, there exists route correlation and overlapping among various alternative routes, which violates the assumption of the random utility theory. The model method solves the correlation problem between alternatives, thus altering choice probabilities for overlapping routes (49). The route choice model maintains a simple logit structure and introduces a correction term within the deterministic part of the utility function to approximate the correlation among alternative routes (49). Typical route choice models include multinomial logit (MNL), conditional logit (CL), and path size logit (PSL) models (49, 53, 54).

For this study, we chose the CL model, which is suitable to examine the difference between the environmental factors of the chosen route and the alternative route (the route with the shortest distance and least directional change) (55). Unlike other models, this model is well-suited to identifying differences in decision makers' choices from among multiple alternatives and considering the choice between alternatives to be a function of the characteristics of the alternative.



Analytical Method

We analyzed the characteristics of route choice to understand the relationship between the alternative route (the route with the shortest distance and least directional change) and the chosen route. Firstly, we statistically analyzed the rate at which chosen routes overlapped with the alternative route. For example, a 100% overlapping route between the chosen and the shortest distance routes implies pedestrians' preference for the route with the shortest distance.

Subsequently, we excluded samples that overlapped 100% on alternative routes as the determinants for choosing these routes probably depended on distance or direction, or both. We hypothesized that when the street environments influenced pedestrians to deviate from the alternative routes, it caused <100% of overlapped routes, which was also the case in prior studies (14, 34, 56). To understand the reasons for a pedestrian deviating from alternative routes, we compared street environment factors between the chosen routes and the shortest distance routes and the causal factors between the chosen routes and the least directionally changed routes.

Lastly, we defined the two forms of the route adjustment process to account for how the street environment factors influenced walking habits and compelled pedestrians to alter their behavior. For this, we assessed the street environment of the entire route between the origin and the destination (OD pairs) as being the environmental factors that affect the walking habit. We also assessed the part-route which deviated from the alternative route as an attractive segment that affected a change in behavior (Figure 3). All analyses were conducted using Stata 14.0.


[image: Figure 3]
FIGURE 3. The two forms of the route adjustment process.





RESULTS


Characteristics of Route Choice

The results from 219 samples indicate that pedestrians walk an average of 356 m on short walking trips from the residential area to the first destination. The overlap analysis results prove that 66% (N = 145) of chosen routes completely overlap the shortest distance routes, and 71% (N = 156) of pedestrians choose the route with the least directional change. Also, 56% (N = 122) of the chosen routes completely overlap the routes with the shortest distances and the least directional changes. This is attributable to fewer alternative routes or the choice of only a single route for short walking trips. When compared to the route with the shortest distance, pedestrians appear more inclined to opt for the route with the least directional change, which was similar to the findings of previous studies in Queensland (34). This indicates that pedestrians have a tendency to attempt to minimize not only distance but also directional changes in route choice behavior, and empirical research on the issue has proved that the route with more directional variations could increase the perception of distance (57). Moreover, in excess of 100% of route choice behavior that could completely overlap the route with the shortest and least directional changes proves that distance and direction cannot be used as alternative routes at the same time. It emphasizes that distance and direction were distinctly measuring the same thing (34).

We present the proportional change in the overlap between the chosen and alternative routes. We observe that when the overlap ratio is relaxed to 0.6–0.9, pedestrians are more inclined to select the route with the least directional change. Additionally, most pedestrians (71%, 75%) adjust their routes from alternative routes during the trip, which displays a high value of effectiveness that matches the actual routes (58). As a consequence, we perceive that the route with the shortest distance and the route with the least directional change could be used as reliable alternative routes in a route choice model.

We found no regularity in the relationship between distance and the proportion of change in the overlap. However, the distance factor becomes significantly shorter in the 100% overlap route than in the <100% overlap one. This indicates that walking distance exhibits discrepancies, with pedestrians choosing between alternative routes and then deviating from them, which could be attributed to the fact that long-distance walks offered more alternative routes. Thus, pedestrians with longer routes could potentially be affected by more favorable street environments and deviate from the alternative routes (59).



Street Environment Affecting Route Choice Behavior: The Entire Route Between OD Pairs

After excluding samples where the chosen route completely overlapped the alternative route, we compare the chosen route, which measures the street environment of the entire route between the OD pairs, with that of the shortest distance route as the long-term interaction between a pedestrian and the street environment (walking habit). We use a CL model for this purpose, and the different route attributes that were statistically significant and associated with route choice behavior are presented in Table 2.


Table 2. Conditional logit results of chosen and shortest route (the entire route between OD pairs).

[image: Table 2]

In our model that adopts the shortest distance route as the alternative route, driveway width, garbage bins, characteristics of street walls, green spaces, and the proportion of shopping facilities have significant positive effects. Our findings on driveway width and garbage bins are contrary to our expectations. Driveway width implied high traffic volumes that could possibly provide more street views, which was similar to the observations by Guo and Loo (14) in the Hong Kong context. Also, the greater the number of garbage bins, the more pedestrians were willing to choose a particular route. This could be because the most important variables that influence route choice are likely to depend upon the broader street environment context (39), such as the differences in subjective perception among pedestrians. At our study site, garbage bins are generally set out on both sides of the residential buildings to clean up domestic garbage. Pedestrians are more willing to opt for these routes, indicating that the routes with garbage bins offered convenience to pedestrians.

We compare the chosen route, which measures the street environment of the entire route between the OD pairs with that of the route with the least directional changes, and the different route attributes that are statistically significant and associated with route choice behavior have been laid out in Table 3.


Table 3. Conditional logit results of chosen and the least directional changed route (the entire route between OD pairs).

[image: Table 3]

Findings for the model that adopts the route with the least directional change as the alternative route prove that other than the number of benches having a positive effect, the sidewalk width, the proportion of leisure facilities, and bus stops all negatively impact any deviation from the route with the least directional changes. Although sidewalk width, leisure facilities, and bus stops reflect a perception of additional comfort and convenience when walking, in this model, pedestrians were more willing to pick an alley rather than the route with the least directional changes. This could be due to the mode they adopt for determining the route with the least directional changes that were based on the geometric form and topology of the road network. Thus, the generation mode is established according to the accessibility degree of each road segment. Therefore, the route with the least directional changes is likely to be a set of routes with high accessibility, which is generally the case with a relatively well-appointed route in terms of sidewalk width and facilities.



Street Environment Affecting Route Choice Behavior: Part-Route Which Deviated From the Alternative Route

We consider the chosen route and route with the shortest distance, as well as the chosen route and the route with the least directional changes, as the street environment motivates pedestrians to change their behavior during a walk. The different route attributes, along with their statistical significance associated with route choice behavior, have been presented in Tables 4, 5.


Table 4. Conditional logit results of chosen and shortest route (the part-route which deviated from the alternative route).

[image: Table 4]


Table 5. Conditional logit results of chosen and the least directional changed route (the part-route which deviated from the alternative route).

[image: Table 5]

Table 4 displays our findings pertaining to pedestrians choosing the route with the shortest distance as the alternative route, with pedestrians being influenced by factors such as sidewalk width, characteristics of street walls, and green spaces to deviate from the route with the shortest distance. Contrary to our expectations, the presence of solid walls and green spaces in the street could induce pedestrians to choose a long-distance route. We realize that the characteristics of solid walls impart a depressed perception to pedestrians and increase their fear of crime. While our model results indicate that the characteristics of street walls are unlikely to affect safety perceptions with regard to walking behavior, it may impact pleasure perception factors such as movable elements that make up the street.

The findings for the model (Table 5) that considers the route with the least directional change as the alternative route indicate that driveway width and on-street parking have a negative effect on choosing complex routes. Contrary to the model considering the route with the shortest distance as the alternative route, here, the narrower the width of the roadway, the more pedestrians will be attracted to deviate from the route with the least directional change. This could be related to the generation mode for the route with the least directional change discussed earlier (Table 3). Also, in this model, pedestrians appear more willing to pick an alley rather than the route with the least directional change, which was consistent with the results of a previous study (40).




DISCUSSION AND CONCLUSION

This work studies the impact exerted by the street environment on a pedestrian's walking behavior within a conceptual framework defined by the street environment, walking behavior, and route choice behavior. We used unobtrusive tracking methods to observe route choice characteristics and correlated the street environment with walking behavior using the route choice model. Our findings indicate that certain factors of street environments can influence walking behavior, and as such, route choice behavior can change a pedestrians' walking habits and induce pedestrians to deviate from the route with the shortest distance and the least directional changes to take longer or more complicated routes for their trips.

Pertaining to pedestrian route choice behavior characteristics, we agree with previous research work, which suggests that distance and direction cannot be used as alternative routes at the same time. Specifically, distance and direction can explain 66 and 71% of route choice behavior which is higher than that reported by the other study (34). The findings consider distance and direction as the main determinants for route choice, thus compelling a rethink on the use of the shortest route distance rule in transportation models (34) and expanding the scope of the research literature on the issue.

The environmental features influencing route choice behavior vary with the different forms of the route adjustment process. Our findings empirically reaffirm that walking habits among pedestrians can affect the generation of alternative routes, and as such, route choice patterns can be influenced by the street environment. When pedestrians determine the route before departure and do not adjust the route during the trip, it signifies habitual behavior brought on by a long-term interaction between the environment and walking behavior. The results of our models prove that driveway width, garbage bins, green spaces, and the proportion of shopping facilities can affect pedestrians' willingness to foster a longer-distance walking habit. Also, sidewalk width, green spaces, characteristics of street walls, the proportion of shopping facilities, and bus stops can influence pedestrians' walking habits and prompt them to choose more complex routes. On the other hand, when pedestrians obtain certain spatial information during a walk and make real-time adjustments to the route at each decision point (intersection), it reflects environmental appeal affecting the walking experience. Again, the results obtained from our models demonstrate that sidewalk width, characteristics of street walls, and green spaces can prompt pedestrians to choose routes with longer distances. Besides, driveway width and on-street parking can also compel a pedestrian to walk a complicated route.

However, some of the results were contrary to our expectations. For example, the sidewalk width had a negative influence, with pedestrians choosing more complicated routes. This could be attributable to the mode of generating the route with the least directional change, which is likely to be a set of routes with high accessibility. Also, the model results for the roadway width appeared ambiguous. For instance, for the street environment of the entire route between the OD pairs, the driveway width had a positive effect on pedestrians altering their walking habits by deviating from the route with the shortest distance. On the contrary, for the street environment of a part-route that deviated from the alternative route, the model threw up the opposite results, with narrower driveways motivating pedestrians to deviate from the route with the shortest distance. These contradictory results exemplify the difficulty in collecting and interpreting street environment data at the micro-scale, where the number of potential variables to be considered is high, and the number of potential correlations among these variables could also be high (39). Another possibility could be that different walking purposes lead to different environmental preferences. For example, walking for work activities could have the opposite effect as compared to walking for recreation.

Based on the above findings, we recommend the following for the street environment of the Chunliu Community. For the macro-level built-up environment, it is necessary to improve the road environment. Specifically, this includes solving the parking problem on the sidewalk by constructing isolation facilities between the sidewalk and driveways to alter pedestrians' walking habits so that they take longer walks or choose more complicated routes. At the micro-level of street environment aspects, some of the pedestrian infrastructures such as benches and shopping facilities increase the perception of comfort and pleasure, motivating pedestrians to increase their walking activity and improve their physical health.

This research is limited in the sense that, firstly, other factors such as individual variables are not considered, and therefore, other underlying effects may perhaps not be precisely recognized. Secondly, the micro-scale environment tool we used cannot measure comprehensively. Though numerous and varied environmental factors have been measured in our model, other physical factors, such as the traffic environment (pedestrian and vehicular volume), aesthetics (inviting facade, awnings), etc., have not been included. Finally, pedestrians are unable to describe and explain the feasible but unchosen routes, making it hard to analyze the causal relationship between the walking environment and behavior.

In addition, our relatively small sample size only allows us to evaluate and examine the existing street environment, contrasting and complementing the typical results of correlation studies at a micro-scale. Even so, pedestrian route choice behavior can allow researchers to understand how the street environment affects pedestrians' route choices and walking experience. Finally, as technology enables the monitoring of pedestrian route choice and makes it more accurate, cost-effective, and less intrusive, the number of studies on how pedestrians choose and experience routes and to what extent quality route environments impact pedestrian walking will increase, which will provide a more reliable research basis on the street environment and walking behavior.
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An urban built environment is an important part of the daily lives of urban residents. Correspondingly, a poor design can lead to psychological stress, which can be harmful to their psychological and physical well-being. The relationship between the urban built environment and the perceived psychological stress of residents is a significant in many disciplines. Further research is needed to determine the stress level experienced by residents in the built environment on a large scale and identify the relationship between the visual components of the built environment and perceived psychological stress. Recent developments in big data and deep learning technology mean that the technical support required to measure the perceived psychological stress of residents has now become available. In this context, this study explored a method for a rapid and large-scale determination of the perceived psychological stress among urban residents through a deep learning approach. An empirical study was conducted in Gangnam District, Seoul, South Korea, and the SegNet deep learning algorithm was used to segment and classify the visual elements of street views. In addition, a human–machine adversarial model using random forest as a framework was employed to score the perception of the perceived psychological stress in the built environment. Consequently, we found a strong spatial autocorrelation in the perceived psychological stress in space, with more low-low clusters in the urban traffic arteries and riverine areas in Gangnam district and more high-high clusters in the commercial and residential areas. We also analyzed the street view images for three types of stress perception (i.e., low, medium and high) and obtained the percentage of each street view element combination under different stresses. Using multiple linear regression, we found that walls and buildings cause psychological stress, whereas sky, trees and roads relieve it. Our analytical study integrates street view big data with deep learning and proposes an innovative method for measuring the perceived psychological stress of residents in the built environment. The research methodology and results can be a reference for urban planning and design from a human centered perspective.

Keywords: deep learning, Google Street View, semantic segmentation, perceived psychological stress, built environment


INTRODUCTION

In contrast to the natural ecological environment, a built environment is a man-made environment characterized by land use, urban planning, and urban transport planning, including the building intensity and density, land use mix, street scale and articulation, and aesthetic quality of the urban landscape (1). In 2003, the American Journal of Public Health published a special issue on the “Built Environment and Health” theme (2). In the same year, the American Journal of Health Promotion also published a special edition on “Health Promoting Community Design” (3). This focus on health and the built environment by two leading journals in the health research field clearly indicates that the urban built environment is highly relevant to human health. Behavioral and temporal geography suggest the existence of a complex spatial relationship between daily human activity and the built environment. They imply that the perceived psychological stress and behavior of residents are conditioned and influenced by external spatial conditions (4, 5). Persistent stress can lead to anxiety, insomnia, and in some cases, psychological and physical illnesses. Stress-induced mental illnesses can be difficult to detect at first; however, if left unchecked, they can eventually have a significant impact on the body (6). A high-quality urban built environment helps promote outdoor activities, which lead to improved physical fitness, greater mental invigoration, psychological stress reduction, and fewer negative emotions and effectively reduce the incidence of many chronic diseases (7). The fact that a high-quality urban built environment reduces psychological stress and generates many other positive consequences has led academics and urban planners to focus more on the creation of high-quality people-centered built environments (8). However, this effort requires the measurement of the perceived psychological stress within a built environment; therefore, a method for quickly and effectively measuring this perception on a large-scale must be explored.

Several researchers from various fields have attempted to measure the perceived psychological stress of urban residents in a built environment (9–11). Using questionnaires to measure psychological stress is the most widely used approach because a traditional questionnaire design is based on various psychological theories (12). However, human psychological stress can also be monitored using specialized instruments. The physical appearance of an individual (e.g., facial expression and eye and head movements) can be employed as an indicator of his/her stress level, and individual perceived stress levels can be recorded with a high degree of confidence through human response monitoring and measurement (13). These methods can measure the perceived psychological stress in a built environment, but are not suitable for daily psychological stress monitoring because they are time consuming, costly, and inefficient. They also have a small sample size, and hence, are only suitable for small-scale studies rather than large-scale built environments.

The emergence of crowdsourced mapping services and geotagged imagery containing a wealth of visual information [e.g., Baidu Street View, Tencent Street View, and Google Street View (GSV)] provides a usable source of big data. Mapping services provide academics and researchers with an application programming interface (API) for extracting high-spatial resolution images of streets and communities to reflect a built environment as its residents see it (14). GSV is now available in many countries and cities around the world, becoming a scholarly tool for studying the built environment of cities because of its wide coverage and high accuracy. Moreover, with the rapid development of the computer technology, the use of deep learning is becoming increasingly widespread. Accordingly, a greater number of researchers are using deep learning to study the urban built environment and understand the street quality (15, 16).

In this work, the study area is Gangnam District in Seoul, South Korea. Google Maps has a better coverage of Korea than domestic companies like Kakao and Naver Maps; thus, it can be used to study Gangnam in more detail. We use GSV as the data source to determine the perceived stress levels in an urban built environment and achieve two main objectives. First, we employ deep learning to construct a SegNet architecture with a fully convolutional neural network to allow the pixelated semantic segmentation of street images from Gangnam and categorize the semantic segmentation results into visual elements used as explanatory variables for the perceived psychological stress in the built environment. Second, a random forest-based human–machine adversarial model is used to quickly score the perceived psychological stress of residents in the built environment within Gangnam on a large-scale, and stress distribution is investigated using an autocorrelation analysis. Three levels of perceived psychological stress (i.e., low, medium, and high) are identified in the GSV images. The relative abundance of specific visual constituents is measured to investigate the perceived stress characteristics in each GSV image. The relationship between the visual constituents of the urban built environment and the perceived psychological stress is assessed using multiple linear regression analysis. The positive and negative elements affecting the perceived psychological stress are identified. This analysis of street-view big data using deep learning can provide researchers and urban planners with more targeted data related to urban street perception, encouraging higher-quality urban planning.



RELATED WORK


Traditional Methods for Assessing the Perceived Psychological Stress in an Urban Built Environment

Existing measures for perceived psychological stress tend to monitor changes in psychological perceptions and physiological signals in response to different stressors (17, 18). In an earlier study, experiments were conducted with a small number of subjects on the sensations of “oppression” and “release” experienced when moving through external urban spaces, and the results were examined and discussed by comparing changes in the environmental visual information of the surrounding scenes along the way (19). In traditional psychological research, psychological stress is measured using self-report questionnaires or by administering psychological scales. Peacock (20) used single-item, multi-question scales to measure the perceived psychological stress of a population in relation to specific stressors. A few scholars also scored the perceived psychological stress using expert interviews (21). These subjective measures are simple and easy to use, but susceptible to bias due to external interference and only somewhat reflective of an individual's psychological stress. When people experience external stress, changes in the brain signals and the nervous system lead to the release of hormones affecting physiological responses (e.g., heart rate, breathing, and blood pressure). In other words, the measurement of brain signals, stress hormones, and cardiovascular changes can provide an objective and real-time reflection of psychological stress (22). The development of science and technology has made it possible to employ brain wave detection, eye tracking, magnetic resonance imaging, and electrophysiological assessment to measure the perceived psychological stress in individuals, and these techniques have received extensive attention in psychological and sociological research. Aspinall et al. (23) conducted a series of experiments using mobile brainwave analysis to record and analyzes changes in the perceived psychological stress of urban residents in an urban street environment. Kacha et al. (24) used the Epoc Emotiv neuroheadset to conduct an exploration of electrobiological psychology based on the perceived complexity of street environments. Physiological signal detection is also widely used to measure psychological stress and avoid the limitations of the previous methods (e.g., questionnaires), indicating that the systemic changes in human psychological stress can be objectively represented (25). Although both physiological signal detection and traditional questionnaires can be used to measure the perceived psychological stress, they can be inefficient and time consuming, making them less useful for urban built environments over wide areas.



Assessment of the Perceived Stress Based on Street-View Images and Deep Learning

Many international mapping services have made street-view data accessible to users through an API. The most popular mainstream mapping services used in research are Google Maps, Tencent Maps, and Baidu Maps (26–28). As interactive electronic maps, street views provide users with a panoramic view of the urban built environment at a low cost with high accessibility, high resolution, and wide coverage; thus, street-view images have become a very important new data source for urban built environment research (29–31). Salesses et al. (32) used thousands of geotagged urban street-view images to explore the perceived safety, class, and uniqueness of the built environment in the streets of Boston and New York in the United States and Linz and Salzburg in Austria. Li et al. (33) proved the potential of GSV imagery in depicting the built environment of cities to obtain a psychological perception consistent with that of city residents. The use of street-view images helps better explain the urban built environment characteristics and increases the level of understanding of this environment.

In recent years, many researchers have begun to use street-view images combined with deep learning algorithms to investigate the elements that most strongly affect urban street perception (30, 31). Deep learning algorithms, such as FCN, Resnet, and SegNet, use a deep convolutional neural network to process visual information within images, leading to an accurate identification of various visual features that include lanes, buildings, the sky, sidewalks, trees, and greenery and laying a solid foundation for better research on the quality of urban streets and human perception (34–36). Ordonez and Berg (37) collected a street-view image dataset from four cities and used deep learning models to explore a joint model of wealth, uniqueness, and perceived safety on a city scale. Meanwhile, in the Place Pulse project run by the MIT Media Lab, data from the collected street images were compared by visitors to an online website (http://pulse.media.mit.edu) on the evaluation dimensions of safety, liveliness, and wealth. This resulted in a deep learning dataset that is applicable to street measurements within a built environment (38). Tian et al. (39) extracted 30 street features from GSV and used deep learning algorithms to evaluate eight perceptual qualities, including ecology, closure, and accessibility.

Previous studies used big data from street-view images extracted using deep learning techniques to effectively measure the quality of an urban built environment. Attempts to link the visual elements of urban streets with the perceived stress of the residents have also been made. However, a complete research process for systematically analyzing the relationship between an urban built environment and the perceived psychological stress of residents or determining the autocorrelation of the perceived stress in space and the intrinsic mechanisms influencing this has not yet been developed.




METHODOLOGY

An effective methodology for data collection, processing, and analysis was developed herein to meet the research objective of analyzing the relationship between an urban built environment and the perceived stress of residents. A systematic approach to the measurement of the perceived stress in urban environments was established using various techniques, such as automated street-view data collection and deep learning-based image semantic segmentation, which allowed the collection of accurate urban streetscape data and the analysis of perceived stress.


Research Framework

The research methodology consisted of three major stages (Figure 1). In the first stage, precise data for the street network of Gangnam were collected using OpenStreetMap (OSM). In ArcGIS, the road network data were employed to generate streetscape collection points at 50 m intervals. A Python program was then created to use Google Maps API to collect GSV images. In the second stage, a neural network model for semantic image segmentation was constructed using the Python-based TensorFlow framework. Accordingly, a full segmentation of the visual elements in the GSV images was conducted. The GSV images were processed using a human–machine adversarial model. Twenty volunteers were recruited to score the perceived psychological stress for the selected street scenes. In this case, the human–machine adversarial model predicted the remaining images to score the perceived psychological stress. The scores from each volunteer were weighted and averaged as the final score for the perceived psychological stress. The perceived psychological stress was then visualized in a map. In the third stage, a spatial correlation analysis of the perceived psychological stress in the urban built environment was conducted. A multiple linear regression analysis of the spatial visual elements of the built environment of streets was also performed to determine the positive and negative visual elements associated with the perceived psychological stress.


[image: Figure 1]
FIGURE 1. Analytical framework for the measurement of perceived stress in an urban built environment.




Study Area

Our research was performed in Gangnam District, Seoul, South Korea (Figure 2). South Korea is located in the Korean Peninsula in East Asia, with Seoul as its capital city. Gangnam serves as an important commercial and residential area for the city's medium and upper classes. It is located south of the Han River and covers an area of 39.55 km2 with approximately 6,00,000 people. As one of the fastest-growing economic regions in Korea, Gangnam is ahead of other regions in Korea in terms of urban spatial regeneration. Due to its economic advantage, Gangnam has a representative urban built environment of a Korean metropolis. An empirical study of the Gangnam district can provide a preview of the perceived psychological stress problems that other Korean cities may face in their future development, and advices to other regions on the path toward urbanization to reduce residents' stress in urban construction. Therefore, Gangnam was selected as the case for this study on the perceived psychological stress of urban residents.


[image: Figure 2]
FIGURE 2. Study area: Gangnam District, Seoul, South Korea.




GSV Image Collection

The use of streetscape images to analyze urban environments and various environmental psychological elements has become a common method in urban science research. These images allow for a quantitative measurement of a city from the perspective of an urban user. In addition to providing online street map services, most mapping service providers (e.g., Google) have released an API that allows the bulk customization of access parameters for street-view images.

For a complete recreation of the built environment in the streets of Gangnam District, panoramic GSV image collection points were set up and generated at 50 m intervals along the road network downloaded from the OSM. Consequently, 35,619 sample acquisition points were generated for the OSM street network in Gangnam. Figure 3 presents a portion of the Gangnam street network and an example sample point. The API was used to return the GSV images from the corresponding acquisition point as an HTTP URL. Static GSV images that matched the direction and angle of the human view within a limited range were obtained by adjusting the API and URL parameters for a standard HTTP request. In the GSV parameter settings, “location” represents the geographic latitude and longitude coordinates of the street-view capture point. We set the size of the obtainable image (Size) to a maximum of 640 × 640 px. The width of the field of view (Fov) representing a person was set to 90°. The street images were taken from four different angles (Heading). The field pitch angle (Pitch) was set to 6° to simulate the human perspective. Four GSV images (640 × 640 px each) were stitched together to provide a complete representation of the surrounding environment (bottom of Figure 3). The coordinates of the sampled points were input into a Python program that downloaded and stored 1,42,476 GSV images. The blank street-view images with invalid coordinate points were removed. This street-view data were used for image semantic segmentation and perceived stress calculations.


[image: Figure 3]
FIGURE 3. Example of a panoramic street-view image using Google Maps API.




Image Semantic Segmentation Based on Deep Learning

The Cityscapes dataset containing 34 types of objects from everyday life (e.g., sky, roads, autos, and plants) was chosen as the training dataset. Cityscapes contains urban street scenes from 50 different German cities, including Zurich, Hamburg, and Aachen. It comprises 5,000 high-quality pixel level annotated images of urban driving scenes (2,975 for training, 500 for validation, and 1,525 for testing, with 19 classes turned on by default for training in the dataset used for the study).

This study employed a classical image semantic segmentation method based on the SegNet codec structure, which is an open-source image segmentation project developed and published in 2015 by a team at the University of Cambridge. This deep learning algorithm can classify the semantics of objects in an image (e.g., sky, roads, and buildings) to the pixel level (40). SegNet consists of two main elements: an encoder and a decoder. The encoder primarily compresses and extracts object information. The decoder condenses the extracted semantic information to the input image size. Each pixel can be classified as the color of its corresponding object information.

In the SegNet network structure, several deep learning processing techniques are used to extract the streetscape image features. The images are resized to 416 × 416 using Reshape. The RGB values of the input image are employed for a feature three-dimension. The image two-dimensional (2D) matrix is padded with zeros to indicate rows and columns using ZeroPadding2D, which allows for better control over the feature map size and efficient feature extraction of the convolution kernel. The convolutional kernel Conv2D is employed to extract features from input high-dimensional arrays. Each feature map for the convolutional kernel output represents a filter, and the number of filters determines the number and depth of features extracted by the kernel. BatchNormalization has been proposed in (41) to normalize feature data to speed up gradient descent solutions, improve the network training speed, and increase the generalization ability. Activation introduces an activation function that gives the neural network a non-linear learning capability and enhances its ability to learn feature representations. Meanwhile, MaxPooling2D only uses operations in the encoder to dimensionalize the image and reduce the computational load. UpSampling2D is employed with the decoder to insert new numerical elements between pixel points, restoring the image to its original size. Reshape remaps the image to the size it was when input into the encoder. Softmax presents the results of multiple classifications as probabilities, calculating a specific semantic classification probability for each pixel across 19 categories.

Figure 4 displays the original GSV images and the results of the segmented visual elements. The color matrix at the bottom represents the segmentation semantics corresponding to the extracted visual elements. The image semantic segmentation process using SegNet is also illustrated via a multi-level representation of the neural network structure, including the feature size of the codec neural network (“Feature shape”), visual representation of the neural network structure (“Visualization”), and image processing (“Procession”). The final image size and dimensionality are reduced, and a mapping classification of the specific semantics for the image is provided.


[image: Figure 4]
FIGURE 4. Visual elements extraction from urban street images using the SegNet image semantic segmentation model.




Determining Perceived Psychological Stress Based on a Human–Machine Adversarial Model

We used the scoring framework for the human–machine adversarial model proposed by Yao et al. (42) to explore the perceived psychological stress of urban residents in a built environment. This deep learning framework utilizes a combination of iterative feedback and recommendation scores used to effectively assess the perceived psychological stress of the built environment in Gangnam. At the preliminary data preparation stage, we used Google Maps API to download the GSV images of Gangnam, processed the street-view images using the SegNet image semantic segmentation method, obtained the percentage coverage of the visual elements for each street-view image, and developed a 19-dimensional visual element feature vector for the human–machine adversarial model. To accommodate the scoring process, in which users scored parts of the street-view images, the human–machine adversarial model created a random forest (RF) dataset. In the RF model, a bootstrapping process randomly selects two-thirds of the sample for data fitting or classification. The remaining one-third is defined as out-of-bag (OOB) data used to reduce the overall model error and improve the variable importance. If Xj is used as an input variable, calculating the importance of Xj in the Nth tree VIn will require the use of the sample data drawn from the bootstrapping process to create a regression tree model Tn. This will be followed by the prediction error calculation for the OOB data, which eventually replaces the observations for variable Xj at random. Model [image: image] is rebuilt, and the prediction error for the OOB′ data is calculated. The mean of all regression tree results represents the importance of variable Xj in the Nth random tree VIn(Xj) after processing the prediction error of the two OOB datasets (43):

[image: image]

Humans have superior image recognition capabilities (44), that provides theoretical support for the use of human–machine adversarial models. Twenty Korean university students and staff were recruited as study volunteers (approximately 1:1 male : female ratio; age range: 19–52 years old) to measure the perceived psychological stress in the built environment in Gangnam. Volunteers accessed a human–machine confrontation model through the Tencent Cloud server to score the perceived psychological stress in the urban built environment. We require 15 s for each image to be displayed on the screen according to the standard of previous scholars for scoring time in image experiments (45, 46), during this period volunteers are able to perceive the content of the pictures deeply. We categorized the volunteers' perceived level of psychological stress when they saw the street view images, using numbers to quantify the criteria, scores from 0 to 100. Specifically, the street view produced a score of 100 for extremely high stress perception and a score of 0 for an extremely relaxed psychological state. These scores were used to measure the perception of urban stress. We used a non-complete random order for image extraction scoring to reduce the dataset error to some extent. Each volunteer rated the perceived psychological stress of 50 street-view images, and the results of which were recorded by the model. Subsquently, an RF dataset was created. Starting with the 51st street image, the model predicted the volunteer's perceived psychological stress score based on the relationship between the volunteer's previous scores and the corresponding street elements. If a difference is found between the score recommended by the model and the volunteer's subjective score, the model continues learning. If the error between the recommended score of six street-view images in a row and the subjective score of the volunteer exceeds 10, the model re-collects the volunteers' scoring features and continues the learning process until the error between the recommendation and subjective intention scores becomes < 10. The adversarial scoring between humans and a model represents a more stable algorithmic training approach. Figure 5 presents a schematic diagram of the evaluation process of the perceived psychological stress in an urban built environment using a human–machine adversarial model.


[image: Figure 5]
FIGURE 5. Perceived stress calculation for urban streets based on a human–machine adversarial model.




Spatial Autocorrelation Analysis of the Perceived Psychological Stress in an Urban Built Environment

In the first law of geography, objects that are closer together are more strongly interconnected than those that are further away (47). Global spatial autocorrelation is defined as the characterization of a geographic attribute across a regional space and is used to measure the degree of association between spatial objects across a study area to determine whether there is a significant spatial distribution pattern exists for these objects. Statistics, such as global Moran's I, global Gear's C, and global Getis-Ord G are commonly used for this analysis (48). The present study employed global Moran's I to measure the global autocorrelation of the perceived psychological stress in the built environment in Gangnam using the following equation:

[image: image]

Standardized Z values were used to test the significance level of global Moran's I based on the following equation:

[image: image]

where I is the global Moran index; n is the total number of the study sites; [image: image] is the mean perceived psychological stress score; xi and xj are the perceived psychological stress score for regions i and j, respectively; and wij is the spatial weighting coefficient for regions xi and xj, which reflects the relationship between regions i and j in space. If the regions are adjacent, wij = 1; otherwise, wij = 0. E(I) and VAR(I) denote the expected value and the variance of Moran's I, respectively. Global Moran's I has a range of [−1, 1]. A global Moran's I > 0 (p < 0.05) indicates a positive spatial correlation, that is, the high (or low) values for the perceived psychological stress are spatially significantly clustered. If it is equal to or close to 0, no spatial autocorrelation exists in the adjacent regions. In other words, psychological stress is randomly distributed. If it is lower than 0 (p < 0.05), a negative spatial correlation exists (i.e., the perceived psychological stress in adjacent areas is vastly different). At a significance level of 0.05, |Z|>1.96 means that global Moran's I is significant (49). Table 1 summarizes the relationship among the Z- and p-values and the significance level.


Table 1. Z- and P-values, and significance level.

[image: Table 1]

Global spatial autocorrelation can be used to describe the degree of autocorrelation for the perceived psychological stress in the built environment across the entire Gangnam District, but it cannot effectively express the spatial autocorrelation of different spatial units in Gangnam with adjacent areas. In 1995, Anselin (50) proposed the Local Indicators of Spatial Association (LISA) to examine the local spatial autocorrelation of individual spatial units. The LISA decomposes global Moran's I into spatial elements and forms a LISA aggregation map via Z-tests. The map reflects the specific locations where the spatial aggregation or divergence of variables within the study area occurs, thereby identifying areas with a strong influence on global associations as follows:

[image: image]




EXPERIMENTS AND RESULTS

In this section, we will first introduce the parameters of the platform on which deep learning techniques operate, such that other researchers can use it as a reference for their experiments. The deep learning training model records the number of training rounds and the dataset accuracy and validates the model's feasibility in image semantic segmentation by assessing various metrics. The index assessment also validates the RF scoring procedure, which is based on the human–machine adversarial model. The results reflect the perceived psychological stress of urban residents. The final perceived psychological stress scores in the urban built environment are spatially mapped.


Image Semantic Segmentation Model Training Results

For the training and implementation of the deep learning and machine learning methods used in this study, the computer training variables were made consistent, and the training was conducted on the same Windows computer with an NVDIA GeForce GTX1070 graphics card, an AMD Ryzen5 2600X Six-Core Processor, 3.60 GHz, and 16 GB of RAM.

The Cityscapes dataset used to train the network has 2,975 and 500 images for training and validation, respectively. The batch size for each input was set to 2 to prevent memory overflow. Transfer learning was utilized in the training phase, in which the image feature extraction capabilities acquired while learning other tasks were transferred to help solve new problems (51). This method is widely used in the processing of remotely sensed (52), natural (53), and medical (54) images. Transfer learning significantly reduces training time, improves network model generalization, and prevents overfitting by sharing the learned image representation between models. The transfer learning model used herein had a weighting base of ResNet50 and was configured to first freeze the neural network at layer 142 and earlier (representing the transfer learning training phase), train for 20 rounds, and then unfreeze all network layers and continue with global training for 40 rounds, totaling to 60 training rounds.

The input image remapping window was set to 416 × 416 px for the neural network. The learning rate is reduced by half if no reduction in the loss happens after three rounds. The earl-stopping training method was used to stop network training when no reduction in the loss is observed over 10 rounds. In the transfer learning training phase, the Adam optimizer (55) was used with 0.001 learning rate. The same optimizer was used in the global learning training phase with 0.0001 learning rate. We employed the TensorBoard module in Keras to record the training data. Accordingly, 113 min was required for transfer learning training, and 281 min was required for the global learning training, accounting for a total of 6 h and 34 min of training completion. The code used for the experiment can be downloaded from GitHub (https://github.com/landscapewl/Segnet-Transfer-Learning).

The trained SegNet exhibited a better natural image scene segmentation performance. Using the Cityscapes dataset, our trained SegNet achieved 88.64% and 77.2% accuracies for the training and validation datasets, respectively, during the transfer learning phase (Figure 6). Figure 7 shows that the training dataset was segmented at 90.83% accuracy compared to 89.95% for the validation dataset during the global training. Figure 4 depicts the semantic segmentation results of the streetscape images from Gangnam using the trained network. The quality of the built environment in Gangnam greatly varied from the areas under construction to those with high-quality infrastructure; however, the model we trained demonstrated a satisfactory generalization in segmenting and resolving the complex arrangement of visual elements within the Gangnam street-view images.


[image: Figure 6]
FIGURE 6. Transfer learning training accuracy. The number of epochs was set at 20. The graph on the left presents early stopping at epoch 12. The graph on the right shows a maximum accuracy of 77.2%.



[image: Figure 7]
FIGURE 7. Global learning training accuracy. The number of epochs was set at 60. The graph on the left presents early stopping at epoch 49. The graph on the right shows a maximum accuracy of 89.95%.




Accuracy Testing of the Human–Machine Adversarial Model

66.7% of the data scored by the volunteers was used to train the random forest model. The remaining 33.3% was used to detect the accuracy. The average error of the urban built environment psychological stress perception results was 1.33%. The RMSE was 2.86, the OOB error was 5.02%, and the OOB RMSE was 7.22. It can be seen that the accuracy of the random-forest-based estimation of the psychological stress perception for the urban built environment was over 95%, proving its excellent performance of the proposed model in predicting human perception.



Perceived Psychological Stress in the Built Environment in Gangnam

After data cleaning, the invalid coordinate point crawl of the streetscape blank map was eliminated, leaving behind 31,378 coordinate points of the streetscape images. To more clearly show the stress perception level of Jiangnan District, the natural breakpoint method (56) was used to divide the psychological stress perception scores into six intervals (Table 2).


Table 2. Statistical summary of the perceived stress scores for 31,378 street-view image acquisition points from Gangnam.
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The Figure 8 legend depicts a gradual change from green to red showing the change in the pressure perception in Gangnam District. The stress perception distribution on this map significantly varied across different parts of Seoul. We connected the city stress perception score sampling points to a hexagonal grid because a hexagonal cell grid shares more adjacent edges than a quadrilateral, and the distances between the centers of mass of adjacent cells are equal. This allows the hexagonal grid to be more flexible in setting its parameters (e.g., radius) and for smoother transitions when representing the pressure-aware attribute distribution in urban space. The distribution of high stress perceptions is more mainly concentrated in the northwestern area of Jiangnan District. These areas are mostly residential and commercial sites. The small spacing between buildings and the lack of sufficient greenery planting in some streets may have contributed to the high perception of psychological stress among residents in this area. Medium to low stress perceptions are mainly found in the northern riverside areas and most of the southern areas. The northern riverside area is a high-class residential area and a green park with a higher degree of greenery and scenic beauty than the general residential area. This attribute may contribute to the low perception of stress among residents in this area. The southern region is more mountainous without many high-rise buildings and has a beautiful natural environment; therefore it does not generate too high a perception of psychological stress. To a certain extent, being close to nature helps reduce the perception of urban stress.


[image: Figure 8]
FIGURE 8. Urban spatial mapping of the perceived stress scores in Gangnam.


Figure 9 illustrates the average urban perceived stress by administrative division within the Gangnam district. By studying the heterogeneity of the perceived stress for an urban built environment in this form, it is possible to distinguish administrative districts with high perceived stress from those with low perceived stress. Four administrative areas with high-perceived stress were identified: Sinsa-dong, Cheongdam-dong, Non-hyeon-dong, and Yeoksam-dong. Four administrative areas with medium-perceived stress were also determined: Samseong-dong, Daechi-dong, Dogok-dong, and Gaepo-dong. The remaining six administrative areas had low perceived stress: Apgujeong-dong, Irwon-dong, Suseo-dong, Jagok-dong, Yulhyeon-dong, and Segok-dong. The results thus show that the perceived level of stress in the central area of Gangnam was significantly higher than the surrounding areas. Similarly, the areas with low perceived stress were clustered in the southern region of Gangnam.


[image: Figure 9]
FIGURE 9. Urban spatial mapping of perceived stress for Gangnam administrative divisions.




Spatial Autocorrelation Analysis of the Perceived Psychological Stress

Most previous studies on perceived psychological stress in a built environment have focused on small areas due to the limitations of their research methodology. Knowledge of the distribution of perceived psychological stress in large-scale built environments is relevant for urban planning, urban regeneration, and urban management. Therefore, it is particularly important to visualize the spatial distribution of perceived psychological stress. Spatial autocorrelation models can measure the potential interdependence between point data at one location and other neighboring locations, enabling more effective statistical analysis of spatial data and the exploration of correlations between elements, which can help urban planners to take specific measures to address high perceived psychological stress in certain areas.

The global spatial autocorrelation analysis was performed here using the spatial autocorrelation function in ArcGIS. Table 3 summarizes the specific implementation methods. The FIXED_DISTANCE approach analyzed each element in the neighborhood. The proximity elements within the distance threshold were assigned a weight of 1 and affected the target element calculation. By contrast, the proximity elements outside the distance threshold were assigned a weight of 0 and did not affect the target element. The MANHATTAN distance method was used to measure the distance between two points along the vertical axis by summing the difference between the x and y coordinates. ROW normalization was conducted by dividing the weights by the sum of the weights of the neighboring elements, thereby reducing the potential for error. The minimum distance that ensured each element had at least one neighborhood was used as the threshold distance (85.7369 m).


Table 3. Summary of the data processing information for global Moran's I.
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Based on global Moran's I analysis, a Moran's I scatter plot and bar chart showing the number of perceived psychological stress neighbors was obtained (Figure 10). Most of the points in the scatter plot were distributed in quadrants 1 and 3, indicating that there was a positive spatial autocorrelation in the perceived psychological stress. The bar chart shows that the frequency of the number of neighbors was roughly in line with a normal distribution, indicating that the points are in space in line with the general statistics of the thing. In the global Moran' s I aggregate, the Moran' s I index was 0.655442. The Z value was 331.348650 (p-value < 0.01). There was 99% certainty that there was spatial autocorrelation in psychological stress perception and that psychological stress perception values were significantly clustered spatially. However, how the perceived psychological stress is clustered in space and what the distribution patterns are need to be addressed using local spatial autocorrelation.


[image: Figure 10]
FIGURE 10. Left: bar chart of the number of perceived psychological stress neighbors. Right: Moran'sIscatter plot.


Figure 11 visualizes the results of the spatial local autocorrelation analysis of the perceived psychological stress in the built environment. The street acquisition points that were not spatially autocorrelated were excluded. The points with spatial aggregation relationships were classified into four categories of high–high, high–low, low–high, and low–low clusters. The high–high perceived stress clusters were clearly distributed in the northern area bounded by Yangjae River, which is mostly a residential area. This may be because the high land prices in Gangnam, which is one of the most developed areas in South Korea, make the residential areas more crowded. Moreover, the spaces between houses are narrow. The architectural style also does not reflect the local characteristics, and one can see the lack of a rational division of group architecture and spatial hierarchy, as well as of sufficient greenery to ensure the needs of the residents. The south shows low–low clusters along the main traffic routes, which may be due to the many mountainous areas with a beautiful natural scenery in the south, and the many parks in Gangnam that are located alongside the rivers and streams, where residents can go for walks, rest, and engage in other daily activities.


[image: Figure 11]
FIGURE 11. Spatially localized autocorrelation distribution map for Gangnam.




Percentage Coverage of Visual Elements in Images From Low-, Medium-, and High-Stress Areas

Table 4 lists the eight visual elements from the image segmentation process that had the highest impact on the perception of psychological stress in the built environment.


Table 4. Statistics for the segmented results of the top eight GSVIs.
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In Figure 12, the perceived stress scores were divided into high, medium, and low to better understand the relationship between the proportional coverage of the visual elements and perceived stress. As the stress level increased, the average coverage of buildings in the images rose from 5.1 to 26.4%. An increase in building coverage constricts the street space, and the more enclosed space may oppress the residents. More buildings will inevitably crowd out the sky, roads, and vegetation, thus generating negative emotions. In addition, the percentage of both walls and sidewalks showed a small percentage increase from 0.4 to 1.4% and 2.3 to 7.2%, respectively. This is closely related to the laws of urban construction, with more buildings leading to more walls dividing the space and sidewalks connecting traffic. In contrast, as stress levels rose, there was a clear decrease in the percentage coverage of the sky and roads from 37.5 to 23.4% and from 37.4 to 25.1%, respectively. This means that an open sky and spacious roads cause human to feel more relaxed. Interestingly, the percentage coverage of vegetation increased from 7.7 to 10.1% when moving from low to medium stress and then decreased to 1.3% with high stress. This suggests that the relationship between perceived stress and vegetation is not linear and that there is a specific amount of vegetation that minimizes perceived stress. This is worth investigating in future research.


[image: Figure 12]
FIGURE 12. Proportional coverage of visual elements in images with low, medium, and high perceived stress.


Figure 13 presents a selection of street-view images representing different perceived stress levels. The accompanying radar maps clearly show that the proportion of visual elements significant influences the stress levels. The proportion of auto, buildings, the sky, and roads significantly change between areas with low and high stress levels. In contrast, the percentage coverage of grass, sidewalks, and auto was relatively stable.


[image: Figure 13]
FIGURE 13. Representative images for different levels of perceived stress. The hexagon represents the eight image segmentation elements, clockwise from the vertex: (1) walls, (2) buildings, (3) the sky, (4) vegetation, (5) roads, (6) grass, (7) sidewalks, and (8) auto.




Multiple Linear Regression Analysis of the Perceived Psychological Stress

The perceived psychological stress in urban built environments is often influenced by a combination of factors. Estimating and estimating a dependent variable using the optimal combination of multiple independent variables is more realistic than using a single independent variable. In short, multiple linear regression models are of greater practical relevance.

We employed the eight most influential visual elements in the street-view images as the explanatory variables for the perceived psychological stress of the built environment in Gangnam. The blue bars in Figure 14 represent positive correlations with perceived stress increase. The red bars depict negative correlations. The bar length represents the value of the standardized beta coefficient, and * represents the significance level. The multiple linear regression model yielded an R2 of 0.844 and an adjusted R2 of 0.843, indicating that the model explains 84.3% of the variation in the perceived psychological stress. In addition, the influence of all eight visual elements on the changes in the perceived psychological stress was significant (p < 0.05), while the VIFs of the model were all < 5, indicating the absence of a collinearity problem. The D–W was close to 2 (1.765), indicating the lack of autocorrelation problems and the good construction of the model. The beta coefficients for the walls and the buildings were > 0, showing that these visual elements caused urban residents to perceive psychological stress. The coefficients for the sky, vegetation, roads, grass, sidewalks, and auto were lower than 0, indicating that they lowered the psychological stress perception among urban residents.


[image: Figure 14]
FIGURE 14. Results of linear regression analysis for perceived stress.


Our research corroborated the previous researchers' findings obtained using other modalities. Using street videos and expert evaluations, a previous study concluded that the walkability of urban streets is negatively correlated with the sense of enclosure arising from the building envelope (57). The heat island effect in cities also affects the perceived stress. However, it is often difficult for urban planners to account for it because thermal comfort is generally an important factor in perceived stress (58, 59). In addition, the vegetation in urban centers in developed countries reduces the sky coverage by an average of 18.52% (60). Consequently, vegetation and sky can be considered highly correlated factors, whose influence on the perceived stress can be controlled at the urban planning level. The vegetation on the street can release oxygen and ions through respiration. These ions can regulate the function of the human cerebral cortex, such that excitation and inhibition mechanisms are balanced; fatigue is eliminated; the spirit is invigorated; and work efficiency is improved (43). This beneficial effect of vegetation on the body reduces the perception of negative emotions. Therefore, the perceived stress in urban built environments must be reduced by increasing the openness of the sky and the vegetation through regulations and micro-behavioral measures, weakening the influence of urban buildings.




DISCUSSION


Measuring Urban Stress Perception Provides Scientific Help to Improve Residents' Health

Stress is a side effect of the urban construction process and is an important indicator of human health in the context of urbanization. According to research from a variety of disciplines, there is a strong correlation between perceived stress, the urban built environment, and socioeconomic conditions. However, there has been a lack of suitable data sources and scientific research methods for the quantitative analysis of the relationship between the urban built environment and citizens' perceived stress. As a possible approach to overcome this issue, GSV data currently covers a large area of most cities around the world and has become a reliable source of information for built environments. Based on this information, the perceived stress levels of urban residents can be estimated. Our study proposes a systematic approach that can effectively measure the perceived psychological stress of residents in urban built environments. This work is creating a relationship with urban planning development decision makers and mental health researchers. To collaborate research to reduce urban environmental stress. Both researchers can collect data on a large scale to measure the perception of urban stress and map the emotional distribution of stress among urban residents. Reflects perceived autocorrelation of stress in the study area. This will help urban planners to identify areas with high values of perceived autocorrelation of psychological stress. Enables researchers to provide solutions for reducing the stress of city dwellers and building more relaxing urban from the perspective of their respective disciplines and industries.



Exploring Stress Perception Clustering Features and Visual Element Influence Mechanisms

In this study, we constructed a systematic methodological framework using GSV data and deep learning techniques to measure the state of psychological stress levels in urban spaces. Compared to traditional processes and methods, the process developed in this study is more streamlined and efficient. The systematic and innovative nature of this approach is reflected in the efficient collection of urban streetscape data through GSV and the delimitation of district boundaries, the innovative use of cloud services technology to measure the stress perception of volunteers in urban spaces, and the prediction of stress perception in urban spaces using deep learning techniques. This was followed by an empirical case study of stress perception mapping in the Gangnam district and its various wards in Seoul, Korea, to demonstrate the reliability and advantages of the proposed approach. The results show that there is a strong spatial autocorrelation in psychological stress perception in space. There are more low-low clusters in the urban traffic arteries and riverine areas of Gangnam district, and more high-high clusters in the commercial and residential areas. The analysis of the street view images for low, medium and high stress perceptions yielded the proportion of each streetscape element associated with each stress level. Finally, using multiple linear regression, we found that walls, buildings, and stress perceptions were positively correlated, while the sky, trees, and roads were negatively correlated with stress perceptions. Our work thus offers practical and innovative contributions. The correlation between the street view data and stress perceptions was validated, so we hope that the effects of changes in the visual elements of urban streetscapes on stress perceptions can be more clearly understood.



Limitations and Future Works

Although the present study has a number of strengths, some elements should be refined in the future research. In this work, we used GSV images from Gangnam District of Seoul. However, larger scale data collection is needed to reduce the error in results. Therefore, in the future research, we will seek to gather complete streetscape data for one or more cities, which would allow cross-sectional perceived stress comparisons between cities in different countries. The increased data volume will test the predictive efficiency of the designed model. In this study, the human–machine adversarial model based on a random forest framework required human intervention for data calibration. We hope to develop deep learning tools that are based on artificial neural networks. Global urban built environment predictions can be made for the remaining data given a certain amount of training data. This is vital for large-scale multi-city perception studies.

Finally, the impact on perceived urban stress is a multifaceted process influenced by a variety of factors. Other factors influencing human's perceived urban stress should be thoroughly discussed. In the future, other factors, including the distribution of businesses and urban park point-of-interest data should be regressed against the perceived stress scores in multi-scale geographically weighted regression. This can be used to investigate pathways to reduce the perceived urban stress from a multi-source perspective.




CONCLUSION

With the continuous development of society, human's psychological health is receiving more and more attention from academic community. Measuring the level of psychological stress in urban built environment based on the human perception perspective has also become a research hotspot. Due to the limitations of previous research methods, it is time-consuming and inefficient to conduct large-scale psychological stress perception surveys. With the development of computer technology, deep learning technology provides help to explore the perception of psychological stress in urban built environment. This study explores a method to describe the level of psychological stress perception in streets from a human–centered perspective by combining deep learning with spatial autocorrelation analysis. The method can provide a valid assessment of the perceived psychological stress in the built environment of cities. We believe that this innovative approach can support re-construction of the built environment on the street by facilitating the link between psychological stress perception studies and new data and technologies. It has important implications for research related to stress perception in the urban built environment.



AUTHOR'S NOTE

We used the latest 2021 data for the administrative divisions of South Korea available from http://www.gisdeveloper.co.kr/?p=2332.

OpenStreetMap road network data and Korean administrative data were used to obtain road network data for Gangnam District and create the GSV acquisition point coordinates. We have made these data available for download from https://www.openicpsr.org/openicpsr/project/159481/version/V1/view.

Cityscapes is an open data set that can be downloaded from the official website (https://www.cityscapes-dataset.com/).

Our research team built the SegNet neural network in Section 4 based on the Python language, Keras deep learning framework, transfer learning techniques, and TensorBoard module. The code can be downloaded from our GitHub website (https://github.com/landscapewl/Segnet-Transfer-Learning).
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Background: The built environment quality of neighborhoods has a significant impact on the health of the elderly. Although there has been a wealth of studies on low-density Western cities, research on the impacts of built environment on elderly health in high-density Chinese cities is far from sufficient. The pathways by which the built environment affects elderly health remain to be observed, particularly whether such pathways vary for different ages and genders.

Methods: Based on the data of the “Fourth Survey on the Living Conditions of the Elderly in China” in 2015, a sample survey of 3,360 older adults, aged 60 years and over, in Beijing was conducted. We first explored the built environment factors that affect elderly health with a multilevel regression model. We then adopted a multilevel structural equation model (MSEM) to reveal the mediating effect of health activities. Moreover, a stratified analysis was applied to explore the impact of age and gender heterogeneity on the relationship between built environment and elderly health.

Results: (1) Neighborhood-built environment measured within a 500 m buffer area had a higher correlation with elderly health when compared with other areas. (2) Physical activity and social interaction played a mediating role in the correlation between the built environment and elderly health. Even if the interference of residential self-selection was controlled within the subgroups, majority of the built environment elements had significant impacts on elderly health. (3) The impacts of built environment variables on elderly health vary among different age and gender groups. Population density mainly promoted elderly health through health activities in the middle-aged (aged 70–79) group and high-aged (aged 80+) group, and shorter distance to transit stations affects health by promoting the social interaction among high-aged males (aged 80+) group compared to with other groups, and high-quality built environment significantly promotes physical activity to alleviate loneliness only in elderly females.

Conclusion: To effectively boost elderly health by improving the quality of the built environment, adequate considerations should also be given to the differentiated demands of adults of different age and gender groups, precise health behavior interventions should be provided, and the construction of personalized aging-friendly and livable spatial environments should be emphasized to realize healthy and active aging.

Keywords: neighborhood built environment, elderly health, multilevel structural equation model, age, gender


INTRODUCTION

At present, the world has been experiencing an accelerated aging process, and the global elderly population is expected to increase from 900 million in 2015 to 2.1 billion by 2050, with 30% of the increase coming from the rise in the number of the elderly in China (1). How to deal with the health challenges brought by population aging is a serious challenge facing the Chinese society. Beijing is one of the mega-cities within China which faces the highest rate of aging. By the end of 2020, the total number of the registered elderly population in Beijing was 3.786 million, accounting for 27% of the total registered population. This means, for the registered population, one out of every four Beijing residents is aged 60 or above (2).

Physical performance and social adaptability decrease when one ages, making older adults a high-risk group accompanied by more illnesses and disabilities (3). Several studies have shown that the built environment plays a significant role in health, in addition to individual genetics, socioeconomics, behavioral habits, and medical care (4, 5). Due to functional and mental decline and consequent reductions in mobility and social contacts, the elderly tend to spend more time at home and in their neighborhoods. The health of this population is therefore more vulnerable to barriers in their surrounding environment compared with other age groups (6). In 2019, the World Health Organization (WHO) launched the “Decade of Action on Healthy Aging 2020–2030.” This plan attempts to improve the quality of the environment to actively promote healthy aging. The WHO emphasizes the positive significance of the built environment for elderly health and the construction of urban and neighborhood-built environments that provide environmental support for older adults to be able to live, work, play, and age better.

Recently, growing studies have confirmed the impact of neighborhood-built environments on elderly health (7, 8). Most of the studies have been conducted in Western cities. However, these results may not be applicable to high-density cities of China due to different contexts (9). Meanwhile, measuring built environments in neighborhoods of different buffers and exploring their relationship with health may lead to unstable results, which was termed, the “Uncertain Geographic Context Problem (UGCoP)” by Kwan (10). Therefore, it is important to explore how the extent of neighborhood buffers affect elderly health. Moreover, a limited number of studies have found that age and gender disparities affect the relationship between neighborhood-built environment and elderly health. However, the pathways leading to such differences are currently unclear.

Using data from 3,360 older residents in Beijing, this study aims to address the gaps in the research by better understanding the relationships between the neighborhood-built environment and elderly health using a multilevel structural equation modeling (MSEM) approach. More specifically, we aim to examine the following: (1) the effects of the built environment on various health outcomes among older adults, focusing on the impact of buffer delineation on the analysis results; (2) the pathway of the built environment on elderly health through the mediator of health activities, and verifying the stability of the model after controlling for self-selection; (3) whether the pathways through which the influences of the built environment on elderly health differ across age and gender groups.

This study is structured into six sections. Section Literature Review reviews the literature on the effects of the built environment on elderly health. This is followed by section Materials and Methods where the data and method are presented. Section Results details the estimated results. Section Discussion discusses the main findings and the limitations while section Conclusion concludes the study with implications for planning practices.



LITERATURE REVIEW

Neighborhoods are typically considered to be relatively small areas surrounding a residence and measured by administrative boundaries or buffer zones (11). One current challenge is to determine the appropriate scale for defining neighborhoods (12). Without a fair justification, the choice of neighborhood-scale may lead to unstable results for the relationship between the built environment and health. Most previous studies have used a single census tract as a proxy for the neighborhood. However, for high-density cities, neighborhood interactions are more frequent, and using a single geographic scale to explore neighborhood effects seems too simplified (13).

The built environment refers to “the man-made space, in which people live, work, and recreate on a day-to-day basis” (14). Neighborhoods are the primary daily living and activity spaces for older adults, and many studies have shown the correlation between the quality of their built environment and the health outcomes of the elderly (15, 16). The attributes of the neighborhood-built environment are generally divided into density, diversity, design, destination accessibility, and distance to transit, namely the “5D” framework (17, 18). It is found that increasing neighborhood density reduces the risk of chronic diseases because residents can engage in more physical activity (19), while others have reported negative effects, suggesting that high-density environments may reduce outdoor space and increase stress, which is harmful to physical health (20). Inoue et al. (21) found that increasing land-use diversity is correlated with higher levels of physical and mental health because residents living in these areas can meet multiple needs by having easy access to resources. Most existing research confirms that street connectivity is influential to residents' health-related outcomes by improving the walking ability in older adults (22). Regarding destination accessibility, studies have provided more consistent results, with the higher provision of such services (i.e., recreational, health, and shopping services) predicting better health status of older adults (23). Distance to transit is another element that affects elderly health, as transit is widely viewed as an opportunity for physical activity (24).

The “5D” framework focuses on the flat dimension of the built environment, and some studies have focused on the characteristics of the three-dimensional (3D) perspective. The elements of the 3D perspective-built environment are generally derived from streetscape images, including indicators, such as architecture, greenery, and sky visibility (25, 26), but limited studies have attempted to explore the association between 3D perspective-built environment and health. More attention has been paid to green visibility, and a study in the Netherlands found a positive correlation between green visibility on streets and their attractiveness to older adults (27). People are more likely to stay on the street and engage in activities when they have a positive perception of the environment.

Another challenging task is identifying causal pathways between neighborhood-built environment and population health. Physical activity provides a nexus, specifically, built environments can either facilitate or discourage physical activity that influences health and wellbeing (28). Neighborhoods with higher density, more mixed land use, and better street network connectivity may increase the possibility of walking for transportation among older adults (29). Proximity to public transport facilities has also been shown to be a significant source of physical activity (30). Physical activity can decrease the risk of chronic disease, depression, some types of cancer, and all causes of mortality (31). Another pathway is social interaction. People need social interaction to improve their physical and mental health (28). Built environments can affect social outcomes by providing public and social spaces, such as easy access to public transportation and higher walkability (32, 33). Social interaction includes many forms, including conversations, shared activities, and so on. Research has shown that social interaction can affect behavioral, psychological, and physiological health by influencing healthy behaviors, providing social support, and increasing access opportunities via social networks (34, 35).

Due to the effects of aging on physical function and gender differences in environmental perception and family roles, the pathways of built environment effects on elderly health may differ by age and gender (36). Some studies have found that social interaction presents a stronger effect on elderly health than walking activities as aging increases (37). Other studies suggest that the built environment may play a greater role in female health, as females spend more time in the neighborhood compared to males (38). However, there are still limited studies focusing on the difference between the pathways.

In terms of research methods, regression analysis is widely used, such as the multi-level model. However, few studies have been able to prove the causal relationship between built environment and health. Some research has attempted to explore the mediating variables by using structural equations or path analysis, but they ignore the nested structure of the data, which reduces the accuracy of the results (35). Self-selection is also an important factor to be considered when exploring the impacts of the built environment on health. Few studies have conducted an in-depth exploration of pathways by including variables, such as travel preference and lifestyle for residence choices in the regressions (39). In most studies, the emphasis has been on one dimension of health (e.g., disease, mental health) or general health (e.g., self-rated health). However, few studies to date, address the different dimensions of health at the same time.

In general, the relationship between neighborhood-built environment and elderly health is complex. Current research has not reached a consensus on how to define the appropriate scale of the neighborhood. More importantly, existing studies have not conducted an analysis of the pathways between the built environment and elderly health based on the heterogeneity of different groups, for instance, different ages and gender. Therefore, more scientific evidence is needed to understand the relationship between neighborhood characteristics, health activities, and elderly health.



MATERIALS AND METHODS


Data and Sample

The research data consisted of two categories. The first is the individual-level sociodemographic and health-related data of the elderly, which is collected from the “Fourth Survey on the Living Conditions of the Elderly in China” in 2015. The survey was organized by the China Committee on Aging and adopted a multi-stage and multi-level sampling method proportional to the population scale, targeting older adults aged 60 and above, with samples covering 31 provincial-level administrative regions (excluding Hong Kong, Macao, and Taiwan), with a total sampling ratio about 1‰. Each selected respondent was numbered by sampling. The trained surveyors went directly to the households and conducted face-to-face interviews with the respondents to ensure that the respondents fully understood the survey content and the surveyors filled in the questionnaire according to the respondents' answers. The study selected the representative Chinese megacity, Beijing (the capital), which has a hot and rainy summer and a cold and dry winter, with a total area of 16,410.54 km2 and a resident population of 21.886 million at the end of 2021. In this study, 112 neighborhoods in Beijing were selected as samples, covering seven administrative districts: Haidian, Dongcheng, Xicheng, Chaoyang, Fengtai, Fangshan, and Shunyi. Each neighborhood had a sample of 30 older adults, and the total number of samples was 3,360. We removed the invalid samples with information loss, finally preserving 2,778 valid samples. The second category is built environment data at the neighborhood level. The data mainly comes from point of interest (POI) data, the 2014 land-use status map of Beijing, and Baidu Street View images.



Measures
 
Dependent Variables

In this study, we evaluated the elderly health status from two aspects: physical health and mental health. Regarding physical health, chronic disease was selected as a surrogate. Respondents were asked to answer whether they suffered from the following eight categories of chronic diseases, including hypertension, diabetes, cardiovascular diseases (e.g., coronary heart disease, angina pectoris, etc.), gastritis, arthritis, chronic respiratory diseases (e.g., lung diseases, asthma, etc.), malignant tumors, and reproductive system diseases. The number of chronic diseases was taken as a count variable, with higher values representing a higher risk of chronic disease in older adults (40).

Regarding mental health, loneliness and subjective wellbeing were selected as variables. In terms of loneliness, respondents were asked: “Do you feel lonely?” and the responses included “never lonely,” (1) “sometimes lonely,” (2) and “often lonely” (3). Loneliness can lead to fear, sadness, and anxiety in older adults, which can affect sleep and endanger mental health (41). For subjective wellbeing, respondents were asked: “Do you feel happy in general?” allowing for responses on a 5-point Likert scale, ranging from 1 (very unhappy) to 5 (very happy). Subjective wellbeing is a comprehensive assessment of the quality of life that emphasizes an individual's overall feelings about their life situation (42). Higher values on both scales represent higher feelings of loneliness and subjective wellbeing.

To measure self-rated health, respondents were asked: “How would you describe your present health status?” allowing for responses on a 5-point Likert scale, ranging from 1 (very poor) to 5 (very good), with higher values indicating better self-rated health. This scale is commonly used as a measure of general health in population surveys. The measurements also have proven to be stable and effective predictors of objective health, such as mortality or morbidity, and remain valid after controlling for medical, psychological, social, and health-related behaviors (43, 44).



Independent Variables

The measurement of neighborhood-built environment is constructed based on the “5D” framework (17), which mainly focuses on flat dimensional indicators. However, the neighborhood environment of people's daily life is three-dimensional in space, and the human body's perception of the built environment in a 3D perspective can also have an important impact on its behavioral activities. Therefore, this research adds elements of the built environment perceived from a 3D perspective to more visually quantify the perception of the environment based on a human scale.

Density is represented by population density. The land-use mix was calculated for diversity, based on the concept of information entropy, and the entropy index was constructed by dividing the land-use into five categories: residential, commercial retail and office, entertainment, institutional, and other land uses (45, 46). Design refers to street-network connectivity, including road density and intersection density. Destination accessibility was measured by the density of various types of facilities. We divide the facilities into four categories according to the daily use of the elderly, including commercial, recreational, leisure, and medical. Distance to transit was defined as the density of bus stops and subway stations. Regarding 3D environmental perception, we measured the visual rate of greenery, sky, and buildings. The built environment elements in the street-view images were extracted by deep learning and processed by fisheye image projection, and the calculation method was based on the Johnson and Watson equation (47). Table 1 describes the definition of neighborhood-built environment variables.


Table 1. Built environment measures.

[image: Table 1]

By considering the Uncertain Geographic Context Problem, we created five scales of buffers, including the administrative boundary of the neighborhood, 300, 500, 800, and 1,000 m buffers (10, 49). The selection was based on the concept of the “living circle” in the “Code for Planning and Design on Urban residential Areas” in China, combined with the walking speed of the elderly (0.8 m/s) (50). Based on the administrative boundary, the buffer was constructed with a radius of 5, 10, and 15 min reachable distance by walking for the elderly. This spatial scale is significantly smaller than that of the young and middle-aged people, which is also the premise of our study to measure neighborhood-built environment characteristics for the elderly group. In addition, the maximum radius of public service facilities proposed in the “Code for Planning and Design on Urban residential Areas” is 1,000 m, which is about 20 min walking distance for the elderly, so the 1,000 m buffer was also included in our analysis.



Mediating Variables

As mentioned above, physical activity and social interaction are selected as two key mediators.

Physical activity is referred to as a leisure physical activity in which the elderly participated, including walking, jogging, swimming, and other physical exercise behaviors. It was evaluated according to the number of times the respondent participated in physical activity during the previous week: 1 point if they had not exercised in the last week, 2 points if they exercised less than once, 3 points if they exercised once or twice, 4 points if they exercised three to five times, and 5 points if they exercised six times or more. The higher score represents the higher physical activity level of the elderly.

Social interaction was defined as various activities, including public welfare, cultural, recreational, and mutual assistance activities (51). Public welfare activities included maintaining neighborhood social security, maintaining the neighborhood environment, and participating in cultural and scientific promotion activities. Cultural activities included participating in senior citizen associations and universities. Recreational activities included group dancing (square dancing/YangYang song), ball sports (gateball/table tennis/badminton, etc.), and chess and card games (mahjong/card games/chess, etc.). Mutual assistance activities included helping to mediate neighborhood disputes, helping neighbors, and caring for and educating the next generation (excluding grandchildren). If the elderly often participated in one of the above types of social interaction during the past 12 months, the score was set to “1,” and if they did not participate in a certain type of activity, the score was set to “0.” The sum of the scores of the four types of activities was used as the evaluation score of their social interaction, and the score was set in the range of 1 to 4, with higher values indicating a higher level of social interaction.



Control Variables

The sociodemographic characteristics of individuals are key factors influencing the elderly health, and are selected as control variables (9, 36), including gender (male, female), age (60–69, 70–79, 80+), residence status (number of cohabitants), education attainment (no formal education, primary school, middle school, high school, postsecondary school, college/university), annual household income (0–1, 1–3, 3–5, 5–10, 10+), and medical examination habits (yes, none).




Statistical Analysis

Multilevel Regression Model and SEM were applied in this study. Multilevel modeling has been widely used in studies of neighborhood environments and health outcomes (52) because it allows for the simultaneous estimation of the effects of individual-level and group-level factors. The SEM has some advantages in dealing with the quantitative study of the interaction between multiple variables. The data had a clustered structure with older adults nested within the neighborhood, that is, the older adults living in the same neighborhood share the same environmental exposure. Moreover, there are complex interactions between the built environment, health activities, and health outcomes, so MSEM is more appropriate for analysis. Before constructing the model, six dimensions of variables, such as density, diversity, design, destination accessibility, distance to transit, and 3D were constructed based on 13 built environment indicators. Since the built environment indicators are all derived from objective measurement data rather than scale data, the traditional method of constructing latent variables is no longer applicable. Based on the relevant literature, this study used logistic regression to construct latent variables (53). The three steps of the analysis are as follows:

The first step was to construct a multi-level multiple regression model. Based on the five buffer scales of neighborhood administrative boundaries, 300, 500, 800, and 1,000 m buffers were used to measure the built environment characteristics. We then identified the built environment factors affecting the elderly health based on the results and defined at which scale of the geographic unit the relationship between the built environment and elderly health is more appropriate.

The second step was to construct the MSEM. Mediating variables were incorporated to examine the pathways of health activities. In addition, the stability of the model was verified by avoiding residential self-selection. The specific method was to screen out the elderly living in work-unit compounds and affordable housing neighborhoods as subgroups, including 48 neighborhoods with 1,222 elderly people, accounting for 44% of the total sample.

The third step was to construct a heterogeneity analysis model. Based on the stratified analysis, we explored whether the pathways of neighborhood-built environment and elderly health differed by age and gender. For the age heterogeneity model, the study sample was divided into three groups: low-aged group (persons aged 60–69), middle-aged group (persons aged 70–79), and high-aged group (persons aged 80+). For the gender heterogeneity model, the study sample was divided into two groups: elderly males and elderly females. The study combined Fisher's combination test for heterogeneity effect and set the number of sampling times to 1,000 based on bootstrap.

The analysis was conducted using Mplus7.4.




RESULTS


Descriptive Statistics

Descriptive statistics for the study population are given in Table 2. Over half of the respondents were female (52.99%), or low-aged elderly (56.30%). The majority was presented as non-living alone, educated at primary level or above (95.21%), had an annual household income of more than 50,000 RMB (74.37%), and had the habit of undergoing routine medical exams (65.87%). Overall, the participants exercised three to five times on average per week and they participated in at least one type of social activity on a regular basis. Less than half (44.67%) of the older adults had a good self-rated health status and the majority (80.63%) suffered from at least one chronic disease. For mental health, most older adults never felt alone (83.3%), and believed they were relatively happy (79.91%).


Table 2. Descriptive statistics of the study population (N = 2,278).
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Descriptive statistics of neighborhood characteristics are given in Table 3. The average land-use mix tended to increase as the buffer scale increased. The density of road and bus stops was similar in all five buffer scales, while the density of intersections (21.72) and subway stations (0.18) was the lowest within the administrative boundaries. The density of commercial, recreational, and medical facilities decreased as the buffer scale increased, but the density of leisure facilities did not show this pattern. Greenery and sky visibility rates were similar in all five buffer scales while building visibility rates were the highest within the administrative boundaries (0.39).


Table 3. Descriptive statistics for neighborhood characteristics.
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Multilevel Regression Analysis

The results of the multilevel regression models of the relationship between the built environment at the five buffer scales and elderly health are summarized in Table 4. We found that the correlation between built environment factors and elderly health varied by geographic scale. The population density was positively correlated with chronic diseases and negatively correlated with subjective wellbeing. Land-use mix was positively correlated with self-rated health, which was found only in the 500 m buffer. Street connectivity had a positive effect on self-rated health and a negative effect on chronic diseases at 300 and 500 m buffers, while it had a positive effect on the subjective wellbeing only within the administrative boundaries. Destination accessibility was negatively correlated with loneliness (all five buffer scales) and positively correlated with subjective wellbeing (except for the 800 m buffer). Distance to transit was positively associated with self-rated health and negatively associated with chronic disease (only in the 1,000 m buffer), while it was positively correlated with subjective wellbeing (only in the 500 m buffer). The 3-D environmental perception had a negative effect on loneliness in the 500 m buffer, and significantly associated with all health outcomes in the 800 m buffer. In general, compared with other buffer scales, there are more built environment elements in the 500 m buffer that were significantly associated with health outcomes, which could better explain the relationship between the built environment and elderly health.


Table 4. Statistical results of multilevel regression models for multi-buffer-built environment and elderly health.
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Multilevel Structural Equation Analysis

Table 5 shows the results of the MSEM of the full sample. Physical activity and social interaction were found to be key pathways through which the neighborhood-built environment influences the elderly health. The following are the effects of the physical activity path-based built environment on elderly health: population density had a negative effect, while land-use mix, distance to transit, and 3D-environmental perception had a positive effect. Higher population density may reduce self-rated health and subjective wellbeing and increase the risk of chronic diseases and loneliness in older adults by reducing the physical activity. Higher land-use mix can reduce the risk of chronic diseases and promote the subjective wellbeing of the elderly by increasing the physical activity. A shorter distance to transit may promote self-rated health and subjective wellbeing and reduce the risk of chronic diseases and loneliness by increasing physical activity. Moreover, better 3-D environmental perception may reduce chronic diseases and loneliness and promote subjective wellbeing by increasing physical activity.


Table 5. Statistical results of multilevel structural equation models (MSEMs) for the built environment and elderly health (full sample).
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The effects of social interaction path-based built environment on elderly health are as follows: population density had a negative effect, while street connectivity and distance to transit had a positive effect. Higher population density may have the potential to reduce self-rated health and subjective wellbeing and increase the risk of chronic disease among older adults by decreasing social interaction. Higher street connectivity was associated with higher self-rated health and subjective wellbeing and a lower risk of chronic disease among older adults through increased social interaction. Higher proximity to public transportation may promote self-rated health and subjective wellbeing and reduce the risk of chronic disease through increased social interaction.

Table 6 shows the results of the MSEM of the subgroup sample. This study found that the model results after controlling for residential self-selection did not differ significantly from the full sample, with only a few effect pathways changing. For self-rated health, the mediating effect of population density through physical activity was no longer significant, and the mediating effect of population density through social interaction on self-rated health (−0.018) was stronger than that of the full sample (−0.014). The mediating effects of street connectivity through social interaction and distance to transit through physical activity and social interaction on self-rated health were no longer significant. The mediating effects of the neighborhood-built environment through physical activity on chronic disease and subjective wellbeing were similar to that of the full sample. However, the mediating effects of street connectivity and distance to transit through social interaction on chronic diseases were no longer significant, nor were the mediating effects of street connectivity through social interaction on subjective wellbeing significant. For loneliness, the mediating effect of the built environment affecting loneliness through physical activity was consistent with that of the full sample.


Table 6. Statistical results of multilevel structural equation models (MSEMs) for the built environment and elderly health (subgroup sample).
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Heterogeneity Analysis

Figure 1 summarizes the differences in the mediating effects of neighborhood-built environment on elderly health among different age groups. This study found that in the low-aged group (persons aged 60–69), population density, street connectivity, distance to transit, and 3D environmental perception affected chronic disease and subjective wellbeing through physical activity. Street connectivity, destination accessibility, and 3D environmental perception affected self-rated health, chronic disease, and subjective wellbeing through social interaction. In the middle-aged group (persons aged 70–79), population density, land-use mix, and distance to transit were critical for chronic disease and subjective wellbeing by affecting physical activity, but for loneliness, only population density and distance to transit showed a significant impact through physical activity. In the social interaction pathway, only population density played a significant role on self-rated health, chronic disease, and subjective wellbeing. In the high-aged group (persons aged 80+), only population density showed a significant correlation with all health outcomes through physical activity. In the social interaction pathway, both population density and distance to transit showed a significant correlation on self-rated health, chronic disease, and subjective wellbeing.


[image: Figure 1]
FIGURE 1. Age heterogeneity of mediating effects of neighborhood-built environment on elderly health.


Figure 2 summarizes the differences in the mediating effects of neighborhood-built environment on elderly health in different gender groups. The results showed that in the male group, population density, distance to transit, and 3-D environmental perception affected chronic diseases and subjective wellbeing through physical activity, and land-use mix only had a positive effect on subjective wellbeing. In the path of social interaction, population density, street connectivity, and distance to transit showed a significant correlation between self-rated health, chronic diseases, and subjective wellbeing. In the female group, population density, distance to transit, and 3-D environmental perception were found to have a significant effect on chronic disease, loneliness, and subjective wellbeing by physical activity; while population density and street connectivity were associated with self-rated health, chronic disease, and subjective wellbeing through social interaction. However, for loneliness, only population density had a positive effect on it through social interaction.


[image: Figure 2]
FIGURE 2. Gender heterogeneity of mediating effects of neighborhood-built environment on elderly health.





DISCUSSION


Main Findings

This study explored the complex relationship between neighborhood-built environment and elderly health. The results indicate that different characteristics of the built environment played different roles in health outcomes through physical activity and social interaction. There was variability in these pathways among older adults of different age and gender groups. Our main findings are as follows.



Built Environment Within the 500 m Buffer Has a Higher Correlation With Elderly Health Compared With Other Areas

The choice of neighborhood area definition may dramatically influence the observed relationships between built environment characteristics and elderly health (9). Our research revealed that built environment elements are most significantly related to health outcomes in the 500 m buffer compared with other areas. One possible explanation is that with the increase of age, the physical function of the elderly decreases, resulting in the restriction of their accessibility. The 500 m buffer was selected as the point beyond which daily activity of the elderly begins to decline dramatically and may better capture older adults' daily activity space (54). In addition, neighborhood environmental attributes within the 500 m buffer also appear to be strong predictors of activity for older adults (55). This is consistent with the buffer scale selected in other previous studies conducted in China on the relationship between neighborhood-built environment and elderly health. It suggests that the 500 m buffer can more accurately reflect the built environment characteristics to which older adults are exposed in their daily lives (56). Therefore, the issue of the uncertain geographic context problem cannot be ignored when considering the impact of the neighborhood-built environment on public health. The actual range of daily activities of different groups needs to be considered and the exposure scale of the built environment needs to be defined by multiple comparisons.



Physical Activity and Social Interaction Are Key Pathways of Neighborhood-Built Environment Effects on Elderly Health

In the path of physical activity, some built environment characteristics could have a positive impact on health through physical activity, which is similar to previous studies (57). Land-use mix, distance to transit, and 3D environmental perception are enablers for outdoor physical activity among older adults. When living in a different land-use area, older adults may have easier access to various facilities and resources, which helps them to achieve higher levels of physical activity (58). Convenient public transport stations can provide various travel routes, which helps encourage the elderly to choose public transportation as a travel mode and increase their physical activity as they walk to transit stops. Previous studies have shown that ~29% of Americans can achieve adequate levels of physical activity only by commuting to and from public transport stations every day (59).

Regarding 3D environmental perception, an increase in the visibility of street greenery implies a more comfortable and pleasant street environment, and older adults are more likely to choose to walk or exercise in such green environments (58). Strong evidence showed that increased physical activity can help promote metabolism, improve body resistance, enhance cardiopulmonary function and flexibility of joints and bones, and reduce the risk of chronic diseases (57). Also, increased interaction with other people during physical activity can be effective in relieving mood and increasing serotonin levels, which can help promote self-rated health and subjective wellbeing and reduce loneliness (60, 61).

It is worth noting, however, that higher population density was negatively associated with health. This is in contrast with many previous studies conducted in Western countries (62, 63). However, the results are in line with many other studies on older adults in Asian cities (64). This is probably due to the fact that older adults are more likely to live in higher-density neighborhoods in Beijing, resulting in a lack of adequate space and places for physical activity. Decreases in physical activity may prolong sedentary time, aggravate the risk of chronic diseases such as obesity, diabetes, and cardiovascular disease, and thus are harmful to health (65).

In the path of social interaction, in line with previous research, our results also suggest that older adults can benefit from high levels of street connectivity and convenient transportation. Higher street connectivity can help encourage older adults to go outdoor for activities and increase their willingness to interact with neighbors (66). Similarly, easy access to public transportation can reduce social exclusion and isolation by increasing physical accessibility (67). As expected, increasing social participation and access to social support for older adults can help generate a positive attitude and a sense of neighborhood attachment and belonging, which is important for maintaining and promoting wellbeing and self-rated health (68). Previous research has also shown that older adults can gain more opportunities to interact with health care providers through social support and discussions with older friends about disease management, which can help them persist in treating chronic diseases (69).

Our study further found that population density had a significant negative impact on health, which is in line with the existing literature (70). In high-density neighborhoods, residents are often exposed to large numbers of strangers, exacerbating the weakening of interpersonal relationships, and reducing social interaction (71). High-density environments may also bring negative psychological feelings, such as psychological stress, anxiety, loss of control, cognitive overload, and violation of personal space (72), reducing the willingness to participate in social activities. Previous studies have shown that inadequate support for social interaction may lead to sleep problems in older adults, resulting in decreased immunity and increased mortality, impairing self-rated health and subjective wellbeing, and increasing the risk of chronic disease (52, 73).

In addition, China's unique housing policy creates an opportunity to control residential self-selection (74). In the model excluding the self-selection samples, some mediating effects are no longer significant, which reflects that individuals who love physical activities and social life are more likely to choose to live in neighborhoods with higher-street connectivity and convenient transportation. However, the subgroups do not differ significantly from the results of the full-sample model in general, and built environment characteristics still play an independent and robust impact. The result may be explained by the fact that the main subjects of the study are local elderly people who have lived in the neighborhood for a longer period and have less self-selection of living location, reducing the possibility of taking the built environment characteristics as the main consideration for housing selection.



Age and Gender Heterogeneity in the Pathways of Neighborhood-Built Environment Effects on Elderly Health

The relationship between neighborhood-built environment, health activities, and elderly health differed significantly by age group. The role of population density in changing health activities intensifies with increasing age, with significant effects on health outcomes concentrated among older adults in the middle and high age groups. The reason may be that the negative effects of environmental pressure, such as noise and insecurity caused by higher population density on physical activities, social interaction, and other behavior habits gradually appear after enduring them for long periods of time (75). While in the low-aged group, the built environment characteristics that had the most significant positive effects on health included street connectivity, destination accessibility, distance to transit, and 3-D environmental perception, which is consistent with previous research (76). Compared to other age groups, low age elderly has more physical activity and social needs, and higher demands on the quality of their environment (37). For the high-aged group, in addition to population density, no significant relationships were found between other built environment elements and health outcomes through physical activity, indicating that older adults have a weaker perception of the environment conducive to physical activity.

It is interesting to note that the effect of distance to transit on health through physical activity was more significant in the low and middle age groups, but the effect through social interaction was only significant in the high-aged group. The potential explanation might be that compared with the high-aged group, lower age elderly have a wider range of activities, and convenient public transportation facilities have a greater impact on their physical activity. For the high-aged group, the time and intensity of physical activity tended to decline with age, and their range of activity was constrained, resulting in a lower need to rely on public transportation for physical activity. However, previous studies have suggested that the high-aged group elderly have a higher level of need for social interaction and social participation (37) and are more dependent on physical space. As the walking range of the high aged elderly is limited, it is more difficult for them to travel by bike or car for social interaction, and they have a higher demand for public transportation (77).

Moreover, the study found that the relationship between neighborhood-built environment, health activities, and elderly health differed significantly by gender group, but the gender heterogeneity was not as obvious as the age heterogeneity. The effect of distance to transit on health through social interaction was only significant in elderly males. Consistent with the findings from previous studies (78), compared to elderly females who preferred to carry out activities near their neighborhoods, elderly males were more active in social interaction and had a larger spatial range, leading to a higher reliance on public transportation for their outdoor activities. The effect of land use mix on subjective wellbeing through physical activity was only significant in elderly males. The reason might be that elderly males had a wider variety in types of daily exercise activities, such as Taichi, sword dancing, gateball, and other activities. However, the need for elderly females was for facilities more focused on home shopping, which is relatively homogeneous. Therefore, for elderly males, higher land-use mix has a greater impact on physical activity by providing diverse places for physical activity to meet their exercise needs, and improve their subjective wellbeing (79, 80).

Interestingly, the effect on loneliness by improving the built environment was only significant in elderly females but not in elderly males. These characteristics include population density, distance to transit, and 3D environmental perception, which is consistent with previous studies (81). The reason might be that elderly females are more sensitive to the environment and emotions, more dependent on social support and companionship through the external environment, to develop interpersonal relationships in various activities, and to alleviate loneliness.



Limitations

This study has many limitations. First, the cross-sectional research design is not sufficient for explaining the correlation between neighborhood-built environment and elderly health. More longitudinal data are needed to consider a quasi-natural experiment in order to generate high-quality evidence to provide a more accurate basis for new policy decisions. Second, the study has discussed only two pathways, namely, physical activity and social interaction, and other potential pathways are missing. Further studies should investigate more potential mediation, such as stress exposure, pollution exposure, dietary behavior, and traffic safety, to further deepen the understanding of the relationship between the built environment and health. Last but not the least, this study adopted a static residence-based approach to measure the built environment, which is prone to the problem of uncertain geographic context and average neighborhood effect (82). Future studies should measure the built environment exposure based on individual mobility and incorporate wearable environmental monitoring devices to improve accuracy.




CONCLUSION

This study innovatively examined the age and gender differences of the mediation effects between the built environment and elderly health in China. While varying for age and gender, our results indicated that neighborhood-built environment plays an essential role in elderly health through physical activity and social interaction. These findings help enhance our understanding of the elderly health from the perspective of physical environment planning and to realize the health-promoting effects of the neighborhood-built environment. When developing health interventions for the elderly, it is recommended that besides equitable distribution of public services, priority should be given to the spatial layout of various public facilities within the 500 m buffer zone of the elderly residents' daily life. Improvement of the built environment can be done in terms of diversity, design, destination accessibility, distance to transit, and 3-D environmental perception. It should be customized to provide accurate health behavior intervention strategies for the different groups of elderly, according to their behavioral activity needs. In general, further studies on research based on the longitudinal observation of built environment and elderly health are needed to help build a more livable and healthier environment for the aging society.
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Numerous studies shown that particulate matter in the ambient environment has a significant impact on the health of the respiratory system. To understand the interrelationships between urban built environment, transportation operations and health, this study proposes an innovative approach that uses real-world GPS datasets to calculate energy consumption and emissions from transportation. The experiment used the traffic operation state in the Fourth Ring Road of Beijing as the research object and tested the impact of using the Regional speed optimization (RSO) strategy based on Macroscopic Fundamental Diagram (MFD) on energy consumption and emissions during peak hours. The impact of traffic emission on the health of roadside pedestrians is also considered. Changes in PM2.5 concentrations around four different built-up areas were calculated and compared. The computational experiments indicate that the PM2.5 pollutants exhausted by the traffic on the Ring Road during peak hours can reach up to 250 μg/m3, while the traffic emission on general roads near residential areas is only 50 μg/m3. Adopting Regional speed optimization can reduce the energy consumption of the road network by up to 18.8%. For roadside runners, the PM2.5 inhalation caused by night running in commercial and recreational areas is about 1.3-2.6 times that of night running in residential areas. Compared with morning or night running, the risk of respiratory disease caused by PM2.5 inhalation was about 10.3% higher than commuter running behavior. The research results provide a useful reference for energy conservation and emission reduction control strategies for different road types in cities and help existing cities to establish a traveler health evaluation system caused by traffic operation.

Keywords: urban built roads, PM2.5 exposures, energy consumption, Macroscopic Fundamental Diagram, respiratory health


INTRODUCTION

In the world energy consumption structure, the transportation industry is always an important role (1). The transport sector accounted for 40% of Portugal's final energy consumption in 2013, with the road transport sector accounting for 81% of this energy consumption (2). This is mainly due to the dependence of transportation on fossil fuels. Meanwhile, various types of particulate matter produced during the combustion of fossil fuels are also one of the important sources of air pollution and become one of the hotspots that people pay attention to (3–5). Particulate matter (PM) pollution such as PM10 and PM2.5 have been shown to reduce respiratory function and other adverse health effects, leading to increased mortality (6–10), especially among the infirm and the elderly (11). The study by Chen et al. (12) showed that exposure to environmental PM1, PM2.5 and PM10 pollution had severe adverse effects on hospitalization for ischemic stroke, 3.5, 3.6, and 4.1% of hospital admissions for ischemic stroke could be attributable to PM1, PM2.5 and PM10, respectively. Yang et al. investigated the association between PM1 and PM2.5 and CVD prevalence in Chinese adults by randomly recruiting 24,845 adults aged 18-74 years from 33 communities in Northeast China. The results show that long-term PM1 exposure was positively related to CVD, especially in men and the elder (13). Lu et al. systematically searched the PubMed, Web of Science, and China National Knowledge Infrastructure databases using as keywords names of 127 major cities in Mainland China, Hong Kong, and Taiwan and finally screened 59 articles. Random-effects, fixed-effects models and Meta regression were run to explore the association between exposure to particulate matter with aerodynamic diameters <10 and 2.5 mm and health effects. The result shows that a 10 μg/m3 increase in PM2.5 was associated with a 0.40% (95%CI: 0.22%, 0.59%) increase in total non-accidental mortality, a 0.63% (95%CI: 0.35%, 0.91%) increase in mortality due to cardiovascular disease, and a 0.75% (95%CI: 01.39%, 1.11%) increase in mortality due to respiratory disease (14). Health concerns drive growing awareness of the importance of controlling urban transport energy consumption and emissions (15–17). The study by (18) confirms that in Madrid traffic emissions have a major impact on PM2.5 concentrations in the urban environment. Similar conclusions have also been proved to exist in Toronto by (19). The impact of traffic PM2.5 emissions on human health cannot be ignored. The deposition method of traffic particles is diffusion sedimentation (20). After entering the human respiratory tract fine traffic particles deposited in the deep or pulmonary region of the lungs. The study also shows that people who are located near the road are more susceptible to the effects of fine particulate matter from traffic. Ling et al. proposed a hierarchical analysis framework, which analyzes several problems of different traffic related behaviors from top to bottom, including the purchasing behavior of new energy vehicles, the selection behavior of green travel modes and the behavioral reactions to TDM policies by dividing the management of transportation system into four levels from macro to micro. A useful management insight for traffic managers was provided to guide the design and improvement of sustainable traffic management policies (21). PM pollution in cities also affected by the built environment such as the diversity of urban area land use, street connectivity, building density and accessibility (22–24). Therefore, green buildings that can reduce emissions have also become one of the research hotspots (25). Some previous studies have focused on how driving patterns affect emissions and fuel consumption (26, 27). For example, Brundell-Freij and Ericsson (28) used a dataset of actual traffic driving patterns to assess the impact of parameters such as street characteristics, vehicle performance, driver category on driving patterns as well as emissions and fuel consumption.

Traffic operation have a significant impact on fuel consumption and emissions. Fuel consumption increases in the presence of traffic congestion, which has been found in previous studies (29–31). However, the research on the large-scale urban road network is still insufficient.

Since the traffic operation is always in dynamic change, even on the same road, there are obvious differences in the actual traffic characteristics on the road caused by the traffic demand at different time periods. Therefore, when measuring the emission generated by urban traffic, the dynamic change of road network operation state is a factor that must be considered. In traditional emission estimation of urban road network level, most of them estimate the total energy consumption and emission of the road network through the total number of vehicles. This static calculation method can only not effectively reflect the emission and energy consumption characteristics of traffic between different roads or at traffic nodes in the road network.

To expand the existing research to the road network level and enrich the research content in this field, this study uses vehicle GPS data and built road data to estimate PM2.5 and energy consumption from traffic. Taking the road section as the basic unit for calculating emissions and considering the working state of the engine under factors such as traffic congestion to calculate the emission rate of the road section at the average speed of a certain vehicle. Compared with previous studies (32, 33), this study further refined the PM2.5 impact caused by traffic by considering different urban built-up road traffic conditions, which is helpful to analyze the emission impact and energy consumption of different roads in the urban built-up environment. The main contributions of this study are as follows:

(a) A network-level traffic emission and energy consumption model with traffic operation state as input is established. PM2.5 emissions from traffic operations in urban built environment can be calculated.

(b) According to the characteristics of traffic operation in the city, a Regional speed optimization is proposed based on the above model. This strategy can effectively reduce vehicle energy consumption and PM2.5 emissions. At the same time, the health effects of emissions from traffic in different regions on roadside exercisers (such as joggers) were further analyzed.



METHODOLOGY AND DATA COLLECTION


Methodology

The following section describes the methodology and analysis process applied for this paper (Figure 1). By collecting traffic data such as GPS data of vehicles to obtain the actual city traffic operation state. The temporal and spatial characteristics of traffic operations in the urban road network can be found by analyzing historical data. A RSO strategy based on MFD which can control vehicles at optimized speeds was adopted to reduce transportation energy consumption and emissions across the road network. MFD is a model that shows the relationship between traffic flow and density in large urban networks. The formulations of road flow and density refer to Saffari et al. (34).


[image: Figure 1]
FIGURE 1. Overview of calculation process.


[image: image](t) and [image: image](t) are respectively partial flow and partial density of road i. li represent the length of road i. ni denote the number of lanes of road i. dip(t) and tip(t) represent the travel distance and time spend by vehicle p on road i.
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To obtain the traffic flow and density of the entire road network, it is indispensable to consider the penetration rate of GPS vehicle data. This study assumes the penetration rate ρi of vehicles with GPS. The flow qi(t) and density ki(t) of the complete road i can be calculated. The average traffic flow Q(t) and the average network density K(t) of the road network can be calculated by the following formulas.
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This paper expect to improve the speed of vehicles in the selected areas and ensure that the road capacity is fully utilized through a perimeter control strategy based on MFD.

Jiménez-Palacios (35) used vehicle specific power (VSP) as an intermediate parameter to establish a link between vehicle emissions and vehicle driving conditions, and the scientific and feasibility of this method were also demonstrated in the study. A very important property of this model is that it is measurable from the roadside. It can be used in scenarios where the number of vehicles is enormous, or the detailed information of all vehicles cannot be directly obtained. The simplified model is as follows.

[image: image]

v and a represent the vehicle speed (m/s) and acceleration (m/s2), respectively. A, B, and C all represent vehicle or road-related coefficients, which can be measured experimentally, and the units are kW·s/m, kW·s2/m2, kW·s3/m3. m represents the mass of the vehicle of the specified model, the unit is t. g is the acceleration of gravity. sinθ is the calculated value for the slope θ of the road. Through the parameters, we can find that the engine power of the vehicle is closely related to the speed and acceleration of the vehicle.

Trucks and container ships are only allowed to enter the Sixth Ring Road from 0:00 to 6:00 due to controls on the types of vehicles that travel in Beijing urban areas. To simplify the calculation, this study assumes that the vehicles driving in the urban area are all light-duty vehicles. The simplified formula applicable to light-duty vehicles in VSP methodology is used for the calculation [Equation (6)]. This formula is used by numerous studies (36–38).

[image: image]

Based on the above theory, this study proposes a road-vehicle specific power model. This model assumes that the road is the basic unit. In this way, the overall traffic operation state of the urban road network can be decomposed into the combination of roads in the road network. The first step is to obtain the historical traffic GPS data of the Ri. The second step is to calculate the average velocity [image: image] and acceleration [image: image] of the vehicle A on each road Ri. With velocity v (unit of velocity v is km/h) as an interval, the vehicle driving data on the road Ri is divided into V (V = velocity limit/v) sets. The third step is to use the vehicle specific power formula to calculate the engine specific power value of each vehicle A traveling in this road Ri. The vehicle specific power value reflects the traffic operation state on the road Ri at velocity V. Finally, divide the interval of the vehicle specific power value according to the step size n. The vehicle specific power distribution curve of the road Ri at vehicle velocity v can be obtained. The distribution curve can effectively reflect the urban traffic operation state on the completed road Ri.

[image: image]

By establishing a corresponding specific power distribution curve for each road Ri, different types of road segments I Ri can be effectively distinguished, and the relationship between urban built roads and traffic operations can be more accurately analyzed.

[image: image]

[image: image](g/km) is the traffic emission rate of road Ri at the average vehicle speed equal v. [image: image] (g/km) is the vehicle emission rate corresponding to the jth vehicle specific power interval in the specific power distribution curve of road Ri. [image: image] is the percentage of distribution of the jth specific power interval in the specific power distribution of road Ri. δ is a constant with a value of 3600. Emission rates for different vehicle specific power have been well studied by Deng et al. (39). This paper uses the results of the Deng et al. (39) to calculate the road specific power emission rate [image: image]. The average energy consumption rate of road Ri is estimated using the energy consumption rate [image: image] for each VSP mode j. The energy consumption rate corresponding to VSP has been fully studied in the Faria et al. research (2), and results were directly used for the calculation of energy consumption. [image: image] represents the road energy consumption rate of road Ri at speed v.
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This study assumes that the traffic-PM2.5 pollution concentration in a built-up area is represented by the sum of the concentration produced by the four surrounding roads as shown in Figure 2. When joggers are running on the roadside of this area, this value is the PM2.5 value that affects the health of joggers.


[image: Figure 2]
FIGURE 2. Regional emission concentration and road structure.




Data Collection

The vehicle GPS data time used in this study is from January 1 to 31 in 2021 of Beijing. The data content includes vehicle number, vehicle running state (driving or stopped), vehicle driving direction, vehicle speed, GPS coordinate point, time, and other information. The time interval for each GPS data is 3–5 s. In January 2021, the new crown pneumonia epidemic also occurred in China, so the traffic operation state reflected by the GPS data of vehicles may be different from the normal urban traffic operation state. The vehicle GPS data used in this study comes from our long-term collection and some data from the Beijing Municipal Transportation Administration.

According to the existing built roads in Chinese cities, they can be divided into four levels: expressways, main roads, arterial roads, and general roads. Beijing was selected as our research object city. The Ring Road is one of the characteristics of urban built roads in Beijing (Figure 3). The Ring Road is divided into main road and auxiliary road. There are 7-8 lanes in a single direction, and it has great traffic capacity. The arterial road (Figure 4) has 2-3 lanes in a single direction, and there are dedicated bike lanes. A general road with only one lane in one direction or two lanes but no dedicated bike lanes (Figure 5). There are also differences in the maximum speed limits allowed and vehicle capacity on different classes of roads. The main reason for choosing Beijing as a case study is that Beijing has tens of thousands of online ride-hailing vehicles in operation in daily life. From the perspective of data acquisition, it is more convenient and can provide enough data to cover the entire road network of the city. Our method can be used in any other city if it is supported by sufficient vehicle data.


[image: Figure 3]
FIGURE 3. Structure of ring-road.



[image: Figure 4]
FIGURE 4. Structure of arterial road.



[image: Figure 5]
FIGURE 5. Structure of general road.





CASE STUDY AND RESULT ANALYSIS


Case Description

As a super metropolis city with a population of more than 20 million, Beijing has a complex urban road structure and different urban built environments. Four typical urban areas as research objects to discuss the impact of traffic energy consumption and emissions on residents' health in different urban built environments. The four regions represent residential, commercial, entertainment, and park areas in the built environment of the city (Figures 6, 7). A brief introduction to the area is shown in Table 1.


[image: Figure 6]
FIGURE 6. The location of the four areas and the names of the surrounding roads.



[image: Figure 7]
FIGURE 7. Four different area types and their surrounding roads. (A) Residential area-S Luogu Ln. (B) Sports area-nation stadium. (C) Shopping/entertainment area-sanlitun. (D) Business area-international trade centre.



Table 1. The name and structure of the built roads in the area.

[image: Table 1]

Gulou E Ave is one of the oldest neighborhoods in Beijing, with traditional Beijing Hutong-style buildings. The area is about 1,000 meters long in the east-west direction and 800 meters in the north-south direction. There are about 8,500 permanent residents in the community, most of whom are over 60 years old, and the number of tourists is about 20,000 every day. Most of the internal roads in this area are pedestrian roads, and the number of vehicles entering the interior is negligible. This area can be considered as a representative of the urban residential area.

The Guomao area is the CBD of Beijing, and the area selected in this study is a part of the CBD, with a length of about 500 m in both the east-west and north-south directions. There are over 40-story commercial office buildings in the area, such as Central World Trade Center, Jianwai SOHO and Beijing Yintai Center. The people in this area are mainly businesspeople who commute in the morning and evening.

TaiKoo Li Sanlitun is a prosperous entertainment area. The length of the area is about 420 m in the east-west direction and about 250 m in the north-south direction. There is a bar street in the area that is still very lively at night and traffic jams. There are also residential communities in this area, which is a mixed commercial and residential area.

The Olympic Sports Center is a large urban park. The area selected for this study is a small part of the Olympic Park, with a length of 1.2 km east-west and about 1.1 km north-south. The Water Cube and Bird's Nest are located here. The above-ground department in this area prohibits the passage of outside vehicles. It is one of the important places for urban residents to exercise and exercise.



Median Speed Distribution of a Typical Road

By filtering the vehicle driving data of the selected road section, the median value of the vehicle speed on the road at half-hour intervals is obtained to represent the carried traffic operation state. Compared with the average speed, the median speed can better reflect the real situation of road driving. The result is shown in Figure 8. According to the traffic regulations formulated by Beijing, the speed limit on arterial and general roads is 60 km/h, the speed limit on Ring Roads is 80 km/h. Data that exceeds the maximum speed limit is culled from processing.


[image: Figure 8]
FIGURE 8. Median speed values for some typical roads in four regions.


In Figure 8, the red and the blue curves represent the two driving directions of the same road, respectively. Solid and dashed lines are used to indicate the difference between working days and non-working days.

The surprising result is that the traffic operating state on the same road is also very different. Both the E 3rd Ring Road and N 4th Ring Road are part of Beijing Ring Road and have the same number of lanes, but have completely different median speed distributions during the day. On weekdays, the ring road, as the main traffic road in the city, starts to drop in speed from 6:00 in the morning, and the median speed drops rapidly between 7:00 and 9:00, which is also the early morning rush hour in Beijing. The minimum speed of the N 4th Ring appears in the east to west direction, about 12 km/h, which is lower than the 28–35 km/h of the E 3rd Ring. However, in the west to east direction of the Middle N 4th Ring, the minimum speed is about 36 km/h at about 8:30, and then quickly recovers to about 50 km/h within half an hour, which shows that the traffic in the west to east direction of the Middle N 4th Ring Congestion is more serious than west to east and lasts longer, and there is a tidal traffic phenomenon caused by commuting factors on the N 4th Ring during the morning rush hour. Through the median speed of the two driving directions during the evening rush hour (17:00 to 19:00) of the N 4th Ring Middle Road, it is found that during the evening rush hour, the congestion in the west-to-east direction is more serious than that in the east-to-west direction, which further confirms that this is due to the tidal phenomenon of traffic flow caused by commuting demand. This tidal phenomenon does not appear on the Middle E 3rd Ring. After 19:00 on the Middle E 3rd Ring, the speed of the south-to-north direction quickly rose to more than 30 km/h, while the middle of the north-to-south direction continued to maintain a low speed until 22:30. Middle E 3rd Ring has more demand to leave the core city at night, which is also in line with the characteristics of commuting.

On non-working days, the median speed of E 3rd Ring is almost the same as that on weekdays, which shows that E 3rd Ring is the main traffic artery in the city's road network. On the N 4th Ring, the median vehicle speed is above 40 km/h between 7:00 and 9:00 in the morning because there is no need for commuting on weekdays. This obvious tidal phenomenon on weekdays shows that this road section is not only the main arterial road in the city, but also a key road for urban commuting.

Di'anmen E Ave and Workers' Stadium North Road both have three lanes and have similar road structures. The median speed has a similar trend of change, but there are numerical differences. It can be seen from the Figure 8 that on weekdays, both roads start to drop in speed at around 6 o'clock and are in a state of low speed during the activity time. But on Di'anmen E Ave, after 10 o'clock, the median speed of the road is in a relatively balanced state, there is no strong fluctuation, only the east to west direction, there is a drop in speed during the evening rush hour, it is obvious that it is affected by the traffic flow in the evening rush hour, but the influence of the evening rush hour in another form direction is not obvious. On the North Road of the Workers' Stadium, the speed of the vehicle continued to drop from the beginning of people's activities, and maintained a low speed after 14:00, around 15 km/h, and continued to be below 20 km/h until 22:00, indicating that this road section at night, the speed of the car is slow, and it is more congested than Di'anmen E Ave, which is also closely related to Sanlitun being a commercial street. And from 19:00 to 22:00, there are differences in the driving directions of the two lanes, and the speed of the east-to-west direction is significantly lower than that of the west-to-east direction, indicating that there are more vehicles passing in this direction in the interval.

On non-working days, the speed of the east to west direction of Di'anmen E Ave decreases significantly between 11:00 and 18:00. This phenomenon occurs because although the Gulou E Ave area is an old Hutong block. The commercial pedestrian street attracts many tourists on weekends, so the increase in demand for rides in this direction leads to a decrease in the median speed.

Xindong Road is located on the west side of the Sanlitun area. It can be seen from the picture that there is a significant speed difference between the two driving directions of this road section, indicating that the traffic flow between the two driving directions of this road section is not balanced, and it is always in the south to north direction. The traffic flow is greater than the north-south direction.

Jianguomen Outer St is located on the extension line of the central axis of Chang'an Avenue and within the Second Ring Road, which belongs to the central area of Beijing. From the distribution of the median speed pair in the Figure 8, it can be found that the obvious tidal phenomenon between the two driving directions of this road section is even more serious than some sections of the N 4th Ring. As can be seen from the Figure 8, the speed of the east to west direction is significantly lower than that of the east to west direction, especially starting at 6:00 in the morning on weekdays, and starting at 8:30 in the morning on non-working days, within half an hour the vehicle speed will increase from 60 km/h rapidly dropped below 20 km/h, and the congestion formed rapidly within half an hour and continued until after 20 pm. In the west to east direction, although it also drops to 30 km/h from the morning peak period, the congestion is far less than that in the east to west direction. During the evening rush hour on weekdays, the east-west direction dropped rapidly from 30 km/h to 13 km/h and began to rapidly recover to 40 km/h after 19:00, indicating the impact of the increased traffic flow in the evening rush hour on the speed of the west-east direction. From the above results, we can conclude that for the Jianguomen Outer St section, whether it is the commuter flow on weekdays or the travel passenger flow on non-working days, the passenger flow into the city is the most important factor affecting the speed of this section, and because this section is in the second In the central area of the ring, the congestion began to gradually recover around 19:00 in the evening, and the recovery time was earlier than that of the third and fourth rings in the out-of-city direction (west to east).



Emissions and Energy Consumption Characteristics of Typical Roads

Through the comparative analysis of the existing classification methods, this paper decides to use 1kW/t as the step size to compare the power for interval division. For light-duty vehicles in the urban road network, 99% of the vehicle specific power is distributed in the range of (-30, 30) kW/t, so the upper and lower limits of the vehicle specific power range (VSP bin) are set as−30kW, respectively /t and 30kW/t and divide the entire specific power range into 60. The specific power distribution curve of the road can reflect the traffic operating state of the road. The coordinate axes at the bottom are the traffic speed and specific power range of the vehicle, respectively.

From the specific power curve of the above roads (Figure 9), it can be found that although the structures of the built roads may be similar, there are obvious differences in the specific power distribution curve on the roads due to different traffic operation states carry. For instance, the E 3rd Ring and the N 4th Ring Middle Road belong to the Ring Road. Most of the vehicles on the E 3rd Ring are in the low-speed operation area, and a considerable number of them are in the high-speed operation area of 60–80 km/h. However, on the section of the N 4th Ring Middle Road, there are fewer low-speed sections, and the distribution in the 20–80 km/h section is relatively even. This means that most of the time, the traffic operating state of the two roads is quite different. The specific power distribution curve of Workers' Stadium North Road and Xindong Road are similar, indicating that vehicles operating on the two road sections have similar traffic conditions and have similar traffic emission. Similar to the low-speed section of the Middle E 3rd Ring. The only difference is that the high-speed section is missing. This is due to the difference caused by the completion of the road structure. Since the road structure of the ring road is isolated (there is an isolation barrier from other roads), the maximum speed limit of the road is 80 km/h. On the other hand, roads such as Workers Stadium North Road and Xindong Road are mixed with pedestrians and non-motorized vehicles. To ensure safety, the speed cannot exceed 40 km/h.


[image: Figure 9]
FIGURE 9. VSP distribution curve for some typical roads in four regions.


Jianguomen Outer St is relatively evenly distributed in the range of 0–80 km/h. Though the low-speed range of 0–20 km/h accounts for the most, but each speed accounting for <3%. However, compared with the road section of the N 4th Ring, because the low-speed sections account for more, there are more inefficient driving states, so the emission intensity of the road section is also higher than that of the N 4th Ring.

Correlations between vehicle speed and energy consumption rate, vehicle speed and emission rate were obtained by using the VSP methodology shown in Figure 10. Among them, the VSP distributions of Xindong Rd and Gongrentiyuchang N Rd are similar, so Gongrentiyuchang N Rd is used to represent roads with similar VSP distributions.


[image: Figure 10]
FIGURE 10. Relationship between PM2.5 emissions and energy consumption at different velocity.


Using the VSP methodology enabled correlating the average traffic emissions and fuel consumption of the road with each VSP mode and analyze speed bins at 1 km/h intervals. The maximum speed limit of the Ring Rd is 80 km/h, and the rest of the roads are limited to 60 km/h. Data on overspeed situations are excluded, and extreme low speed situations with vehicle speeds <5 km/h are also excluded. With the increase of driving speed from low speed to high speed, vehicle emissions and energy consumption have a trend of decreasing first and then increasing. The results of this study are corroborated by the conclusions of previous studies (2, 40). However, despite the same trends, the emissions and energy consumption of different roads differ significantly. This is due to the road structure of different roads, the importance of the road in the road network and the actual traffic operation state. Therefore, by using the method of this study, the relationship between speed and emissions and energy consumption can be established for each road in the road network using real data, which allows for large-scale driving monitoring activities at the urban road network level.

Figure 11 shows the emissions for selected road on weekdays, where traffic-related emissions from different driving directions of the road are superimposed to represent the overall emissions for that road segment. It can be seen from the Figure 11 that in the six roads, emissions began to rise at 6:00 in the morning. At this time, the morning commute began to appear, the speed of the road section began to drop, and the traffic flow increased significantly. Among them, the emissions of Middle E 3rd Ring, Middle N 4th Ring and Jianguomen Outer St have increased significantly, exceeding 100 g/km. This is also since the three roads have more lanes and undertake the main commuting function. From the emission curve of the N 4th Ring Middle Road, the emission during morning and evening peaks are more obvious. The maximum emission value of the morning peak is 162 g/km, which is slightly higher than that of the evening peak (148 g/km). Although there is an obvious commuter tidal traffic flow in this section on weekdays, However, in the morning and evening rush hour, the impact of the two driving directions of the road is relatively close. The highest emission value of the E 3rd Ring is close to 250 g/km, which occurs at 18:00 in the evening. The reason for this phenomenon is that the median speed of the East Third Ring Road is lower in the evening rush hour compared with the morning rush hour, and the congestion is more serious. PM2.5 emissions from traffic during evening rush hour are almost double those during morning rush hour. The emission from Jianguomen Outer St section began to rise rapidly from the time of residents' activity in the morning and remained between 120 and 135 g/km during the whole daytime. At 18:00 in the evening peak, it exceeded 150 g/km and began to decline continuously, indicating that this road section was active in the entire resident activity. It can be found from Figure 8 that the road also has obvious tidal phenomena, and in the period of daytime activity, the discharge from west to east is always higher than that from west to east. This result shows that the role of this road section in the entire traffic network is mainly to carry the traffic demand flowing to the city center.


[image: Figure 11]
FIGURE 11. Working day traffic emissions from selected typical roads in four regions.


The other three roads also have lower emissions than the above three roads due to the smaller number of one-way lanes. Gongrentiyuchang N Rd is close to the bustling shopping and entertainment district of Sanlitun, so the road speed is always low during the day. This resulted in emissions exceeding Xindong Road and Di'anmen E Ave.



Application of Regional Speed Optimization Strategy

In this study, the MFD of four areas in Beijing is calculated by combining the vehicle GPS data, the fixed detectors data and video data on part of the networks. More details are given in Sarvi et al. (41). Utilizing the GPS data of actual driving vehicles is conducive to the establishment of a MFD that is closer to the actual road network traffic operation. Edie's generalized definitions (34) are used to calculate road flow and density.

Zhong et al. (42) investigated the dynamic system optimum (DSO) problem which simultaneous route and departure time assignments for a general traffic network partitioned into multiple regions. In this paper, MFD systems were constructed with the abscissa as the cumulative number of vehicles in the road network and the ordinate as the completed flow of the road network. The curve is represented by the third-order function of the cumulative number of vehicles in the road network, and its mathematical expression is:

[image: image]

where G(n(t)) is the completed flow of the road network, and n(t) is the cumulative number of vehicles in the road network. a, b, c, d are the fitting parameters of the curve.

In this study, four different types of areas were selected, and a simulation environment was built by VISSIM software to simulate the road traffic state of each area to calibrate the MFD system, and then obtain the best critical point for the cumulative number of vehicles in the road network. The estimated MFD systems for the four areas are shown in Figure 12. After that, a PID controller is used to control the cumulative number of vehicles in the road network around the optimal critical point. By controlling the number of vehicles entering each area, the speed of vehicles in the area is increased. The median speeds of the four areas before and after control are presented in Figure 13. It can be seen that the median speeds of the four areas are improved by the perimeter control strategy based on MFD. However, due to the constraints of the overall traffic flow in the road network (including the areas outside the control areas), the speed during peak hours cannot be increased to the level of off-peak hours. From the emissions and energy consumption results (Figure 10), low-speed operation caused by traffic congestion is a key factor affecting road energy consumption and emissions, especially during the morning and evening rush hours. By applying the RSO strategy to optimize the traffic operation status of the road network in different regions, the energy consumption of vehicles on the road network can be effectively reduced.


[image: Figure 12]
FIGURE 12. The estimated MFDs for the four regions.



[image: Figure 13]
FIGURE 13. Median speed of the four regions before and after control.


From the simulation results in Figure 14, it can be found that the energy consumption in the National Stadium area is highest (of the four areas) during the weekday evening peak hours. This is due to the traffic congestion caused by the excessive traffic demand on the N 4th Ring Road in the evening peak (17:00–19:00). After using the RSO strategy, vehicles flowing into the area from the surrounding area are controlled. The traffic flow in the area decreased and the driving speed increased. The overall energy consumption of road network traffic in the region fell by about 18.8%, the largest drop among the four regions. The second is the international trade area, where the overall energy consumption has dropped by about 15%. S Luogu Ln and Sanlitun area cities have few lanes in the built road network, the RSO strategy has limited improvement in the vehicle traffic capacity of the road network. The reduction in energy consumption decreased by about 11.7 and 7.5%, respectively. In the urban road network construction structure, the area with the greater traffic capacity, the more obvious the energy consumption reduction effect after using the RSO strategy.


[image: Figure 14]
FIGURE 14. Four types of regional energy consumption results before and after RSO strategy optimization.


Roadside jogging is one of the typical behaviors of roadside pedestrians (43, 44), and getting too close to the road is more susceptible to traffic-related PM2.5 emissions. To explore the impact of traffic emissions on the fitness activities of residents on the PM2.5, this paper calculated the PM2.5 inhalation during jogging activities in different functional areas at different times of the working day. We assume that there are three types of runners: morning runners, night runners, and commuter runners. Different types of running times were obtained by reading the literature (45, 46). The morning jogging is from 6:00 to 7:00 in the morning, and the night jogging is from 20:00 to 21:00. For those who commute by running, it is assumed that the commute time is 1 h in the morning and evening, between 7:00 and 8:00 in the morning, and between 18:00 and 19:00 in the evening (47). The concentrations of morning and evening commuter runs were then averaged and compared to those who only ran in the morning or evening. Running and inhalation studies were used to estimate inhalation in jogging behavior (48). The average speed during jogging behavior was 8 km/h and the inspiratory rate was 1.62 m3/h. The calculation results are shown in Figure 15. Through calculation, it can be found that the changes in traffic emissions suffered by physical exercise in different regions and time periods are different.


[image: Figure 15]
FIGURE 15. PM2.5 inhalation caused by jogging on some typical roads in four regions.


When runners jogged around four different types of zones, the cumulative PM2.5 concentrations they were exposed to within 1 h were significantly different. The International Trade Centre area is a CBD with busy business activities. From the previous median speed results, it can be found that because the selected area is close to the Middle E 3rd Ring, the traffic flow in this area is large, and the passing vehicles are huge. So the value of PM2.5 concentration is also the highest among the four areas. The PM2.5 concentration generated by traffic during night jogging activities in this area is 1.32 times that of morning jogging activities. It is 2.65 times that of night running in the S Luogu Ln area (residential living area).

In the commuting and running behavior in the International Trade Centre area, the cumulative amount of PM2.5 inhaled by runners exceeds 800 μg. Combined with previous research, running in this polluted environment is more harmful to health than exercise. The shopping malls, gourmet shops and bars in the area make the Sanlitun area more active at night than during the daytime. Therefore, the PM2.5 inhalation of night jogging (190 μg) in this area is higher than that of morning jogging (150 μg). In the S Luogu Ln area, whether it is morning or night jogging, the PM2.5 inhalation was almost the same, 135 μg and 137 μg, respectively. Due to the small traffic capacity of the built roads in the residential area, the emission from traffic is small, which is the main factor for the small fluctuation of the PM2.5 concentration value around the residential area. To sum up, jogging exercise is best done around residential areas without major urban roads. Other exercise methods such as cycling or walking have breathing rates of 0.63 and 0.70, respectively, which are much lower than running (49). Therefore, engaging in lower-breathing exercise activities can help your health when exposed to polluted outdoor environments. For runners, try to run in residential areas and avoid jogging activities in commercial areas and main roads. And take precautions to reduce PM2.5 inhalation while jogging. Of course, the most ideal sports venue is the professional track and field ground.




CONCLUSIONS

Although the built roads have the same number of lanes, there are obvious differences in the traffic operating state on the road because they are in different areas of the urban road network. One of the reasons is the tidal phenomenon of traffic flow caused by different commuting needs. By using the emission and energy consumption model proposed in this study, the energy consumption and emission results of roads in four different regions are calculated. Compared with the maximum hourly emission of PM2.5 generated by traffic on weekdays, the East Third Ring Road is 1.66 times that of the N 4th Ring Road. Therefore, the emissions and ambient PM2.5 concentrations of roads that play an important role in the road network deserve further study. We will study this aspect in depth in the future. In addition, this study found that the PM2.5 inhalation of commuter running is about 2-3 times that of morning or night runners alone. Traffic emissions and energy consumption can be effectively reduced by increasing vehicle speed during evening rush hour. By simulating the road network in four regions, energy consumption can be reduced by up to 18.8% Through the method proposed in this study, the RSO strategy can be extended to the entire road network, which can effectively reduce the energy consumption and emissions of urban traffic.

According to the study of Lu et al. (14), if jogging on the roadside for a long time, even in a residential area, the PM2.5 generated by traffic can increase the risk of commuters jogging suffering from respiratory related diseases. About 10.3% higher risk than just jogging in the morning or evening. Commuter runners should take some precautions to reduce the impact of PM2.5 emissions from traffic. We strongly recommend that runners avoid arterial urban roads as much as possible. Try to avoid the rush hour of traffic in the choice of time. It is best to run in a dedicated stadium.

This paper may provide valuable information for the study of the relationship between the urban built environment and the health of urban residents.

Our findings may provide valuable information for the study of the relationship between the urban built environment and the health of urban residents. It can also play a role in helping to formulate sustainable air pollution control policies to protect the health of future urban residents. Nevertheless, this study still has some limitations that need to be further expanded in the future. In the emission research at the level of urban road network, a larger amount of data and more detailed vehicle driving data are helpful to describe the traffic operation state and improve the accuracy of emission calculation more accurately. More data needs to be collected for analysis and research. Sophisticated wearable detection equipment is also helpful to analyze the impact of traffic emissions on particulate matter inhaled by roadside pedestrians. These issues will be further improved in future research.
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This study aimed to better understand the relationship between the street environment and walking behavior by deciphering the pedestrians' street environment preference based on their route choice behavior while walking. The route data of 219 residents were collected using an unobtrusive tracking method and subjected to binary logistic regression models to analyze the pedestrian route choice behavior. The results revealed that except for the walking distance, the trip purpose and travel status are the potential factors influencing the route choice of pedestrians. Furthermore, it was revealed that on-street parking, garbage bins, and streetlights could influence the pedestrians to select longer distance routes. In addition, pedestrians were more likely to select the shortest distance route when they were engaged in leisure activities with an accompanist. The findings of this study would offer insights, from different perspectives, into the micro-scale street environment and the walking behavior of pedestrians.
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INTRODUCTION

Walking is the simplest mode of transportation that may be incorporated as a first-mile or last-mile solution into a wider transportation network, ultimately reducing the negative impacts of automobiles on the environment (1, 2). In addition, walking is one of the most widely used forms of physical activity that assists in preventing various physiological and mental disorders associated with a sedentary lifestyle, such as obesity, diabetes, and depression (3–5). Therefore, improving the environment of pedestrians within a community is beneficial in several ways.

The simplest and the most acceptable form of any physical activity for most people is one that may be integrated into their daily lives (6). Utilitarian walking is a type of walking that refers to undertaking walking trips to routine destinations, such as shops, school, work, and bus stops. This kind of walking has been identified as a core factor that supports a sustainable lifestyle and allows achieving the recommended levels of positive health outcomes of the World Health Organization (WHO) with just 10 min of daily bouts of physical activity (2, 7). However, the COVID-19 pandemic is causing mass disruption to our daily life, especially the dramatic declines in utilitarian walking, which results in the impact of the economic benefits of the area (8, 9). Therefore, enhancing the frequency and duration of utilitarian walking is considered an effective method for improving one's physical activity.

The relationship between the built environment and walking has been a research hotspot in several fields of science, such as transportation, urban planning, and public health. Several scholars believe that community design and land use development affect the choice of the mode of transportation (walking behavior). Numerous studies, ranging from macro- to micro-scales, have attempted to understand the relationship between the built environment and the walking behavior of people (10, 11). The macro-scale studies have been more focused on the land-use factors, such as density, diversity, design, distance, and destination (3Ds or 5Ds), which are, in turn, connected to walking behavior, such as walking distance, frequency, and choice of the mode of walking (12–14). On the other hand, the micro-scale studies are based on the relationship between the quality of the street environment and the walking behavior, including the quantity and quality of the pedestrian infrastructure, such as sidewalks, their width, their condition, and their separation from the traffic, along with the likelihood of the walking trips (15, 16). The other factors important in the context of walking include certain amenities, such as parks and open spaces, streetscape greenery, and urban design qualities such as imageability, enclosure, human scale, transparency, and complexity (17–19).

Most studies aimed at measuring the different aspects of walking behavior rely on area-based measurements, and the survey data are usually collected at the census collector district level in spatial analysis units. Such studies have mostly relied on comparing the differences in the walking amounts under different environmental characteristics (20). However, a major challenge encountered in the empirical evaluation of the relationship between the built environment and walking behavior is residential self-selection, which is caused by the inability to conduct intervention trials on the built environment within the community (21). For instance, people who prefer to walk select a neighborhood with a pedestrian-friendly environment to reside in, which leads to a bias in the estimated relationship between the built environment and walking behavior without exogenous variations in the sample residential location (21). Although various strategies have been adopted to address this residential self-selection, residents in different neighborhoods often belong to different social groups and their personal differences, such as those in attitudes and preferences for travel, remain unobserved in empirical research (21, 22). In addition, aggregated, rather than disaggregated, approaches are usually adopted when studying the relationship between the built environment and walking behavior (20). For instance, the concept of travel behavior includes travel distance and daily travel frequency and duration. This concern is further evident in public health research, where the walking data are in the form of frequency, intensity, and duration, while the analysis of the built environment variables is rare (20). Therefore, it is imperative to identify a specific measure for evaluating and predicting the impacts of environmental modifications on actual walking.

Route choice behavior refers to the decision-making process employed when pedestrians select one route among all possible routes connecting two consecutive destinations. The route choice reflects the decision-making behavior adopted during the walking process after determining the travel mode and the output result based on the interaction between the linear-segment street environment and the adopted walking behavior. Therefore, analyzing the route choice behavior would enable overcoming the walking behavior measurement method-related limitations of the traditional research on the street environment and walking behavior. Specifically, compared to area-based measures, route-based measurements better reflect the pedestrians' walking experience of the environment during the walking process or enable capturing the slight differences in the personal preferences for the street environment (23). Therefore, depending on trip assignment in the field of travel behavior, route choice enables a specific understanding of the pedestrians' preferences for the environment while Moreover, the biggest advantage of route choice is that it is less likely to correlate with residential location decisions which may partially overcome the concerns of self-selection. Also, most of the studies conducted on route choice compare the selected and non-selected routes and provide valuable insights into the environment-behavior interactions and route choice considerations. This type of comparison is also intuitively appealing, as routes serve as the ways through which pedestrians' would experience and relate to the street environment (21, 23). Therefore, understanding the route choice behavior of pedestrians would enable analyzing and deciphering the relationship between the street environment and walking behavior from different perspectives.

The objective of this study was to reveal the pedestrians' preference for the street environment while walking based on their route choice behavior and to identify factors that would stimulate pedestrians to select further routes to improve their walking activity. Specifically, the potential correlations between network features, trip characteristics, and personal factors were identified by analyzing the route choice characteristics. Next, the selected route was considered the preference for the environment while walking, and the influence of the street environment on the route choice behavior was analyzed. Finally, how the internal relationship between network features, trip characteristics, and personal factors affects the walking behavior of pedestrians was analyzed. The Chunliu Community, Dalian, was selected as the study site. It is an open and old community that was built in the 1990s. The site was selected as it has a dense road network and a diverse set of facilities for the pedestrians to select from.



LITERATURE


Street Environment and Walking Behavior

According to the four-step model (which categorizes travel behavior into trip generation, trip distribution, mode choice, and trip assignment), the studies on the built environment may also be categorized into those based on walking generation (trip generation), the distribution of walking destination (trip distribution), the factors affecting walking frequency (mode choice), and the route choice. Most studies from the different fields of public health belong to the first three categories and have focused on measuring the overall walking volume, walking destination (walkability), and walking frequency to identify and analyze the environmental factors that promote an active and healthy lifestyle among residents (24). On the contrary, studies based on exploring the route choices are relatively scarce, even though the determinants of route choice may reveal important information regarding the role of the environment in influencing active travel behavior. In the field of urban planning and transportation, several studies were conducted to investigate different types of walking behaviors, such as the pedestrian crossing behavior at signalized and un-signalized intersections or in a street segment (25, 26); the patterns of crowd movement during an extreme event (27); and pedestrian volume/flow in different road segments (28). However, despite being focused on an important behavioral element, these studies could not capture pedestrians' experience of the environment during walking or their personal preferences for the street environment while walking.

On the other hand, route choice analysis would enable researchers to identify the street environment preferences of those who already walk, rather than those who are likely to walk, which would, in turn, form an important basis for developing urban planning and design policies for constructing pedestrian-friendly environments.



Street Environment and Route Choice Behavior

The route choice process may conceptualize as pedestrians selecting a route with the highest utility among the various competitive choices of routes connecting the origin with the destination (29). Therefore, the route choice models are based on the hypothesis of utility maximization behavior (30). Different from the conventional approach to studying the street environment and walking behavior, route choice behavior analysis would enable a better understanding of pedestrians' preference for the street environment while walking by comparing the environmental characteristics of the selected route and the non-selected routes. Moreover, the process of street environment measurement comprises a series of linear segments, which facilitates the evaluation of the quality of the street environment and explains the impact of the micro-scale street environment attributes on the walking experience. Nonetheless, studies that have analyzed the correlation between the street environment and the walking behavior from the perspective of route choice behavior are scarce. This is because several of the features of the street environment, such as building design, signage, and streetscape, which may affect the experience and behavior of pedestrians, are difficult to quantify.

The collection and measurement of the data regarding these features are also difficult and time-consuming. Even if the data regarding pedestrian street networks are available, such data often have poor quality. Therefore, only a few studies have been conducted in this regard, with most of them having reported distance as the key determinant of route choice. For instance, the shortest route was revealed as the most preferred route among the competitive routes, leading to the inference that pedestrians frequently attempted to minimize distance (31, 32) and walking duration when selecting their routes, and there exists sufficient empirical evidence to demonstrate this (33, 34). The street environment was also reported to play a significant role in pedestrian route choice behavior, although only when the pedestrian's actual travel route deviated from the shortest distance route (35).

Although there have been great breakthroughs in the measurement of the street environment in the field of public health, such as audit tools enabling comprehensive and detailed measurements of the street environment at the micro-scale (36–40), analyzing the route choice behavior using these existing audit tools remains difficult. The existing audit tools typically comprise hundreds of environmental indicators, the collection of which is time-consuming, while the data would have little relevance for route choice analysis. Furthermore, there exist geographical discrepancies, which require extensive testing.



Other Factors Affecting Route Choice Behavior

In addition to the street environmental features, pedestrians' route choices are also influenced by other factors, such as personal factors (gender and age), trip characteristics (trip purpose), and network features (41).

(1) Network features

Any type of walking requires pedestrians to use the existing spatial cognition records to connect the origin with the destination. Street network characteristics affect the cognitive effort required for pedestrians to navigate in an area when they move around in the urban environment (42). Extensive research has demonstrated the priority position of the route length factor or distance factor in pedestrians' route choice behavior. Therefore, it may be inferred that certain relationships exist between the route choice behavior and network topology as the distance is related to network topology (41). Accordingly, studies describing street networks should incorporate measures that capture a variety of configurational qualities, such as metrics and geometrics.

(2) Personal factors

While certain studies have proved that personal factors (such as gender and age) have little effect on route choice (43). Other studies have demonstrated that several differences exist in the route choices between different genders and ages, such as male individuals and the elderly prefer to select the shortest distance (43). Certain other studies have indicated that gender plays a role in the different perceptions of the environment, thereby affecting walking behavior. For instance, women were reportedly more inclined to select the environment with a high safety perception for walking activities (44). However, these studies did not explain why men and women reported different associations between walking and perceived environmental features, such as access to walking routes and destinations, pleasant scenery, traffic, and perceived safety (45–47).

(3) Trip characteristics

Studies on route choice have revealed that the synergistic effect of the street environment and route are likely to affect the route choice behavior. For instance, similar street environments reportedly lead to different route selection results in different areas (23). The expectations and the emerging evidence of the environmental influence on physical activity are likely to be context-specific (48). Therefore, it is reasonable to expect that route choice consideration may also vary according to the trip locations and objectives (23).

However, most of the previous studies have focused only on how the specific network characteristics, trip purpose, and personal factors influence the route choice behavior. For instance, the different area characteristics of the road network affect the spatial direction of route choice (42). In addition, different street environments along the way between different neighborhoods and destinations reportedly affect the route choice behavior as well (23), while the potential correlations between network characteristics, trip characteristics, and personal characteristics were not considered for the route choice characteristics.



Study Design

This study focused on determining how the street environment influences walking preferences by analyzing the route choice behavior. While the area-based studies measure the built environment and the overall walking level (walking frequency and duration) in a particular area, this study involved measuring the linear-segment street environment, which could better capture the walking experience. The various aspects of walking behavior were measured using the disaggregated method, which focuses on the route choice behavior level among all the characteristics of walking behavior and enables identifying the street environment-related factors that lead to increased walking distance during utilitarian walking as well as increased levels of physical activity.

However, studies analyzing the correlation between the street environment and walking behavior from the perspective of route choice behavior are limited as it is difficult to quantify the street environment. Although great breakthroughs have occurred in the quantification of the street environment in the field of public health, certain limitations remain, such as regional variability and the time-consuming nature of data collection. The limited literature that is available in this regard reports that the street environment plays a significant role in the route choice behavior only when the actual travel route undertaken by the pedestrian deviates from the shortest distance route (35).

In addition to the street environment features, pedestrians' route choices are also influenced by other factors, such as personal factors, trip characteristics, and network features, which might interfere with the pedestrians' route choice and individual differences regarding the environmental preferences. Therefore, determining which of these factors are interconnected and influencing pedestrian behavior is critical.

In this context, this study focused mainly on analyzing the pedestrians' route choice characteristics and identifying the street environment-related factors affecting the route choice based on the probability of pedestrians' non-selected shortest distance route. Meanwhile, the discrepancies arising from the street environment, network features, gender, trip characteristics, and route choice characteristics were determined, and potential correlations between these factors were identified.




METHODS


Study Site

Since the measurement of route choice behavior is hindered by difficulty related to data collection and the huge workload of street environment audits, the scope of activities in the present study was limited to reduce the cost of data collection. In order to better analyze the route choice behavior, an area with a dense road network and diverse destination facilities was selected as the study site so that a higher number of possible routes are available for selection in the process of walking to facilitate behavior analysis.

Accordingly, the Chunliu community in Dalian, China (Figure 1), was selected. This is an open and old residential area that was constructed in the 1990s. The walking behavior of the residents, including route choice, must have become a habit integrated into their daily lives as most of the residents of any area are familiar with the residential environment.


[image: Figure 1]
FIGURE 1. Study site.




Data Collection

This study was different from the area-based environment and behavior research in terms of encountering difficulty in the detailed data collection on the route undertaken by the pedestrians. Although several methods were available to resolve this issue, no single evaluation method could satisfy all requirements as different methods were suitable for different types of environmental attributes (49). Therefore, to record the pedestrian route behavior in Chunliu, an unobtrusive tracking method that did not rely on the subjects' memories and could record the route reliably was employed. In particular, we invited participants to install the “2bulu” app, which is a piece of software that records behavioral trajectories. We then encouraged participants to send us the routes they took to reach their first destination from their residence after having completed their trips. The route data were collected between 3:00 pm and 5:00 pm every Sunday for the whole month of October 2020, including the routes that the adults undertook to their first destination from their respective residential locations. The privacy concerns were addressed through an agreement from the respondents after the completion of the observations. The final data collected included the route data from 219 residents.



Generation of the Street Environment

The street environment factors collected from the environmental audit tools and SWATCH tools (50), the only audit tools available for the route choice analysis, were reorganized and incorporated into the local street environment. Subsequently, the physical aspects were classified according to its functional characteristics into roadway features, streetscape, pedestrian infrastructure, and facilities (Table 1).


Table 1. Categories and description of the street environment tool used to collect data.
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The basic data at the macro-level, such as route networks and buildings (contours, layers, etc.), were collected from the OSM map. The points of interest data related to the facilities, such as retail establishments, catering services, public services, parking lots, medical treatment, and bus stations, were extracted from the Baidu Map. The quality and quantity of the street environment features, such as width and walkability of the sidewalk and driveways and building height, were ensured by recruiting an auditor well-trained in performing the survey and collecting data for each road segment along the route. The variables that concerned the functional condition of the pedestrian infrastructure (on-street parking, sidewalk walkability, green spaces, and characteristics of street walls) and specific values (sidewalk and driveway width, DH) were expressed in length-weighted average values.



Analytical Method

In order to understand the pedestrians' preference for the environment while walking, the characteristics of the route choice behavior of pedestrians were analyzed.

First, the actual routes were categorized into selected and non-selected shortest distance routes. Next, the differences between the selected and non-selected shortest distance routes, in terms of network features, gender, and trip characteristics, were determined to identify the potential factors.

Specifically, the walking distance, the number of intersections, and the detour ratios were the network features determined for revealing the route choice characteristics. The detour ratio was defined as the route directness, which is often associated with active travel and is expressed as follows:
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Here, E denotes the Euclidean between the origin and the destination, and R denotes the route distance. The RDI value quantifies the route deviation from a Euclidean benchmark. The closer the index value (0 ≤ RDI ≤ 1) is to 1, the more direct the route is the indicated route.

In addition, the trip purposes defined were shopping, life-service, leisure, and transportation which were selected as these were the frequently visited destinations during utilitarian walking. Moreover, we collected the route data from randomly selected the pedestrians at their residence, and these pedestrians included those who walk alone or with an accompanist. It was considered that different genders perceived the street environment differently and that this difference could affect the walking behavior. Also, according to the travel status, we added the factors for the pedestrians who walk alone or with an accompanist.

Finally, the binary logit regression model was utilized to identify the street environment factors that influenced the pedestrians to select or not select the shortest distance. The model was divided into two parts: The first part was the basic model, which simply analyzed the influence of the street environment on walking preferences, and the second part included the trip characteristic factors (trip purpose and travel status) and the interaction between these factors into the model to explore the influence of the street environment on the route choice behavior.

All analyses were conducted using SPSS 23.0.




RESULTS


Analysis of the Route Choice Characteristics

(1) Network features

In order to understand the differences in the network features between the selected and non-selected shortest distance routes, the mean differences in route distance, directness, and the number of intersections crossed were estimated, and a one-way ANOVA was conducted for each of these attributes to evaluate whether the differences were statistically significant.

Table 2 presents the results of one-way ANOVA conducted between the selected and non-selected shortest distance routes. The one-way ANOVA results indicated the significant differences at the 5% level in the network features between the selected and non-selected shortest distance routes within the pooled sample. It was revealed that the non-selected shortest distance route had a typically longer distance (F = 38.019, P = 0.000), smaller route directness (F = 28.887, P = 0.000), and less intersections crossed (F = 7.568, P = 0.006) than the selected shortest distance route. These significant differences showed that route distance is the key factor in the differences between the selected shortest route and the non-selected shortest route. As the route distance increases, the number of intersections traversed increases. The difference in route directness also shows that their spatial cognitive ability will decrease when pedestrians walk longer.


Table 2. Differences in network features between selected and non-selected shortest routes.
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(2) Gender

The chi-squared test was conducted to explain the difference in the walking preferences and gender. However, the results revealed no significant differences between the gender in terms of the selected and non-selected shortest distance routes, which was consistent with the findings reported in previous studies (43). It shows that the perceived route choice of walking is not necessarily related to the intention to the personal factors (gender) alone, but the combination of multiple environmental factors (51). It also proved that the issues had been partially addressed among transportation and urban planning researchers in the discussion of whether travel is derived. Derived models suggest that travel is engaged in only as a means to an end destination, and thus, the travel behavior itself is largely, if not completely, influenced by extrinsic utility variables (such as cost, distance to destination, and transportation infrastructure) (10).

Next, the differences between network features and gender were analyzed to explain the potential relationship between the two. The results of the one-way ANOVA between gender and the route distance, directness, and the number of intersections revealed no significant differences between the gender and route distance. We can attribute the peculiarity of our analytical results to the specific characteristics of the utilitarian walking, which generally involves shorter and faster trips than recreational walking. The shorter and faster trips lead to the difference in the cognition of walking distance. It means that there are no differences between gender in the cognition of walking distance during utilitarian walking (short-distance travel).

(3) Trip characteristics

The results of the chi-squared test conducted between the different proportions of trip purposes, including shopping, living service, leisure, and transportation, for the walking preferences (Table 3) revealed no difference between the proportion of trip purposes in terms of the selected or non-selected shortest distance route (χ2(3) = 2.854, P = 0.415).


Table 3. Chi-square test between trip purpose and walking preferences, gender, and travel status.
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Furthermore, one-way ANOVA was performed between the proportion of trip purpose and network features (Table 4), which revealed no difference between the two, except for the route distance factor at the 10% statistically significant level. A chi-squared test was then conducted between the proportion of trip purpose and gender (Table 3), the results of which revealed a significant difference at the 5% level between the two (χ2(3) = 9.594, P = 0.027), indicating that there is no difference between gender and trip purpose. It also indicated that people of different genders might have different preferences for trip purposes. It suggests that individuals have a varying degree of motivation and utility for specific destinations (52).


Table 4. One-way ANOVA between trip purpose and network features.

[image: Table 4]

Moreover, the results of the chi-square test conducted between the travel status and trip purpose revealed that there was a difference between the pedestrians who walked with an accompanist and the choice of trip purpose (χ2(3) = 6.286, P = 0.098) (Table 3). Then, one-way ANOVA was performed between travel status and network features (Table 5) which showed that there was a difference at the 5% significant level between travel status (whether pedestrians walked with an accompanist or not) and network features (route distance and number of intersection). It means that when pedestrians walk with an accompanist, they will be walking longer and crossed more intersections than a pedestrian walking alone. It also means that the travel status can affect the difference in cognition of walking distance, which leads to differences in walking preferences for route choice.


Table 5. One-way ANOVA between travel status and network features.
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Overall, there is a correlation between gender, trip purpose, and travel status. However, there are also differences between trip characteristics (trip purpose and travel status) and network features. Also, the same differences existed between network features and walking preferences (the selected and non-selected shortest distance routes). Therefore, it was inferred that the interaction between trip purpose and travel status could affect route choice behavior.



Influence of Street Environment on Route Choice Behavior

The results of the binary logistic regression model, which explained the influence of the street environment on route choice behavior, are presented in Table 6. The on-street parking (p < 0.05), the number of garbage bins (p < 0.01), and streetlights (p < 0.05) were observed to impact the pedestrians' selection of the shortest distance routes, indicating that pedestrians are likely to walk to greater distances between their origin and destination. Specifically, the number of garbage bins and streetlights in the street environment were observed to have a positive effect on the pedestrians' selection of the shortest distance route and were, therefore, inferred as important factors stimulating longer distance walks. This could be because the presence of garbage bins and streetlights along the route reduced the fear of crime in the mind of pedestrians and improved the chances of personal safety while walking. The garbage bins are usually placed on both sides of residential buildings for the elimination of domestic garbage. The fact that pedestrians are more likely to select these routes indicates that the routes of garbage bins bring convenience to pedestrians. In addition, several studies have reported that maintaining street cleanliness and placing streetlights improves street safety (53–55).


Table 6. Street environmental factors affecting non-selected shortest routes.
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Sidewalk parking was also more likely to prevent pedestrians from selecting the shortest distance route, which is contrary to what is commonly expected. Generally, it is assumed that sidewalk parking would be a hindrance to walking, thereby reducing the walking quality of pedestrians. The peculiar analytical results obtained regarding this in this study could be attributed to the fact that pedestrians prefer to walk on trails due to the inadequate provision of good quality walking conditions and the lack of policies that satisfy the demands of pedestrians. In the study site of this study, most trails had been occupied for parking cars, due to which the pedestrians had to walk on the driveway.

Table 7 presents the results of the models for the effect of street environment on route choice behavior when including travel status, trip purpose, and the interaction between these factors. As in previous analysis, trip purpose was observed to have no effect on the pedestrians' selection or non-selection of the shortest distance route. However, in the interaction between travel status and trip purpose in the same street environment, pedestrians walking for leisure purposes with an accompanist were positively influenced for selecting the shortest distances compared to when walking for other purposes while walking alone (p < 0.1). This implied that the pedestrians with accompanists could not experience the impact of the street environment while walking for leisure purposes, such as parks, because of which they were more willing to select the shortest distance route and reduce their walking distance along the way.


Table 7. Other factors affecting non-selected shortest routes.
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DISCUSSION AND CONCLUSION

This study focused on improving the street environment to increase the walking distance during utilitarian walking for reducing the health issues arising due to sedentary lifestyles. An unobtrusive tracking method was adopted to observe the route choice characteristics, and the relationship among the street environment, trip purpose, travel status, and walking behavior was analyzed.

The results revealed that the pedestrians' selection or non-selection of the shortest distance route was affected by the network features named “route”. In particular, the route distance factor was observed to play a significant role, which was consistent with the conclusions of most of the previous studies. Moreover, the route detour ratio (RDI) reflecting the route directness was analyzed. This RDI is often associated with active travel, with a higher detour ratio implying a lower cognitive ability of space in pedestrians. This spatial cognitive ability may be influenced by location cognition (OD position) and metric cognition (distance). However, in addition to the discipline of geography, the directional distance in the discipline of topology also affects the spatial cognition (42) as distance also has a certain relationship with network topology (41).

While the factors gender, trip purpose, and travel status are not expected to directly affect route choice, potential correlations were observed in network features between different trip characteristics (trip purpose and travel status). This also demonstrated the complexity of the studies conducted on route choice as there are several latent variables to consider and control, which might also be involved and be acting synergistically.

Furthermore, certain pedestrian infrastructure features, such as garbage bins and streetlights, were observed to have a positive safety perception and thereby increase the walking distance. This result could have been obtained because of certain latent variables being ignored, which could have affected the route choice, such as the differences in the subjective perception of pedestrians. This result, therefore, encourages studying the effect of the street environment on the subjective perception of pedestrians as an interesting topic in terms of pedestrian safety and convenience. From the route choice characteristic aspects, there are some regularities in route choice, such as pedestrians preferring to choose the roads with relatively concentrated traffic flow. It may be due to these roads have high accessibility to any other destination. In addition, the deviation from the shortest distance occurred in the area which was near to the pedestrians' residences and pedestrians were generally willing to choose the trails and roads inside the residential area, because these routes would reduce the interference of traffic flows.

The results of this study also revealed that pedestrians are more likely to select the shortest distance route when they are walking for leisure activities along with an accompanist. This result led to the inference that the pedestrians are not willing to change their habit of always selecting the shortest distance route and increase their walking distance when walking along with an accompanist. This inference raises interesting concerns regarding the street environment policy for this study site. Accordingly, it becomes important to consider improving the shortest distance routes connecting the residences with the destinations of leisure activities through a better pedestrian infrastructure, such as providing a cleaner and lighter environment, to increase the perception of safety. This would also improve the physical activity of pedestrians by increasing their walking frequency to the destinations of leisure activities and thereby increasing participation in such activities.

Certain results of this study were also contrary to those reported in previous studies, such as the results obtained in regard to the on-street parking. The contradictory results obtained for this factor demonstrate the difficulty in collecting and interpreting the street environment data at the microscale due to the high number of potential variables to consider and the high number of potential correlations among these variables (56). Another possible reason for this contradictory result could be certain variables that were missing from the present analysis. For instance, sidewalk parking was more common in the study site, especially on trails, and walking on trails reduced motor vehicle intervention, which could have served as a factor. Similarly, a few important street environment variables were not captured in this study audit such as traffic flow. The findings merit the consideration of interventions on trails, such as establishing a parking lot to resolve the sidewalk parking issue. Therefore, ensuring a safe street environment and improving the connectivity between the origins and destinations could significantly improve the quality of utilitarian walking (57).

According to the results obtained in this study and the aforementioned discussion, the following conclusions were drawn:

(1) Distance is a determinant of route choice behavior. Moreover, trip purpose and travel status were also potential factors influencing pedestrians' route choice, and there was interactional correlation among these factors.

(2) The street environment would affect pedestrians' walking preference for the environment. Specifically, on-street parking, garbage bins, and streetlights could influence pedestrians to select longer distance routes.

(3) In the street environment, pedestrians with an accompanist walking for leisure purposes were positively influenced for selecting the shortest distances compared to when walking alone for other purposes in other genders.

In addition to the substantive findings stated previously, this study also contributed to determining the relationship between the street environment and walking behavior. The results from the present analysis of the micro-level street environment suggested that route features and pedestrian infrastructure are likely to increase the walking distance (although the additional distance is usually limited) by improving the walking quality of pedestrians. These findings were consistent with those of the previous studies reported on the relationship between the macro-level built environment and walking behavior, such as the report stating that pedestrians were less responsive to environmental quality than to recreational walking (2).

However, the relatively small sample size of this study allowed only the evaluation of the existing street environment and contrasting and complementing the typical results of the correlation studies at the micro-scale. Moreover, since this study was limited to just one community to reduce the data collection costs, caution should be maintained when generalizing the obtained results. Therefore, further research is warranted to develop comprehensive, simple, and low-cost environment audit tools for the measurement and basic analysis of the street environment data. In addition, a general and predictable route choice model should be built to serve as a support tool. For example, we only considered pedestrians' first destination from their respective residential locations and didn't consider the influences of pedestrians' overall travel plan that may be the other influencing factors affecting our results. In future, the number of studies conducted on how pedestrians experience the street environment to form environmental preferences would increase, which would provide a further reliable foundation for studying the relationship between the street environment and walking behavior.

This study also has practical significance as it could assist in policymaking and prioritization of projects aimed at assessing and improving the street environment in settlements. In addition, this study provides clues for constructing pedestrian-friendly settlements to increase the utilitarian walking distances.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

LJ contributed to the conceptualization, methodology, investigation, writing—original draft, and visualization of the study. WL performed the supervision and project administration. PS performed the writing—review and editing. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This study was supported by the Fundamental Research Funds for the Central Universities with funding number: DUT20RC (3) 051.



REFERENCES

 1. Hirst D, Dempsey N. Active travel: trends, policy and funding. In House of commons library. England (2019)

 2. Fonseca F, Conticelli E, Papageorgiou G, Ribeiro P. Jabbari Mona, Tondelli S, Ramos R. Levels and characteristics of utilitarian walking in the central areas of the cities of Bologna and Porto. Sustainability. (2021) 13:1–22. doi: 10.3390/su13063064

 3. Kario K, Schwartz JE, Davidson KW. Pickering TG. Gender differences in associations of diurnal blood pressure variation, awake physical activity, and sleep quality with negative affect. Hypertension. (2001) 38:997–1002. doi: 10.1161/hy1101.095009

 4. Vancampfort D, Probst M, Adriaens A, Pieters G, Hert MD, Stubbs B, et al. Changes in physical activity, physical fitness, self-perception and quality of life following a 6-month physical activity counseling and cognitive behavioral therapy program in outpatients with binge eating disorder. Psychiatry Res. (2014) 219:361–6. doi: 10.1016/j.psychres.2014.05.016

 5. Wang Y, Chau CK, Ng WY, Leung TM. A review on the effects of physical built environment attributes on enhancing walking and cycling activity levels within residential neighborhoods. Cities. (2016) 50:1–15. doi: 10.1016/j.cities.2015.08.004

 6. Saunders LE, Green JM, Petticrew MP, Steinbach R, Roberts H. What are the health benefits of active travel? A systematic review of trials and cohort studies. PLoS |ONE. (2013) 8:e69912. doi: 10.1371/journal.pone.0069912

 7. Doescher MP, Lee C, Berke EM. Adachi-Mejia AM, Lee CK, Stewart O, Patterson DG, Huivitz PM, Carlos HA, Duncan GE, Moudon AV. The built environment and utilitarian walking in small US towns. Prev Med. (2014) 69:80–6. doi: 10.1016/j.ypmed.2014.08.027

 8. Hunter RF, Garcia L, Sa TH, Zapata-Diomedi B, Millett C, Woodcock J, et al. Effect of COVID-19 response policies on walking behavior in US cities. Nat Commun. (2021) 12:3652. doi: 10.1038/s41467-021-23937-9

 9. Yang L, Liang Y, He B, Lu Y, Gou Z. COVID-19 effects on property markets: The pandemic decreases the implicit price of metro accessibility. Tunnell Underground Space Technol. (2022) 125:104528. doi: 10.1016/j.tust.2022.104528

 10. Saelens BE, Sallis JF, Frank LD. Environmental correlates of walking and cycling: Findings from the transportatioin, urban design, and planning literature. Ann Behav Med. (2003) 25:80–91. doi: 10.1207/S15324796ABM2502_03

 11. Frank LD. Land use and transportation interaction: Implications on public health and quality of life. J Plann Educ Res. (2000) 20:6–22. doi: 10.1177/073945600128992564

 12. Cervero R, Kockelman K. Travel demand and the 3Ds: density, diversity, and design. Transport Res Part D Transp Environ. (1997) 2:199–219. doi: 10.1016/S1361-9209(97)00009-6

 13. Ewing R, Cervero R. Travel and the built environment: a Meta-Analysis. J Am Plann Assoc. (2010) 76:265–94. doi: 10.1080/01944361003766766

 14. Glazier RH, Creatore MI, Weyman JT, Fazli G, Matheson FI, Gozdyra P, et al. Density, destinations or both? A comparison of measures of walkability in relation to transportation behaviors, obesity and diabetes in Toronto, Canada. PLoS ONE. (2014) 9:e85295. doi: 10.1371/journal.pone.0085295

 15. Nagata S. Nakaya Tomoki, Hanibuchi T, Amagasa S, Kikuchi H, Inoue S. Objective scoreing of streetscape walkability related to leisure walking: statistical modeling approach with semantic segmentation of google street view images. Health Place. (2020) 66:102428. doi: 10.1016/j.healthplace.2020.102428

 16. Abdul Aziz HM, Nagle NN, Morton AM, Hilliard MR, White DA, Stewart RN. Exploring the impact of walk-bike infrastructure, safety perception, and built-environment on active transportation mode choice: a random parameter model using New York City commuter data. Transportation. (2018) 45:1207–29. doi: 10.1007/s11116-017-9760-8

 17. Ewing R, Handy S. Measuring the unmeasurable: urban design qualities related to walkability. J Urban Des. (2009) 14:65–84. doi: 10.1080/13574800802451155

 18. Ewing R, Hajrasouliha A, Neckerman KM, Purciel-Hill M, Greene W. Streetscape features related to pedestrian activity. J Plann Educ Res. (2015) 36:1–11. doi: 10.1177/0739456X15591585

 19. Yang L, Ao Y, Ke J, Lu Y, Liang Y. To walk or not to walk? Examining non-linear effects of streetscape greenery on walking propensity of older adults. J Transp Geogr. (2021) 94:103099. doi: 10.1016/j.jtrangeo.2021.103099

 20. Sun GB, Lin H. Measuring the influence of built environment on walking behavior: an accessibility approach. Lecture Notes Comput Sci. (2012) 7478:187–97. https://doi.org/ 10.1007/978-3-642-33024-7_14. doi: 10.1007/978-3-642-33024-7_14

 21. Guo Z. Does the pedestrian environment affect the utility of walking? A case of path choice in downtown. Boston Transp Res Part D. (2009) 14:343–52. doi: 10.1016/j.trd.2009.03.007

 22. Mokhtarian PL, Cao XY. Examining the impacts of residential self-selection on travel behavior: a focus on methodologies. Transport Res Part B: Methodol. (2007) 43:1–32. doi: 10.1016/j.trb.2007.07.006

 23. Moran MR, Rodriguez DA, Corburn J. Examining the role of trip destination and neighborhood attributes in shaping environmental influences on children's route choice. Transport Res Part D. (2018) 65:63–81. doi: 10.1016/j.trd.2018.08.001

 24. McNally. The Four Step Model. Irvine: University of California, Irvine Press (2000).

 25. Lassarre S, Bonnet E, Bodin F, Papadimitriou E, Yannis G, Golias J, et al. GIS-based methodology for identifying pedestrians' crossing patterns. Comput Environ Urban Syst. (2012) 36:321–30. doi: 10.1016/j.compenvurbsys.2011.12.005

 26. Evans D, Norman P. Understanding pedestrians' road crossing decisions: an application of the theory of planned behaviour. Health Educ Res. (1998) 13:481–9. doi: 10.1093/her/13.4.481-a

 27. Daamen W, Hoogendoorn S. Experimental research of pedestrian walking behavior. Transp Res Rec J Trans Res Board. (2003) 1828:20–30. doi: 10.3141/1828-03

 28. Rodríguez DA, Brisson EM, Estupinan N. The relationship between segment-level built environment attributes and pedestrian activity around Bogota's BRT stations. Transport Res Part D. (2009) 14:470–8. doi: 10.1016/j.trd.2009.06.001

 29. Borgers A, Timmermans HJP. City centre entry points, store location patterns and pedestrian route choice behaviour: a microlevel simulation model. Socioecon Plann Sci. (1986) 20:25–31. doi: 10.1016/0038-0121(86)90023-6

 30. Bekhor S, Prato CG. Methodological transferability in route choice modeling. Transport Res Part B. (2009) 43:422–37. doi: 10.1016/j.trb.2008.08.003

 31. Agrawal AW, Schlossberg M, Irvin K. How far, by which route and why? A spatial analysis of pedestrian preference. J Urban Design. (2008) 13:81–98. doi: 10.1080/13574800701804074

 32. Garling T, Garling E. Distance minimization in downtown pedestrian shopping. Environ Plann A. (1988) 20:547–54. doi: 10.1068/a200547

 33. Miranda AS, Fan ZY, Duarte F, Ratti C. Desirable streets: using deviations in pedestrian trajectories to measure the value of the built environment. Comput Environ Urban Syst. (2021) 86:101563. doi: 10.1016/j.compenvurbsys.2020.101563

 34. Gim TT, Ko J. Maximum likelihood and firth logistic regression of the pedestrian route choice. Int Reg Sci Rev. (2016) 40:616–37. doi: 10.1177/0160017615626214

 35. Shatu F. Built Environment Impact on Pedestrian Route Choice Behaviour: Shortest vs. Least Direvtional Change Routes. Queensland, USA: Queensland University of Technology press. (2019).

 36. Pikora TJ, Bull FCL, Jamrozik K, Knuiman M, Giles-Corti B, Donovan RJ. Developing a reliable audit instrument to measure the physical environment for physical activity. Am J Prev Med. (2002) 23:187–94. doi: 10.1016/S0749-3797(02)00498-1

 37. Steinmetz-Wood M, Velauthapillai K, O'Brien G, Ross NA. Assessing the micro-scale environment using Google Street View: the Virtual Systematic Tool for evaluating pedestrian streetscapes (Virtual-STEPS). BMC Public Health. (2019) 19:1246. doi: 10.1186/s12889-019-7460-3

 38. Clifton KJ, Livi Smith AD, Rodriguez D. The development and testing of an audit for the pedestrian environment. Landsc Urban Plan. (2007) 80:95–110. doi: 10.1016/j.landurbplan.2006.06.008

 39. Boarnet MG, Forsyth A, Day K, Michael Oakes J. The street level built environment and physical activity and walking: results of a predictive validity study for the Irvine Minnesota Inventory. Environ Behav. (2011) 43:735–75. doi: 10.1177/0013916510379760

 40. Su M, Du YK, Liu QM, Ren YJ, Kawachi I, Lv J, et al. Objective assessment of urban built environment related to physical activity—develpment, reliability and validity of the China Urban Built Environment Scan Tool (CUBEST). BMC Public Health. (2014) 14:1–10. doi: 10.1186/1471-2458-14-109

 41. Li Y. Relationships between network topology and pedestrian route choice behavior. J East Asia Soc Transp Stud. (2005) 6:241–8. doi: 10.11175/easts.6.241

 42. Ozbil A, Argin G, Yesiltepe D. Pedestrian route choice by elementary school students: the role of street network configuration and pedestrian quality attributes in walking to school. Int J Des Creat Innov. (2016) 4:67–84. doi: 10.1080/21650349.2015.1123120

 43. Seneviratne PN, Morrall JF. Analysis of factors affecting the choice of route of pedestrians. Transp Plann Technol. (1985) 10:147–59. doi: 10.1080/03081068508717309

 44. Foster C, Hillsdon M, Thorogood M. Environmental perceptions and walking in English adults. J Epidemiol Commun Health. (2004) 58:924–8. doi: 10.1136/jech.2003.014068

 45. Brown BB, Werner CM, Amburgey JW. Walkable route perceptions and physical features: Converging evidence for en route walking experiences. Environ Behav. (2007) 39:34–61. doi: 10.1177/0013916506295569

 46. Humpel N, Owen N, Iverson D, Leslie E, Bauman A. Perceived environment attributes, residential location, and walking for particular purposes. Am J Prev Med. (2004) 26:119–25. doi: 10.1016/j.amepre.2003.10.005

 47. Suminski RR, Carlos Poston WS, Petosa RL, Stevens E. Katzenmoyer LM. Features of the neighborhood environment and walking by US adults. Am J Prevent Med. (2005) 28:149–55. doi: 10.1016/j.amepre.2004.09.009

 48. Saelens BE, Handy SL. Built environment correlates of walking: a review. Med Sci Sports Exer. (2008) 40:S550. doi: 10.1249/MSS.0b013e31817c67a4

 49. Kim H. Walking distance, route choice, and activities while walking: a record of following pedestrians from transit stations in the San Francisco Bay area. Urban Des Int. (2015) 20:144–57. doi: 10.1057/udi.2015.2

 50. Shatu F, Yigitcanlar T. Development and validity of a virtual street walkability audit tool for pedestrian route choice analysis—SWATCH. J Transp Geogr. (2018) 70:148–60. doi: 10.1016/j.jtrangeo.2018.06.004

 51. Sallis JF, Cervero RB, Ascher W, Henderson KA, Katherine Kraft M, Kerr J. An ecological approach to creating active living communities. Ann Rev Public Health. (2006) 27:297–322. doi: 10.1146/annurev.publhealth.27.021405.102100

 52. Mirzaei E, Kheyroddin R, Behzadfar M, Mignot D. Utilitarian and hedonic walking: examing the impact of the built environment on walking behavior. Eur Transp Res Rev. (2018) 10:20. doi: 10.1186/s12544-018-0292-x

 53. Wu S, Kim M. The relationship between the pedestrian lighting environment and perceived safety. J Digital Landscape Architect. (2016) 57–66.

 54. Peña-García A, Hurtado A, Aguilar-Luzón MC. Impact of public lighting on pedestrians' perception of safety and well-being. Saf Sci. (2015) 78:142–8. doi: 10.1016/j.ssci.2015.04.009

 55. Perkins DD, Wandersman A, Rich RC, Taylor RB. The physical environment of street blocks and resident perceptions of crime and disorder: Implications for theory and measurement. J Environ Psychol. (1992) 12:21–34. doi: 10.1016/S0272-4944(05)80294-4

 56. Rodríguez DA, Merlin L, Prato CG, Conway TL, Cohen D, Elder JP, et al. Influence of the built environment on pedestrian route choices of adolescent girls. HHS Public Access. (2015) 47:359–94. doi: 10.1177/0013916513520004

 57. Larranaga AM, Arellana J, Rizzi LI, Strambi O, Bettella Cybis HB. Using best-worst scaling to identify barriers to walkability: a study of Porto Alegre, Brazil. Transportation. (2019) 46:2347–79. doi: 10.1007/s11116-018-9944-x

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jin, Lu and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	TYPE Review
PUBLISHED 09 September 2022
DOI 10.3389/fpubh.2022.883241






Study on value-based design of healthcare facilities: Based on review of the literature in the USA and Japan

Ying Zhou1*†, Yaonan Sun2†, Yi Xu1 and Hao Yuan1


1Department of Architecture, School of Architecture, Southeast University, Nanjing, China

2Department of Civil Engineering, School of Science, Nanjing University of Science and Technology, Nanjing, China

[image: image2]

OPEN ACCESS

EDITED BY
Linchuan Yang, Southwest Jiaotong University, China

REVIEWED BY
Zhuolin Tao, Beijing Normal University, China
 Bingjie Yu, Southwest Jiaotong University, China
 Hao Zhu, Chengdu University of Technology, China

*CORRESPONDENCE
 Ying Zhou, zhouying@seu.edu.cn

†These authors have contributed equally to this work and share first authorship

SPECIALTY SECTION
 This article was submitted to Environmental Health and Exposome, a section of the journal Frontiers in Public Health

RECEIVED 24 February 2022
 ACCEPTED 15 August 2022
 PUBLISHED 09 September 2022

CITATION
 Zhou Y, Sun Y, Xu Y and Yuan H (2022) Study on value-based design of healthcare facilities: Based on review of the literature in the USA and Japan. Front. Public Health 10:883241. doi: 10.3389/fpubh.2022.883241

COPYRIGHT
 © 2022 Zhou, Sun, Xu and Yuan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



With limited medical resources, it is of great significance for countries all over the world to explore architectural design methods to enhance the value of medical facilities. Therefore, it is very necessary to carry out an extensive international comparison. In order to grasp the research trend of healthcare facilities in the world, this paper conducts co-occurrence analysis, cluster analysis, and trend analysis of the keywords of 334 English articles and 153 Japanese articles related to healthcare facilities published in important academic journals in the USA and Japan in the past 15 years. We not only compare the similarities and differences in healthcare facility research between the USA and Japan, but also explore the reasons for these differences. It is found that by introducing three kinds of value variables, such as time, space, and behavior, we can not only well explain the difference in the solution of healthcare facilities in the USA and Japan to reduce medical costs but also provide new ideas for architectural design to enhance the value of hospitals. Based on the above analysis, a conceptual framework of value-based design of healthcare facilities that combines the advantages of the USA and Japan is proposed in this paper.
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Introduction

Healthcare systems all over the world are facing the problem of both improving the quality of healthcare and controlling medical costs. Thanks to the booming medical technology, the average human life expectancy has increased rapidly from the 40s before World War II to nearly 80 years at present over the past three-quarters of a century. However, due to the infinite increasing characteristics of healthcare services, medical costs all over the world might increase faster during this period. For example, healthcare costs in the USA reached 16.7% of GDP in 2019 (1). For developing countries, it is also very necessary to effectively control medical costs to improve affordability while improving the quality and accessibility of healthcare systems.

In such context, value-based medicine, which aims to improve the medical outcomes per unit cost, has attracted extensive attention in the world medical community in recent years. For example, lean medicine (2), which aims to reduce unnecessary waste, and value-based competition (3), which focuses on the therapeutic effect of patients, can all be viewed as different aspects of value-based medicine. It could be said that the medical system is so complex, and the meaning of value is so rich that it is necessary to explore value-based healthcare from different perspectives at this stage.

As hospital spending accounts for a large part of the total medical costs (4) and the construction or operation costs of the facilities account for a large part of the hospital spending, it is also very meaningful to improve medical outcomes and reduce costs by improving the design methods of healthcare facilities.

As we all know, healthcare design is very difficult because it not only meets the complex requirements of medical operation processes, medical equipment, and hospital management in the limited space but also coordinates the various possible opposing demands of various stakeholders, such as patients, medical staff, administrators, and even medical payers in the use of space.

In order to achieve such goals, both existing experience-based design approaches and evidence-based design approaches need to be re-examined.

In fact, healthcare design around the world was mainly based on the experience of architects until the 1950s. With the development of medical technology, the size of hospitals is increasing, and the medical functions are becoming more and more complex. In developed countries, such as the USA and Japan, evidence accumulated through scientific research, such as Post-Occupancy Evaluation (POE) survey, has played an increasingly important role in healthcare design, and the currently popular evidence-based design (EBD) approach was formed under such a trend (5). However, EBD is only a local and in-depth research method or design process because most of the existing evidence only reveals the microscopic mechanisms between environmental variables and healthcare outcomes, rather than reflecting the relationship between these mechanisms and the master plan of the facilities.

As healthcare facilities become increasingly complex, the evidence not only accumulates to a very large amount but also often contradicts each other due to differences in research viewpoints, which is very inconvenient for architects to increase the value of healthcare facilities through comprehensive judgment in the early design stage. Therefore, healthcare design needs not only to accumulate new evidence in new usage scenarios but also to select and integrate useful content from a large amount of existing evidence through reasonable value judgment.

Moreover, extensive international comparisons are necessary for the field of healthcare design. For example, although healthcare design in Japan had been heavily influenced by the USA (6), many aspects of Japanese hospitals are still very different from those in the USA, especially in terms of high quality and low price. The reasons behind it need to be further explored through comparative studies.

It cannot be ignored that healthcare design in many populous developing countries is still in the transitional stage from experience-based design to evidence-based design. Due to the relatively weak research foundation, architects from these countries have to learn from a large amount of research results and the evidence accumulated by developed countries, such as the USA and Japan. Only a comprehensive and in-depth understanding of the facts behind the evidence can facilitate a reasonable trade-off in design practice. Otherwise, in order to solve a problem in one aspect, it may bring more problems in other aspects. For example, while healthcare facilities in the USA have advanced medical technology and advanced hospital management experience, their high construction standards may be unaffordable for developing countries. Although healthcare facilities in Japan are inexpensive and accessible, their layout is closely related to their unique nursing system.

All in all, in order to take into account both inherent and universal aspects of international experience, a comparative analysis of research articles related to health facilities published in important academic journals in the USA and Japan from the perspective of a third country is conducted as follows. On this basis, the conceptual framework of value-based design of healthcare facilities of universal significance is then proposed.



Methods

The following research methods are adopted in this paper to find out the similarities and differences in the field of healthcare design research in detail between the USA and Japan.

First, we selected all health environment and design relevant articles in the past 15 years from a representative English journal and a representative Japanese journal separately in order to grasp the overall research situation and recent hot issues in this field in the USA and Japan.

The English journal is Health Environments Research & Design Journal (HERD), which was founded in 2007 (7) by D. Kirk Hamilton who proposed EBD in 2003 (5). The journal is currently the most representative journal in the field of healthcare facility and evidence-based design in the USA. We chose reviews and articles in which research objects are about American medical facilities and the first author's institution is in the USA from HERD for this study and removed articles that do not provide keyword information.

Architectural Institute of Japan (AIJ) Journals, which include the Journal of Architecture Planning, Journal of Structural and Construction Engineering, Journal of Environmental Engineering, and AIJ Journal of Technology and Design, are the top academic journals in the field of architecture in Japan (8). Although the articles published in these journals are of high quality, the value of these articles is not easily recognized by international peers because they are written in Japanese. We selected articles or reviews related to the studies of healthcare facilities in Japan over the past 15 years from AIJ journals.

Second, we used the VOSviewer software to establish a keyword co-occurrence network and make visualization mapping using the analysis method of LinLog and modularity, and then we conducted comparative studies of keyword co-occurrence, cluster, and trend between the articles from HERD and those from AIJ journals.

Third, the concept of value variables is proposed, and the differences between the USA and Japan in care unit design and the reasons behind them are analyzed through value variables, such as the length of hospital stay, bed area, and nursing system.

Finally, we propose a conceptual framework for the value-based design of healthcare facilities and conduct case studies based on it.



Results


Preliminary results

Search strategies, topics and publication titles, and results are shown in Table 1. A total of 383 articles in HERD and 162 articles in AIJ Journals are obtained, and 334 eligible HERD articles and 153 eligible AIJ Journals articles were considered for analysis (Figure 1).


TABLE 1 Search strategies and results of the English and Japanese articles.
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FIGURE 1
 Obtaining the articles for analysis.




Keyword analysis of the articles selected from HERD

Figure 2A shows the co-occurrence map of keywords in the articles selected from HERD. All keywords are divided into four clusters, represented by red, green, yellow, and blue colors, respectively. Table 2 shows that the main keywords in the four clusters are divided into five categories (method, physical space, concerning issues, care, and person).


[image: Figure 2]
FIGURE 2
 Keyword analysis of the articles selected from HERD. (A) The co-occurrence map of keywords in the articles selected from HERD. (B) The overlay visualization of keywords in the articles selected from HERD.



TABLE 2 Cluster analysis of keywords in the articles selected from HERD.
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Cluster 1 labeled as Evidence-Based Design mainly includes the following aspects: (1) patient safety, fall, risk, sleep, and activation; (2) patient-centered care and family-centered care; (3) infection control, contamination, and transmission; (4) human factors, efficacy, and quality improvement, which are important issues for the research-based design of healthcare facilities.

Cluster 2 labeled as Users' Perspective mainly includes the following aspects: (1) satisfaction, particularly patient satisfaction; (2) preferences; (3) health, particularly mental health; (4) stress, anxiety, depression, burnout, pain, and mood; (5) nature, art, music, positive distractions, and social support.

Cluster 3 labeled as Healthcare Providers' Perspective mainly focuses on the environmental design of efficient and effective care in the nursing unit, emergency department, and so on. The main research topics include the following aspects: (1) impact, efficiency, outcomes, and quality; (2) communication, teamwork, and collaboration; (3) security, safety, visibility, and mortality; (4) work and workflow.

Cluster 4 labeled as Design mainly includes the following aspects: (1) noise, sound, lighting, and light; (2) perception, way-finding, and behavior; (3) ergonomics and errors; (4) nurse satisfaction, exposure, and fatigue; (5) management, performance, reliability, etc., which are the important issues for the general design of healthcare facilities.

Table 3 shows the most used keywords in the articles from HERD, with the occurrences, total link strength (TLS), and the clusters to which they belong. It can be found that cluster 1 has the most occurrences and TLS of keywords among the top 25 most frequently occurring keywords, followed by cluster 3. The results also indicate that EBD has a dominant position in the USA healthcare design, and the studies from Healthcare Providers' Perspective are still important even in the patient-centered era.


TABLE 3 Top 25 most frequently occurring keywords in the articles selected from HERD.

[image: Table 3]

As shown in Figure 2B, the research hotspots represented by yellow color in the USA include the following: (1) using space syntax to study improving visibility and teamwork mainly in emergency departments (9–13); (2) reducing patients' anxiety by having access to nature, music, visual art, etc. mainly in a waiting room (14–17); and (3) nurses' satisfaction (18–21).



Keyword analysis of the articles selected from AIJ journals

Figure 3A shows the co-occurrence map of keywords in the articles selected from AIJ Journals. All keywords are divided into nine clusters with nine colors. Nine tables in Figure 3A show the top five most frequently occurring keywords of each cluster, respectively. We combined the adjacent or relevant two or three clusters in Figure 3A into one cluster set.


[image: Figure 3]
FIGURE 3
 Keywords analysis of the articles selected from AIJ journals. (A) The co-occurrence map of keywords in the articles selected from AIJ journals. (B) The overlay visualization of keywords in the articles selected from AIJ Journals.


Cluster Set I labeled as Community-based Integrated Care includes cluster 1 and cluster 9. It mainly focuses on environmental design that contributes to the quality of life for the elderly (22, 23) and persons with disabilities or chronic diseases, especially children with disabilities (24–27) or ALS patients (28, 29), because the community-based integrated care system has been implemented in Japan since 2005.

Cluster Set II labeled as Patients' Perspective includes cluster 2 and cluster 3. The most frequently occurring keyword in cluster 2 is patient room (30–32) and that in cluster 3 is patient (33–35).

Cluster Set III labeled as Nurses' Perspective includes cluster 4 and cluster 7. It mainly focuses on the layout of the care unit, ICU, or pharmacy based on nurse activity, nursing, etc. to reduce nurse burden (36–39).

Cluster Set IV labeled as Emergency and Disaster Preparedness includes clusters 5, 6, and 8. It includes topics like earthquake (40–44), emergency (45–50), and fire (51, 52), etc.

Table 4 shows the most used keywords in the selected articles from AIJ Journals with the occurrences, TLS, clusters, and cluster sets to which they belong. It can be found that Cluster Set IV has the highest number of keywords among the top 25 most frequently occurring keywords, followed by Cluster Set III. Due to the frequent occurrences of natural disasters in Japan, Japanese researchers have done a lot of research related to Emergency and Disaster Preparedness. In addition, studies on optimum design based on analysis of nursing activities to improve efficiency have been paid much attention in Japan?


TABLE 4 Top 25 most frequently occurring keywords in the articles selected from AIJ journals.
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As shown in Figure 3B, the research hotspots since 2018 in Japan include the following: (1) environmental design that contributes to the quality of life for children with disabilities in Cluster Set I; (2) the way to promote the widespread use of healing arts in the hospital (53) in Cluster Set II; (3) reducing nurse burden and walking distance through the reasonable layout of ICU and acute care unit in Cluster set III; and (4) optimizing the design of medical aid stations and improving the initial action system of disaster base hospital by careful preparedness in Cluster Set IV.



Comparative study between the USA and Japan

The 4 cluster/cluster set labels and the most frequently occurring keywords in the articles selected from HERD and AIJ Journals are shown in Figures 4A,B, respectively. It can be found that there are both similarities and differences in research related to healthcare facilities between the USA and Japan.


[image: Figure 4]
FIGURE 4
 Comparative study on characteristics of four clusters or cluster sets between the USA and Japan. (A) The articles selected from HERD. (B) The Articles Selected from AIJ journals.


First, the two sides of the horizontal axis in Figure 4A represent the Users' Perspective and Healthcare Providers' Perspective, respectively, and the two sides of the horizontal axis in Figure 4B represent the Patients' Perspective and Nurses' Perspective, respectively. The research objects of the USA and Japan on the horizontal axis are similar, indicating that both users and healthcare providers are key research topics in healthcare facilities in different countries.

Second, the longitudinal axis in Figure 4A is quite different from that in Figure 4B. The upper and lower sides of the vertical axis in Figure 4A represent Design and EBD, respectively. The Design cluster focuses on general design issues, while the EBD cluster focuses on design issues that require in-depth study. The upper and lower sides of the vertical axis in Figure 4B represent Emergency and Disaster Preparedness and Community-based Integrated Care, respectively, because Japan is prone to many disasters and has an aging population.

The care unit design is taken as an example to further discuss the similarities and differences in healthcare design research between the USA and Japan, which is described in detail in the following section.


Care unit design


HERD 


Length of stay

As one of the main means of reducing medical costs, the USA has paid great attention to research that can shorten the length of stay. The results published in HERD articles suggest that factors that can shorten the length of stay include sunlight (54), views of nature (54), patient-centered model of care (55), acute care unit for the elderly (56), adaptive healing room (57), expedient bariatric beds (58), therapeutic design (59), and proximal to the ward entrance (60, 61). Concentration or decentralization of nurse stations has no significant effect on the average length of stay (62, 63).



Design of patient rooms

According to the Facility Guidelines 2006, the minimum bed area, the recommended bed area, and the bed area including family space are 120 ft2 (11.2 m2), 160 ft2 (14.9 m2), and 250 ft2 (23.2 m2), respectively (64). Research shows that accommodating patients in single-occupancy patient rooms (SPRs) instead of traditional MPRs (multi-bed patient rooms) can improve numerous healthcare outcomes, such as sleep quality, privacy, communication between patients and staff, satisfaction of patients and families, and reduce hospital-acquired infection rates, stress level, patient transfer, and length of stay (65).

The SPRs in the USA have been studied in depth on preventing patients from falling (66), family- and staff-supported spaces, etc. As shown in Figure 5, the typical US single PR has the following advantages: (1) short distance and few turns between beds and toilets for fall prevention; (2) comfortable family-supported space; and (3) staff-supported space for bedside care at ease (67). In addition, the design of the special patient rooms for the elderly (68) or terminal patients (69) has also been successful.


[image: Figure 5]
FIGURE 5
 Typical SPRs in the USA. (A) SPR Type 1. (B) SPR Type 2. (C) SPR Standard of AIA GL 2006.


However, the construction standard of SPRs in the USA, especially the acuity-adaptable SPRs (70, 71) developed to reduce intra-hospital patient transfer, is too high to control medical costs.



Nurses' stress and satisfaction

Healthcare providers, especially nurses, experience a high level of work stress (54). Studies that examine how the physical environment contributes to reducing staff stress are very significant. The relationships between nurses' stress and physical elements, such as exterior views, daylighting, lighting, color, spatial color patterning, and noise control, were widely discussed (20, 54, 72–75). The thoughtful design of the lighting environment can improve nurses' satisfaction (21, 76). The restorative quality of break areas may significantly improve nurses' satisfaction and stress reduction, potentially leading to improved care for the patients they serve (77). The layout design that can reduce nurse walking or enhance teamwork in care units can improve nurses' satisfaction (18, 78).

Single-bed ICU design was associated with higher levels of stress for ICU nurses (79), and the single-family room model in the NICU can cause staff members to feel isolated from one another and reduce their ability to respond quickly in a crisis situation (80).





AIJ journals
 

Type of beds and care units

General hospital beds in Japan are divided into four categories: intensive care beds, acute care beds, convalescent care beds, and chronic care beds. The average length of stay of the first three types of beds reached 16 days, which is much higher than that of European and American countries. With the aging of the population, Japan has been reducing the proportion of acute care beds and increasing the proportion of convalescent care beds while reducing the total number of hospital beds. According to Japan's regional medical care vision, acute care beds will fall from 48% in 2015 to 34% in 2025, while convalescence care beds will rise from 10 to 31% (81).

There are four articles on ICU (37), 17 articles on acute care unit (39), and six articles on convalescent care unit (82) in AIJ articles, respectively. These articles mainly aim at how to offer more suitable care and built environment for the treatment of intensive, acute, and convalescent care patients in order to create a coordinated, seamless medical system.



Design of patient room and care unit

Both SPRs and MPRs have their own advantages and disadvantages. Despite the disadvantages of poor patient privacy, the MPRs are cheap, short in nurse walking, and convenient for nursing observation and nursing collaboration. Unlike all SPRs adopted in the US hospitals, MPRs still account for a considerable proportion in Japanese hospitals. Especially in recent years, Japan's four-bed PRs have shown many new characteristics by absorbing the traditional advantages of SPRs. As shown in Figures 6A,C, with an individual territory and window for each patient, it is not only convenient for nursing observation and patient transfer but also avoids sight interference between patients effectively (83). At the same time, the average bed area, length of the corridor, and nurse walking do not increase significantly.


[image: Figure 6]
FIGURE 6
 Typical patient rooms in Japan. (A) 4-beds PR in MJ hospitalin hospital PRs' area (excluding Toilet):30.0m2, Average PRs' area: 7.5m2 per bed. (B) Floor plan of care unit in MJ hospital 48 beds per floor, 34.7m2 per bed. (C) 4-beds PR in MT hospital PRs' area (excluding Toilet):33.4m2 Average PRs' area: 8.4m2 per bed. (D) Floor plan of care unit in MT hospital 47 beds per floor, 30.0m2 per bed. (E) Floor plan of care unit in G hospital 38 beds West care unit 38 beds East care unit 76 beds per floor, 36.0m2 per bed. (F) A group of PRs in G hospital PRs' area (excluding Toilet): 60.3m2 Average PRs' area:12.1m2 per bed (G) PNs in PR. (H) PNs in unit hall. (J) Floor plan of care unit in K hospital.84 beds per floor, 39.5m2 per bed 42 beds West care unit 42 beds East care unit (K) A group of PRs in K hospital PRs' area (excluding Toilet):141.1m2 Average PRs' area: 14.1m2 per bed.


In Japan, critically ill patients who require close observation are usually placed near the nurse's station and then transferred when the patient's condition improves. In order to reduce the nurses' burden due to patient transfer, some Japanese hospitals have adopted SPRs with lower standards and close to the nurse station (Figure 6E) (84, 85), which can take into account the privacy of patients and the convenience of staff.



Nurse activities

Studies on nurse activities have always been concerned in Japan (86). Especially in recent years, due to the wide application of Hospital Information System (HIS) and Supply, Processing, and Distribution (SPD) System, the improvement in the nursing system and the increase in the number of SPRs have had a great impact on nurse walking. The main related research results are as follows.

Only the decentralized nurse stations equipped with HIS (87, 88) and the corresponding medical supplies system (89) can play roles in shortening the walking distance of nurses. The walking distances of two nurses are used as an evaluation index of the Partnership Nursing System (PNS) to discuss the level of equality as an equal nursing partner (84).

Unlike the traditional follow-up survey, many new technologies have been applied in the study of nurse activities in recent years. For example, ultrasound positioning technology has been used to collect data on nursing activities consecutively for 1 week (90), and BIM technology is used to optimize the bed position of inpatients and simulate the walking distance of nurses (84, 91).




Summary

Overall, the USA studies of care units focus on the healthcare environment that could shorten the length of stay and improve patient and staff satisfaction, while Japan focuses on the spatial layout to improve the efficiency and effectiveness of nursing care. Taking patient satisfaction as an example, there have been 90 related articles in HERD since 2007, accounting for 26.9% of the total, while there are only two related articles in AIJ Journals, accounting for 1.3% of the total.

Research goals are also significantly different between the USA and Japan. In the case of studies related to the physical environment, such as indoor environment or view outside the window, most Japanese studies just stay at the level of reducing patient or staff stress and anxiety, while American studies will even achieve the level of performance, such as healing effects or length of stay (64).

As for research methods, EBD occupies a central place in the USA, while Japanese architectural planning mainly refers to POE analysis or computer simulation based on field surveys.





Discussion


Cost-benefit analysis

As shown in Table 5, from the perspective of medical costs, the number of doctors (92) and nurses (93) per 1,000 inhabitants in the USA and Japan are almost the same, while the average length of stay in acute care beds (94) and the number of acute care beds per 1,000 inhabitants (95) in Japan are much higher than those in the USA. On the other hand, from the perspective of medical benefits, Japan's medical costs as a proportion of total health spending in GDP (1) are much lower than those in the USA, but the average life expectancy (96) is much higher than that of the USA. It is not so difficult to find that the Japanese healthcare system is more cost-effective than that of the USA just by doing a simple cost-benefit calculation. Of course, the reasons behind the above phenomenon are very complex, and the following analyses of healthcare facilities are made by introducing the concept of value variables.


TABLE 5 OECD data (2019).

[image: Table 5]



Value variables

As mentioned above, the research topics and solutions for the healthcare environment with limited medical resources are quite different in the USA and Japan. Through further comparative study between the USA and Japan, we found that time variables such as length of stay, space variables such as bed area and the number of care units per floor, and behavior variables such as nurse activities and nurse system play key roles in care unit design. In this paper, these variables are defined as value variables (Table 6).


TABLE 6 Summary of the relationships between value variables and outcomes.

[image: Table 6]

First, we discuss the length of hospital stay. The average length of hospital stay in acute beds has fallen from 8.3 days in 1969 to 5.4 days in 2019 in the USA and from 34.4 days in 1994 to 16.0 days in 2019 in Japan in order to cut medical costs (94). We found that when the length of hospital stay falls below a certain threshold, there will be significant changes in the type of patient rooms, the layout of care units, the nursing system, and so on. When the average length of hospital stay is long enough, progressive patient care is considered as an efficient way (97), and it is better to divide the care units into different types, such as intensive care unit, step-down care unit, and acute care unit in order to offer more suitable care and environment for the corresponding type of patients. On the contrary, when the average length of hospital stay is quite short and inpatients become relatively serious, not only does the classification of care units have little significance, but it is also advisable to use all SPRs in care units (66). However, if the average length of hospital stay falls too short, it may lead to a significant increase in the length of the nurse walking, the difficulties of nursing observation, and nurse stress, which will increase the construction and operating costs of the hospital.

Second, the minimum bed area of acute care units is 6.4 m2/bed in Japan, which is only half of the AIA standard (64). In addition, the average number of beds in acute care units in Figure 6 is usually about 42 beds, and the average area of the acute care units is about 1,520 m2. The care unit in Japan is more compact compared with that in the USA, which is conducive to shortening the nurse walking and improving the effect of nursing observation and nurse communication. It should be noted that although the bed area in Japan is not large, it does not seem to have any adverse effects on the quality of care or safety (64). Therefore, it is necessary to re-examine the suitable size of the bed area.

Japan has advantages in the nursing system. For example, PNS is a popular nursing system with a pair of two nurses working together to provide care to patients. It can help nurses learn from each other and reduce stress and errors, thereby improving safety and quality. However, PNS needs to be bound closely to the care unit planning. It is necessary to increase the bed area (Figure 6G) and outdoor staff-supported space (Figures 6F,H,K) appropriately because there are always two nurses working together (84, 85, 98).

Using value variables can help us understand or solve problems in healthcare design from three dimensions of time, space, and behavior rather than just one of them. Otherwise, it is easy to create more new problems in order to solve some problems, which will bring unnecessary complexity. For example, cutting medical costs simply by shortening the length of hospital stay may lead to the all-use of SPRs, which may eventually backfire. In addition to the indoor environment, the nursing system can also be taken into account to reduce nurse stress, which may require only small changes in the care unit planning.



Value variables and environment design variables

The intent of EBD is to base the design decisions on credible studies of healthcare facilities. However, environment design variables used in EBD, such as windows, SPRs, and comfortable waiting rooms, are useful during the phase of design development or interior design, but not during the schematic design phase.

In the schematic design phase, the items like building shapes or traffics, which are needed to be determined by architects, are more closely related to the value variables, such as length of stay, number of care units per floor, and the nursing system.



Conceptual framework of value-based design

The effect of healthcare design depends largely on the architect's comprehensive judgment from a macro-perspective, while the healthcare facility research represented by EBD mainly explores the relationship between environmental variables and specific outcomes from the micro-level. As the importance of evidence is different in different scenarios, evidence choice according to the actual situation is important for healthcare design. In order to cover the gap between healthcare design and research, we propose a framework for the value-based design of healthcare facilities from the meso-level on the basis of EBD and Japanese architectural planning (Figure 7).


[image: Figure 7]
FIGURE 7
 Conceptual framework of value-based design.


In this paper, value-based design is defined as the master planning and evidence choice through value variables (time, space, and behavior) to balance safety, efficiency, comfort, and economy in healthcare facilities with limited medical resources.

As shown in Figure 8A, instead of the usual two care units per floor, there are four care units per floor in Y hospital with 655 beds in total. According to this spatial variable, an open public space for an interdisciplinary team Figure 8B is designed in the center of the floor to facilitate formal or informal communication among different specialized professionals involved in healthcare with the overarching goal of improving the safety and quality of patient care.


[image: Figure 8]
FIGURE 8
 Four care units on one floor. (A) Floor plan of care unit in I hospital 276 beds per floor, 29.6m2 per bed. (B) Interdisciplinary team space in I hospital. (C) Nurse counter in S hospital. (D) Floor plan of care unit in S hospital 144 beds per floor, 33.7m2 per bed.


As shown in Figure 8D, Hospital S is a cardiology hospital with four care units per floor. Because heart disease is a high mortality disease and some heart attacks strike suddenly, the value variable of emergency time needs to be comprehensively considered together with the space and behavior value variables in a hospital design. Therefore, in terms of space, four nursing units are combined into one management unit to flexibly adjust the number of beds in each nursing unit. In addition, in terms of behavior, nursing activities are divided into three categories, such as office work, drug preparation, and bedside nursing. One central station, four service stations, and multiple nurse counters (Figure 8C) are designed in the according location for efficient three levels of care.




Conclusion

1) The comparative study of the keywords of HERD and AIJ articles can help researchers and designers to grasp the research system of health facilities in the USA and Japan as a whole and to clarify the position of one research topic in the system and the relationship with other research topics.

2) The USA and Japan have their own strengths in the study of healthcare facilities. EBD occupies a central place in the USA, focusing on revealing the micro-mechanisms between environmental variables and healthcare outcomes. The architectural planning approach adopted in Japan focuses on the relationship between hospital layout and improving care processes, increasing medical efficiency, and reducing health care costs.

3) The differences reflected in the solutions of American and Japanese hospitals in controlling medical costs can be well explained by introducing three kinds of meso-level value variables of time, space, and behavior. Value-based design that combines the advantages of healthcare design in the USA and Japan can largely bridge the gap between macro master plans and micro evidence, which can help architects select, integrate, and absorb the most appropriate research results in healthcare design.

4) Through the coordination between different types of value variables, the concepts and methods of value design help to achieve the balance of safety, efficiency, comfort, and economy of healthcare facilities under limited medical resources.

5) The differences in the value of value variables in different countries reflect the different cultural concepts and value orientations behind them, and the understanding of this point can help architects in developing countries to learn from the experience of developed countries.

6) The limitation of this paper is that it only discusses the value variables of the inpatient department, and further study is required for the outpatient department and the medical technology department. The authors also hope to take this study as an opportunity to trigger more discussions in the academic community.
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Variables

Residential building density
FAR

Land-use mix

Water area

River line length

Green space area

Light index

Road density

Number of bus and metro stations
Number of enterprises

Number of schools

Number of stadiums

Housing price

Constant

P\A

Performance statistics
R-squared

Log likeihood

A (Akaike information criterion)
Number of observations

**Significant at the 1% level.
“Significant at the 5% level,

Cycling index
SLM SEM
Coefficient  Std.Err.  Coefficient  Std. Err.
-0083 0060 ~0.054 0.082
—1.468" 0475 —1.465" 0551

3.806* 1.920 5524* 2253
1.119" 0311 0914 0.354
1.249 1.361 1.667 1.550
0295 0111 0.307* 0.140
0,032 0024 0333 0049
1.992" 0477 2.646™ 0205
3.008" 0325 2.764" 0333
0089 0014 0.099" 0016
~0549" 0173 —0.643" 0.185
0864 0239 0556 0245
4336 1.049 1.840 1.496
—11.470" 2205 —20.856" 4613
0.601* 0.020 0.677* 0.020

0.605 0.603
—12,089.0 —12,1257
24,208.1 24,2794

2,788

Running index

sLM
Coefficient  Std. Err.
-0.124* 0.041
-0.084 0.327
-0.940 1317
1.966" 0217
4777 0.936
0.422" 0.077
0,044 0016
0.829" 0.120
0.308 0223
0.025" 0.009
-0.210 0.119
0717 0.164
4472 0742
—11.492 1576
0.783" 0014
0.719
11,1243
22,2786

SEM

Coefficient

-0.274
-0.012
0.077
2.359"
7.155%
0.625*
0.241*
1.089"
0.148
0.037*
-0.350"
0.496*
3.266*
—18.359"
0.851"

0.727

—11,128.1
22,2842

Std. Err.

0.058
0.379
1.642
0.241
1.057
0.008
0.050
0.141
0.223
0.011
0.125
0.164
1.073
4.877
0.013
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Criterion
layer

Interest

Naturalness

Comfort

Touchability

Security

Detailed rules and
regulations

Lighting
Interesting pattern

Vegetation season

Vegetation growth

Song
Insects singing and
birds singing

Soft sol

Flowers and trees
Protector

Example

Spot, light, spot
Wall painting, blackboard
newspaper, stone wall painting
Wall painting, blackboard
newspaper, stone wall painting
Luxuriant and sparse
appearance

Radio, music, reading sound
Birds, sounds

Soil quality and hardness
Category, touch, smell

Isolation zone, buffer zone, sand
pit
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Site type

A: Large toys, children’s ffe fun
pool

B: Cement playground (basketball
court, tennis court, badminton
court)

C: General hard fitness equipment
area

D: Lawn playground (footbal field,
baseball field, plastic track)

Age

3-6 years

8-12years

6-12 years

8-12 years

Characteristic

Younger children cannot consciously regulate and
control their activities but can play interesting games
under their parents’ care. Thus, intellectual + physical
activity facilities with both fun and exercise are selected,
and equipped with a rest corridor for caregivers

The area is flat and spacious, equipped with basketball
racks and nets to effectively exercise chidren's physical
strength and teamwork ability

The area belongs to childrens physical fitness
oordination and other exercise areas, equipped with
various actiity equipment, including rope, chain, siice,
and swing

Acircle around the playground dominated by football
feld is equipped with 200-m red runway and rest seats.
The stadium runway is used for children’s training and
seats for rest

Scene status
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1 Behavior

Il Inteligence
and school

Il Physical
appearance
IV Anxious

V Gregarious

VI Happiness
and
satisfaction

Total score

P

(spirituality)

-0.475
-0.263

-0.148

-0.188
-0.357
-0.345

—0.436

E (inward
and
outward)

0.032
0.362

0.602

0.186
0.235
0.453

0.342

N (emotion)

-0.366
-0.403

—-0.188
-0.506

-0.367
—0.450

—0.496

L
(concealment)

0.403
0.465

0.126

0.287
0.292
0.241

0.398
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P
(spirituality)

Different gender

Boys group 469 +3.18

Girls group 192+ 152

P 0.000

Male

SOS children’s 4.69+3.18
village children’s

group
Norm group 532+298
P 0.225
Female

SOS chidren's 192 1.52
vilage children’s

group

Norm group 378+ 2.40

P 0.000

E (inward
and
outward)

16.95 +
399

1611+
4.70

0.283

16.95 +
3.99

1832 +
3.75

0.038

16.11 =
4.70

18.15 +
3.56

0.012

N (emotion)

9.23+4.97
10.16 =

5.41
0.301

9.23 +4.97

853+ 4.68

0.384

10.16 =
541

8.60 + 4.90

0.087

L
(concealment)

12.90 £ 4.18

14.54 £ 413

0.021

12.90 £ 4.18

13.89 + 4.38

0.146

14.54 £ 413

16.81 + 4.30

0.070
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Factor

| Behavior

Il Inteligence and school

1ll Physical appearance

IV Anxious

V Gregarious

VI Happiness and satisfaction

Total score

Gender

Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female

SOS children’s village (n = 83)

11.28 +2.62
11.96 £2.73
9.69 + 3.66
10.28 +3.22
6.89 £2.60
6.34 £2.35
8.36 £2.94
8.13+291
820 £2.42
8.64 +£2.08
6.69 £1.98
6.68 +1.89
51.11 £ 16.22
52.03 + 15.18

Chinese urban norm (n = 846)

11.94 +2.66
12.88 +£2.35
10.73 £3.12
11.06 £3.24
7.98+2.89
7.97 £2.08
9.41£254
9.20 +2.64
8.44 £201
913+ 1.78
7.56 £ 1.65
7.64+1.65
56.62 +£9.91
57.26 +9.66

P

0.056
0.119
0.041
0.001
0.004
0.001
0.080
0.019
0.263
0.093
0.020
0.000
0.000
0.000

x % s represents the mean + SD, and t s the value of the t-test, which is used to compare the difference of the mean between the two groups of data; P is the indiicator of decreasing

reliability of results.
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Factor 1 Behavior
Children in distress  SOS 1167 £2.76
chidren's
Vilage (1 =
83)
Ordinary children ~ Hunannorm ~ 11.97 +2.96
(n=864)
T —1.141
P 0.249

X + s represents the mean + standard deviation.

1
Intelligence
and school

820+ 3.44

8.89+327

1.014
0314

1l Physical appearance

6.62 + 2.47

6.40 +2.81

0.763
0.442

IV Anxious

820£292

9.35+285

-3.127
0.384

V Gregarious

8.16 £2.26

8.49+220

—-0.798
0.384

VI Happiness
and
satisfaction

6.63+1.92

712+ 1.89

-1.729
0.086

Total score

49.51 £ 15.77

51.98 + 15.98

—1.658
0.100
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Age

Average

=200 0 s e

&3

Weight (kg)

13.95
15.61
17.39
18.30
19.95
21.81
2325

Height (cm)

95.1

102.1
108.6
1116
116.9
132.2
150.2

Female

Weight (kg) Height (cm)
13.44 94.2
15.21 101.2
16.79 107.6
17.92 1108
19.23 1155
20.95 130.3
2246 146.2
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Test method

SO, data model

PGDP date model

Total data model

F Test

LM Test

Hausman Test

F Test

LM Test

Hausman Test

F Test

LM Test

Hausman Test

Ho

Choose mixed regression
Choose mixed regression
Choose random regression
Choose mixed regression
Choose mixed regression
Choose random regression
Choose mixed regression
Choose mixed regression

Choose random regression

Statistical indicators

F(20,324)

chibar2(01)

chi2()

F(29,324)

chibar2(01)

chi2(7)

F(29,323)

chibar2(01)

chi2(7)

Statistics

73.02

1,073.03

36.90

80.09

1,201.35

18.39

83.79

1,200.08

23.11

P-value

0.0000

0.0000

0.0001

0.0000

0.0000

0.0103

0.0000

0.0000

0.0032

‘Outcome

Reject mixed regression, choose fixed
effect model

Reject mixed regression model and
choose random effect model

Reject random effect model, choose fixed
effect model

Reject mixed regression, choose fixed
effect model

Reject mixed regression model and
choose random effect model

Reject random effect model, choose fixed
effect model

Reject mixed regression, choose fixed
effect model

Reject mixed regression model and
choose random effect model

Reject random effect model, choose fixed
effect model
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Test Statistical indicators

Pedroni Modified Phillips-Perron t
Phillips-Perron t
Augmented Dickey-Fuller t

Kao Modified Dickey-Fuller t
Dickey-Fuller t

Augmented Dickey-Fuller t
Unadjusted modified Dickey
Unadjusted Dickey-Fuler t

P <0.1,"p < 0.05, **p < 0.01.

Statistics

9.6325
-10.5118
—9.6681

—6.2983
—2.2853
—4.5845

P-value

10,0000+
0.0000**
0.0000"**
0.0015**
0.0000"*
00111+
0.0000"**
0.0000**
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Variable
Statistic
AzZPM -0.1043

AZnSOz)  0.0094
AZNPGDP) 03925

AZNHP -0.6910
AZPMHS -0.3638
AzIn(PDI) —0.4800
AzZUR -0.1425
AZPAR —1.2241

Zz represents for standardizatior

HT TEST
Ho

Panels contain unit roots
Panels contain unit roots
Panels contain unit roots
Panels contain unit roots
Panels contain unit roots
Panels contain unit roots
Panels contain unit roots
Panels contain unit roots

P-value

0.0000**
0.0000"**
0.0000***
0.0000"*
0.0000***
0.0000"**
0.0000***
0.0000

*p < 0.1, "p < 0.05 *'p < 0.01.

‘Outcome

Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
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Variable

PM
50,
InfSO,)
PGDP
In(PGDF)
NHP
PMHS
PDI
InfPD))
UR

PAR

Variable

PM
S0,
InfS02)
PGDP
In(PGDF)
NHP
PIMHS
POI
In(PDY)
UR

PAR

Mean

0.0051
543,330.7
12.482
64,620.07
10.967
6.457
1.0268
31,021.58
10.266
0.662
0.099

Mean

0.0056
697,823.7
13.276
32,791.88
10.321
4637
1.0271
21,762.18
9.907
0.483
0.098

Eastern China
Std. dev. Min
0.002 0.002
513,319.4 2,672
1.500 7.891
29,021.72 14,476.69
0.487 9.580
2.417 2.750
0.025 0.984
12,306.25 10,996.87
0.396 9.305
0.141 0.408
0.024 0.016

Central China

Std. dev. Min
0.002 0.0024

393,378 120,808
0.642 11.702

12,346.78 12,036.86
0.409 9.396
1.159 2.620
0.020 1.001

7,759.428 1,656.70
0.458 7.413
0.061 0.343
0.014 0.073

Max

0.009
1,827,397
14.418
140,761.30
11.855
15.460
1.154
68,033.60
11.128
0.896
0.152

Max

0.011
1,664,000
14.263
66,631.27
11.106
6.900
1.106
39,385.80
10.581
0.603
0.132

Mean

0.0079
541,210
13.008
41,491.24
10.576
5513
1.087
28,995.51
9977
0.588
0.1056

Mean

0.0083
597,474.8
13.043
32,830.43
10.281
5.044
1.028
21,271.18
9.904
0.466
0.137

Northeastern China

Std. dev. Min
0.002 0.005
331,123 89,586
0.665 11.408
13,407.51 18,475.42
0.354 9.824
0.668 4.160
0.031 1.006
47,306.23 10,245.28
0573 9.235
0.049 0.532
0.018 0.077

Western China
Std. dev. Min
0.004 0.003
374,2229 46,471
0.801 10.747
15,473.61 7,286.842
0.506 8.894
1.439 2.140
0.022 0.988
7,212.269 10,012.34
0.357 9212
0.082 0.282

0.443 0.085

Max

0.012
1,234,000
14.026
65,424.51
11.089
7.000
1111
301,717.90
12,617
0.681
0.150

Max

0.019
1,456,000
14.191
71,936.91
11.184
8.500
1.125
38,304.70
10.663
0.655
5.162
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Variable

2n(S02)
2n(PGDF)
ZNHP
2PMHS
ZIn(PDY)
2R
2PAR
_cons

N

R?

F-statistic

t-statistics in parentheses. 'p < 0.1, “p < 0.05, "'p < 0.01

Eastern China

2PM
10117 ~6:21
~0.504* (~3.56)
~0.036 (~0.99)
0013 -0.81
0038 -034
—0.821"** (~5.85)
0957 36
0.486* ~5.01
120
0855
102.375"

Northeastern China

zPM
1.536""-6.29
—0.462"** (~4.13)
—0.663" (-2.59)
~0.016 (~0.61)
0.028-0.8
—1.166* (~4.14)
0936-1.12
0.089-0.6
36
0947
90.985""

Central China

2PM
0560" ~1.96
—0.615"* (-3.78)
0582 -2.75
0016 052
—0.018 (~0.48)
~0.892" (~2.48)
—0524(~0.38)
—0.887"* (-8.89)
72
0856
62226

Western China

zPM
074546
—0717" (-4.18)
0.31-1.64
0.004-0.12
—1.141* (-6.37)
1.088'~1.7
~0.006 (~0.33)
0.891"-2.93
132
0848
107.195"*
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Variable )

PM
2n(SO,) 16827 ~12.94
2n(PGDF)

ZNHP

ZPMHS

2Zn(PD))

WR

2PAR

_cons ~0,000 (~0.00)
N 360

R? 0.277
F-statistic 167.423"

@

zPM
0.196"-1.94

0012-0.21
0.005-0.27
~0.189"* (~5.79)
~1.194** (-8.99)
0.001-0.07
0.000 (0.00)
360
0.74
175707

t-statistics in parentheses.’p < 0.1, *'p < 0.05, **'p < 0.01.

®

zPM

~0.755" (-33.13)

~0.000 (~0.00)
360
0.748
1,007.788"

@

zPM

~0.427"" (-5.97)
~0.027 (~0.50)
~0.001 (~0.04)
~0.090" (~2.59)
—0.447"* (-2.73)
0.001-0.04
~0.000 (~0.00)
360
0763
198.036™

®)

PM
0.465"* —4.53
—0.869""" (~25.96)

~0.000 (~0.00)
360
0.762
501.708"*

©

PM
0.456"*~4.56
~0.546™" (~7.36)
~0.031 (~0.59)
—-0.002 (-0.15)
—0.076" (~2.25)
~0.456" (~2.87)
~0.002 (-0.11)
~0.000 (~0.00)
360
0776
183,082
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Leadership
Alternative water source
Emergency water supply

Operation and maintenance
funds

Degree of system recovery
Reconstruction model

Independent Fire-water
design

Topography
Fast financing access
Social trust

Professional reserve
Organizational structure
Groundwater stock
Decision-making
Earthquake intensity
Emergency response plan
Laws and policies
Remaining service capacity
Environmental polution
Emergency Power

Crisis insight

Seismic design
Post-disaster water demand
Maintenance information
Effective partnership
Earthquake history
Proactive posture

Political will

Intelligent design

Available financial resources
Earthquake early warning
system

Climate conditions
Community participation
Periodic asset assessment
The time of the earthquake
Community publicity
Household water reserve
place attachment
Employment rate

GRP

Cultural level

Overall (n = 123)

Ril

4.492
4.460
4.452
4.452

4.444
4.437
4.429

4.349
4.349
4.333
4.325
4317
4317
4310
4.310
4310
4.286
4.278
4.262
4.262
4.254
4.246
4.238
4.238
4.230
4.230
4.222
4175
4.159
4.159
4.143

4127
4127
4111
4.005
4.056
4.056
4.016
3.881
3.865
3.825

Rank

FSEEAIEN

o

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
2
27
28
29
30
31

32
33
34
35
36
37
38
39
40
4

Group A (n = 94)

Rl

4517
4563
4517
4517

4414
4586
4506

4.402
4.471
4.425
4356
4356
4368
4368
4368
4391
4379
4310
4379
4345
4276
4345
4.460
4322
4241
4.241
4241
4356
4195
4276
4218

4.207
4.230
4.356
4108
4126
4115
4195
4011
3.897
3874

Rank

ENIECRENEN )

33
31
18
38
36
37
34
39
40
41

Group B (n = 29)

Ril

4.436
4.231
4.308
4.308

4.513
4.103
4.256

4.231
4.077
4.128
4.256
4.231
4.205
4.308
4179
4.128
4.077
4.205
4.000
4.077
4.205
4,026
3.744
4.051
4.205
4.2056
4179
3.769
4.077
3.897
3.974

3.949
3.897
3.564
4.077
3.897
3.923
3615
3.590
3795
3.718

Rank

© o 0N

20

10
25
18

13

17
18
23
15
28
21
12
27
37
26
"
12
14
36
22
34
28

29
32
41
23
3
30
39
40
35
38

Difference between
two groups

0.081
0.332
0.209
0.209

—-0.099
0.483
0.250

0.171
0.394
0.207
0.100
0.125
0.163
0.060
0.189
0.263
0.302
0.105
0.379
0.268
0.071
0.319
0.716
0.271
0.038
0.036
0.062
0.587
0.118
0.379
0.244

0.258
0.333
0.972
0.026
0.229
0.192
0.580
0.421
0.102
0.156





OPS/images/fpubh-10-861456/fpubh-10-861456-g003.gif





OPS/images/fpubh-10-840379/fpubh-10-840379-t003.jpg
Field of work

Designer

Emergency managerment officer

Planner for rural water supply system construction
Operation management officer

Experience(years)

<5

510

10-15

>15

Times of participating in earthquake refief of RWSSs
No relevant experience

1

2

>3

Frequency

7

9

10
97

23
34
36
30

29
57
16
21

%

5.69%
7.32%
8.13%
78.86%

18.70%
27.64%
29.27%
24.39%

23.58%
46.34%
13.01%
17.07%
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No.

Factors

References

GFO1
GF02
GFO3
GF04
GF05
GF06
GFO7
GF08

GF10
GF11
GF12
GF13
GF14
GF15
GF16
GF17
GF18
GF19
GF20
GF21
GF22
GF23
GF24
GF25
GF26
SFO1

SF02
SFO3
SFo4
SFO5
SFo6
SFO7
SF08
SFO9
SF10
SF11

SF12
SF13
SF14
SF15

Alternative water source
Seismic design

Emergency Power
Independent Fire-water design
Early warning system
Remaining service capacity
Degree of system recovery
Topographic

Emergency response plan
Community participation
Effective partnership
Leadership
Decision-making
Emergency water supply
Organizational structure
Crisis insight

place attachment

Soial trust

Post-disaster water demand
Operation and maintenance funds
Avaiable financial resources
Fast financing access
Earthquake intensity
Earthquake history
Reconstruction mode

The time of the earthquake
Professional reserve
Maintenance information
Household water reserve
Poltical wil

Proactive posture

Periodic asset assessment
Groundwater stock
Inteligent design

Giimate conditions

Laws and policies

Cultural level

Community publicity
Employment rate

GRP

Environmental pollution

(14, 15, 25, 35, 57, 58)
(15, 25,59)
(14,35,57)

(15, 60)

(@9, 61)

(14,15, 58)
(15,17, 35)

(40, 43, 62)

(7, 25,35, 42, 57, 58)
(14,38, 39, 42, 59)
(7,57,59,61,63)
(7,59,63)

(7,63)

(7, 15,58)

(7, 15,35, 63)
(7,37, 42,59
(7,37, 42,59
(87, 59)

(15, 25,35, 58)
(85, 45, 61)

(15, 25, 39, 58)
(15, 25,39)
(17,35, 64)
(17,35, 40, 64)
(17, 65, 66)
(25,35, 67)

(44, 47, 49, 61)
@5, 61)

(35, 50, 61)
(7,51,68)

(7.63)

(7,35,68)

(85, 47,52)
(14,35, 47, 68)
(40, 47, 68)

(@5, 47,51)

(87, 42,59, 61, 64)
(7, 15,25, 47)

(7, 25,40, 47, 57)
(47, 48, 52)

(45, 47, 48, 50)
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No.

Magnitude

71
8.0

Date

2013/4/20
2010/4/14
2008/5/12

Epicenter location

Location

Lushan County, Sichuan
Yushu County, Qinghai
Wenchuan County, Sichuan

City/suburb

Suburb
Suburb
Suburb

Destruction of rural water
supply project (place)

1,727 (4)
1,123 (5)
49,949 (6)

Numbers of people left
without access to water

85,000(4)
82,800 (5)
9,555,000
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Factors

GF25-Reconstruction mode
GF20- Operation and
maintenance funds
GF22-Fast financing access
GF21-Available financial
resources
GF10-Community
participation
GF23-Earthquake intensity
GFO9-ERP

“Correlation is significant at the 0.01 level (two-tailed).

GF25

1
0547

0.508"
0.569™

0.600"

0.537*
0.573™

GF20

0.647*

0.663**
0.620"

0.493*

0.638*
0.578™

GF22

0.508"
0.563"

0.664™

0.581"

0.616™
0.503™

GF21

0.569"
0.620"

0.664*

0.609"

0.606*
0574

GF10

0.600**
0.493*

0.681**
0.609™

0.650*
0.487"

GF23

0.637*
0.538"

0616
0.605™

0.550"

0.636™

GF09

0.573*
0.578"

0.503**
0.574™

0.487*

0.636*





OPS/images/fpubh-10-840379/fpubh-10-840379-t006.jpg
Factor

GF25
GF20

GF23

GFO9

GF21

GF22

GF10

GF17

GF18

GFO8

GFO8

GF14

GF12

GF19

GF24

GF26

GF11

GFO7

GF16

GF13

GFO3

GFO2

GFO1
Eigenvalue
Variance (%)
Cumulative
Cronbach's «

Rotation converged in 8 and 6 iterations, respectively. Extraction method: principal component. Rotation method: Maximum variance method.

0.726
0.725
0.689
0.708
0. 650
0.634
0.560

10.575
45.979
45.979

0.904

0.750
0.691
0.675

1.473
6.402

52.382

0.860

0.698
0.692
0.602
0.656

1.401
6.001

58.472

0771

0.832
0.739
0.507

1.242
5.400
63.872
0.812

0.779
0.597
0.594

1.094
4.758
68.630
0.802

0.788
0.736
0.732
1.013
4.406
73.036
0.803

Factor

SF02
SFO1
SFO4
SF12
SFO8
SF05
SFO6
SF15
SF09
SFO7
SF10
SF14
SF13
SF11

7.005
46.700
46.700

0.881

0711
0.763
0.762
0.696
0.637
0.583
0539

1.207
8.646
55.346
0.824

SFs

0.837

0.650

0.599

0.599
0.766
0.747
0.734

1.046
6.975
62.321
0.801
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No.

SF02

GF17
SF13
SF06

GF10

GF18
GF25

GF21

GF22
SF15

Factors

Maintenance
information

Place attachment
Employment rate
Periodic asset
assessment
Community
participation
Social trust

Reconstruction
model

Available financial
resources

Fast financing access

Environmental
pollution

Kolmogorov-
Smirnov

P-value
0.000

0.000
0.000
0.000

0.000

0.000
0.000

0.000

0.000
0.000

Mann-Whitney
U-test

P-value
0.032

0.001
0.006
0.044

0.014

0.041
0.002

0.029

0.004
0.011
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Names

Land-use mix
Residential land density

Buiding density

Arterial road density

Secondary road density

Branch road density

Bus stop density

University campuses density
Comprehensive parks density
Community parks density

Square density

Market density

Living service points density
Normaiized difference vegetation index

Abbreviations

™M
RLD
BD
ARD
SRD
BRD
BSD
uco
CPD
PD
sD
MD
LSD
NOVI
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Hierarchical
clustering results

Class 1
Class 2
Class 3

Measure the comprehensive
value interval

[0.0180, 0.1714]
01715, 0.2874]
0.2875, 0.7280]

Quality grade

Low quality
Medium quality
High quality
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Sample street Expert scoring

Physical  Pedestrian

environment  perception
Zhongshan road 41 45
Luoyu road 18 1.4

Youyi road 28 27

Total
score

86
3.2
55

Public cvs
evaluation

High 0.6832
Low 0.1274
Medium 02519
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Dimension

Physical
environment

Pedestrian
perception

Criteria for evaluation

* Street greening and sky view

* Accessibilty of transportation
facilities

* Road network accessibilty

« Diversity and convenience of
public service facilities

« Activity population density

« Building density in the
surrounding area.

 Concentration degree of
walking and riding people.

« Completeness of physical
warning and monitoring
faciities.

« Degree of motor vehicle
interference.

« Availability of historical and
cultural facilties within a
15-minute walk.

« Visibility of mountains, water
bodies, and historical and
cultural buildings.

Grading scale

5-Excellent (Very strong
advantages with negligible
weaknesses)

4-Good (Strong advantages
with minor weaknesses)
3-Average (Streets have some
strengths but moderate
weaknesses)

2-Weak (Streets have few
strengths with major
weaknesses)

1-Poor (Streets have very few
strengths with numerous major
weaknesses)
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Dimension Measure level

5D Design

Destination accessi

Distance to transit

Density

Diversity

3s Sociality

Safety

Status

Measure index

Natural environment

Build environment

Traffic accessibilty

Accessibility of public facilities

Distance from underground
traffic

Distance from ground traffic

Population density (4, 69)

Buiding density
Diversity of public facities

Social crowd (72, 73)

Indivicual safety
Traffic safety
Regional culture (78)

Regional landscape

Measure factor

Green view index (GVI) (7, 59, 60)
Sky openness (SO) (61)

Street integration (S) (62)

Street connectivity (SC) (63)

Traffic accessibility (TA) (64, 65)

Network accessibility (NA) (66)
Faciliies accessibility (FA) (43)
Distance to subway (DS) (67, 63)

Distance to bus-station (DB) (67, 68)

Heatmap on weekday (HW)

Heatmap on rest-day (HR)

Floor-area Ratio (FR) (20)

Number of public facilities (NPF) (29, 43, 69)
Mixture of public facilties (MPF) (70, 71)

Low-speed crowd agglomeration (LCA) (74)

Individual safety () (4, 75, 76)
Traffic safety (TS) (51, 77)
Historical and cultural land (HCL)
Cultural atmosphere (CA)
Landscape visibilty (LV) (79, 80)

Calculation formula

Tiaa
Sh=L= mloga(2E2 141
= B = e
SCy=kn

DS = Nearest_Dis ( 0 = x5 + 0 — ys)2)

DB = Nearest_Dis ( b — 36+ — Yb)z)

HW =y = I8
HR=F, = B2
FR= %

NPF=Y_1pi

LCA, = De i)
o Shoa
MPF =~ ¥ pyinp;

i=

TSh= gr'{

HCLy = s
1S
>y
18, = S

CA, = Nearest_Dis

—_—

for =P + 0, —yc)z)

_sos
L= 8
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Dimension

A Physical environment

B. Pedestrian perception

Category

(1) Functionality

(1) Functionality
(2) Serviceabilty

(1) Functionalty
(2) Architeture

(1) Functionality
(2) Architecture

(8) Demography
(1) Functionality
() Diversity

3) Demography
(4) Architecture

(1) Psychology

(1) Vision

(1) Vision
@) Auditory

(1) Vision

(2) Psychology
(1) Vision

@) Auditory

@ Touch

(4) Offaction

Case study

Cervero and Kockelman (29)
Active Living Research (23)

Moura et al. (30)
Oliveira (31)

Sevtsuk and Mekonnen (32)

Ewing and Cervero (24)

Ewing and Handy (33)
Dubey et al. (34)
Lietal (35)

Porta and Renne (28)

Rezvanipour et al. (36)

Measurement system

The 3D system: design, density, and diversity.

Microscale audit of pedestrian Strestscapes: crossing faciity convenience, street space
design, space art aesthetics, walking path qualty, and bus facilty stop.

The 7C system: faciity coexistence, spatial comfort, daily management, street
connectivity, landmark buildings or faciities, spatial convenience, and social.

Spatial morphology measurement system: block scale, building function, building age,
building alignment rate, street accessibility, and plot density.

Urban spatial network measurement system: population density, building function,
building strength, and building quality, street accessibiity.

The 5D system: design, density, diversity, distance to transit, and Destination accessibilty.

Measuring psychology of pedestrian from image abilty, enclosure, human scale,
transparency, and complexity.

Measuring perceptual attributes of pedestrian activity: safe, ively, dul, rich, depressed,
and beauiful.

Measuring pedestrian comfort through visual elements and corresponding auditory
elements, including water flow, plants, birds, human activities.

Measuring four subjective indicators: pedestrian walking emotion, sense of enclosure,
security, social interaction, and attractiveness.

Measuring pedestrian perception from five aspects: street comfort, pleasant walking
pleasure, physical safety, environmental safety, and criminal safety.
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Measurement Results of Status
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Variable

CPD

NDVI

WAF

1.042
2075
4.190
1.075
1.084
2.209
2.244
4.354
7135
1.884
5.767
3.542
2,950
1.194

1.030
1.954
4.102
1.008
1.088
2.045
2018
4.194
6.887
1.726
5.348
3.467
2.890
1214

WAI

1.042
2.076
4.190
1.075
1.084
2209
2244
4.354
7.135
1.884
5.767
3.642
2.950
1.194
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Variable WAI RAI

3 P-value I3 P-value
M 0,051 0.028 0.021 0.453
ALD 0217 0.000 0.151 0.000
8D 0,021 0.644 0,070 0.204
PD 0.165 0000 019 0000
ucb 0.153 0.000 0.292 0.000
ARD 0.248 0.000 0.195 0.000
SRD 0.115 0001 0319 0000
BRD 0.115 0.016 -0.023 0.674
LsD ~0.089 0.140 ~0.162 0.024
cPD 0.130 0000 0.131 0000
BSD 0.106 0052 0.026 0.682
MD 0,048 0.258 0019 0.708
sD 0.103 0.008 0.185 0.000

NDVI 0.144 0.000 0.127 0.000
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Variable WAF RAF

B P-value 8 P-value
M 0.064 0.007 0032 0299
RLD 0220 0.000 0.148 0.001
8D 0,049 0300 0052 0397
PO 0.163 0000 0229 0.000
uco 0.140 0.000 0.264 0.000
ARD 0.209 0.000 0.132 0.003
SRD 0.101 0004 0284 0000
BRD 0.116 0.016 0.049 0.429
LsD ~0.059 0338 ~0.160 0.045
CcPD 0083 0009 0028 0.488
BSD 0127 0022 0061 0385
MD 0,042 0338 0.102 0.071
sD 0.103 0.009 0.120 0.020

NDVI 0.085 0.001 0.013 0.691
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R? 0.820 0.422 0.632 0.535

R2ypusted 0.612 0.409 0.625 0525
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Names

Walking activity frequency
Running activity frequency
Walking activty intensity
Running activity intensity

Abbreviations

WAF
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Model Likelihood test Hosmer-Lemeshow
Test

Log  Cox& Nagelkerke Chi- df Sig
likelihood snell R R square square

square
Inner WIP 50778 019 026 511 8 075
Mongolia  yy1pp 46071 021 029 465 8 079
(N = 441)

Ningxia ~ WTP 9281 042 059 445 8 081
(N=136)  wipPP 11614 034 0.47 449 8 081
Shaanxi WP 78027 019 025 45 8 081
N WTPP 66557 043 019 102 8 025
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Variable

Difficulties of water (No)
Difficulties of water (Yes)

Time of sanitation upgraded
(Above0 years)

Time of sanitation upgraded
(5-10 years)

Time of santation upgraded
(Less than 5 years)

Connected tollets (No)
Connected tollets (Yes)

Inner Mongolia

WTP

223" (1.19-4.20)
RG
1.89" (1.09-3.26)

1.14 (057-2.27)

RG

1.19 (0.41-3.44)
RG

WTPP

318" (153-6.69)
RG
178" (1.01-3.14)

1.24 (0.6-257)

RG

1.12 (0.33-3.79)
RG

Ningxia Shaanxi
wTP wWTPP wTP WTPP
432 (0.67-27.95) 065(0.12-369) 159" (1.01-250)  1.68 (0.98-2.86)
RG RG RG RG

67.09"* (10.36-434.62) 30.42"** (6.25-148.18) 2.39"** (1.47-3.89) 2.68"** (1.45-4.94)

456 (0.80-23.47) 424 (1.20-1497) 172 (112-262) 1.0 (0.68-1.75)
RG RG RG RG

020 (0.01-2.76) 021 (0.03-1.7) 055(0.20-1.05)  0.81(0.4-1.65)
RG RG RG RG

RG, reference group. **Indicates significance at the level of 0.01 and **“indicates significance at the level of 0.001.
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Variable

Time spent in vilage(Less than 3
months)

Time spent in vilage(4-9 months)
Time spent i vilage(10-12 months)
Notices checking(Least frequent)
Notices checking(Less frequent)
Notices checking(Moderately
frequent)

Notices checking(Frequent)

Notices checking(Most frequent)
Learning policy (No)

Learning policy (Yes)

Inner Mongolia

wWTP

2.17(0.85-5.53)
RG

0.18" (0.05-0.79)

0.17* (0.04-0.70)

0.39(0.09-1.63)

033 (0.07-1.46)
RG

068 (0.42-1.10)
RG

WTPP

408" (1.79-0.00) 4.57"* (1.85-11.26)

2.47 (0.88-6.88)
RG

0.18" (0.04-0.91)

0.13" (0.03-0.65)

0.33(0.06-1.72)

032 (0.06-1.77)
RG

0.85 (0.51-1.42)
RG

Ningxia Shaanxi
wrp wTPP wrp wTPP
022(0.03-157)  0.39(0.09-1.84) 0.20"* (0.13-0.65) 0.37** (0.16-0.82)
18.71" (1.52-230.25) 6.08(0.38-98.35)  1.04(0.62-1.72)  1.74 (091-3.39)
RG RG RG RG
002" (0.00-0.19)  0.06" (0.01-0.73) 025" (0.03-0.68) 0.70 (0.24-2.09)
010" (001-082)  0.08"* (0.00-0.35) 0.48(0.17-1.34)  0.72(0.23-2.28)
003" (0.00-036)  0.24(0.02-347)  059(0.22-1.60)  1.28 (0.42-3.90)
0.15(0.01-1.69)  0.43(001-1.95)  060(0.18-2.02)  1.05 (0.26-4.25)
RG RG RG RG
018 (0.05-0.65)  0.93(0.34-2.56) 0.47°* (0.20-0.75) 039" (0.21-0.72)
RG RG RG RG

RG, reference group. **Indicates significance at the level of 0.01 and **“indicates significance at the level of 0.001.
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Inner Mongolia

Variable wrp
Gender(Male) 059" (0.37-0.93)
Gender(Female) RG

Health Statusihealthy) 293" (1.48-5.89)
Health Status(Unhealthy) RG
Education(Primery school) 1.02 (0.48-2.20)
Education(Secondary school) 0.77 (0.38-1.57)
Education(High schoo) 1.09 (0.50-2.36)
Education(University and above) RG
Occupation(Service Personnel)  8.46™ (1.25-9.53)
Occupation(Migrant worker) 1.63 (0.66-4.05)
Occupation(Other work) 1.63 (0.73-3.66)
Occupation(Farmer) RG

Family size(<6) 1.87 (0.60-3.09)
Family size(>6) RG
Income(<1510 USD) 083 (0.41-1.70)
Income(1511-4532USD) 1.43 (0.80-2.56)
Income(>4532USD) RG

WTPP

0.78 (0.48-1.27)
RG
3447 (1.73-6.85)
RG
1.37 (0.61-3.08)
0.57 (0.27-1.21)
1.44 (0.62-3.36)
RG
2.10 0.71-6.25)
1.41(052-3.82)
1.16 (0.47-2.89)
RG
1.14 (0.47-2.75)
RG
1.14(0.53-2.45)
1.38 (0.74-2.57)
RG

Ningxia

WTP

0.45 (0.13-151)
RG
0.48 (0.10-2.26)
RG
450 (0.27-75.34)
222 (0.34-14.30)
2.39(0.46-12.39)
RG
0.18 (0.00-20.93)
1,82 (0.20-17.01)
0.80 (0.15-4.34)
RG
087 (0.13-6.75)
RG
1247 (2.33-63.65)
1,63 (0.25-10.69)
RG

WTPP

226 (0.77-6.61)
RG
1.52 (0.38-6.05)
RG
3.58 (0.40-32.20)
3.66 (0.84-16.02)
2.46 (0.66-9.27)
RG
0.13(0.01-2.71)
0.77 (0.14-4.24)
1.55 (0.38-6.32)
RG
2,03 (0.29-13.98)
RG
1357 (1.99-92.27)
1,52 (0.32-7.18)
RG

RG, reference group. ** Indicates significance at the level of 0.01 and *** indicates significance at the level of 0.001.

Shaanxi

WTP

1.17 (0.82-1.66)
RG
1.01(0.52-1.94)
RG
089 (0.42-1.90)
1.32(0.67-2.59)
1.42 (0.68-2.96)
RG
1.01 (0.51-1.99)
3.48" (1.5-8.08)
0.74(0.38-1.41)
RG
0.80 (0.51-1.27)
RG
1.11(0.69-1.78)
096 (0.59-1.54)
RG

wrPP

1.33 (0.90-1.97)
RG

1,65 (0.78-3.50)
RG

056 (0.24-1.32)

0.63(0.29-1.38)

073 (0.31-1.69)
RG

234" (1.08-5.07)

2.76" (1.07-7.15)

0.92 (0.45-1.87)
RG

0.71(0.43-1.20)
RG

1.42 (0.85-2.36)

1.08(0.65-1.78)
RG
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Dependent variable

Satisfaction

Independent variables

Constant
Subdistricts
Walking distances

4.603
-0.017
-0329

25.471
-0.730
—7.558

Sig.t

0.000
0.466
0.000

R?

0.108

28.653

Sig.F

0.000
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Variables

Difficulties of water (Difficulties to get safe drinking water)

Time of upgraded (The last time of sanitation upgraded)

Connected tollets (Toilets connected with sanitation)

Wiling to pay (WTP)

Willing to provide labor (WTPP)

Affordable cost for willing rural residents (per household)

Group

No

Yes

=10 years
5-10years
<byears
No

Yes

No

Yes

No

Yes
38USD
76 USD
113USD
153 USD

Inner Mongolia (N = 441)

355(80.5%)
86(19.5%)
263(59.64%)
81(18.37%)
97(22.00%)
405(91.84%)
36(8.16%)
186(42.18%)
255(57.82%)
148(33.56%)
293(66.44%)
173(68%)
54(21%)
18(7%)
10(4%)

Ningxia (N = 136)

120(88.24%)
16(11.76%)
45(33.00%)
40(29.41%)
51(37.50%)
125(91.91%)
11(8.00%)
95(69.85%)
41(30.15%)
45(33.09%)
91(66.91%)
24(59%)
12(29%)
3(7%)
2(5%)

Shaanxi (N = 671)

498(74.22%)
173(25.78%)
146(21.76%)
160(23.85%)
365(54.40%)
597(83.97%)
74(11.03%)
381(49.33%)
340(50.67%)
168(25.04%)
503(74.96%)
291(86%)
43(13%)
3(1%)
3(1%)
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Walking distances

500m

1,000m
1,600m
2,000m

* means significant at the 0.05 level:

Mean value of satisfaction

4.370
3.763
3.875
3.226

means significant at the 0.01 level.

500 m

-0.607**
—0.496
-1.444%

Mean differences

1,000m

0.607**
0
0.112
-0.537**

1,500 m

0.495
-0.112
0
-0.649**

2,000 m

1144
0.537**
0.649**

F value

20.427*
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Variables

Time spent in village (each year)

Notices checking (Frequency of checking the vilage
govemment's notices)

Learning policy (Upgrading sanitation)

Group

Less than 3 months.
4-9 months

10-12 months
Least frequent

Less frequent
Moderately frequent
Frequent

Most frequent

No

Yes

Inner Mongolia (N = 441)

120(27.21%)
34(7.71%)
287(65.08%)
152(34.47%)
128(20.02%)
86(19.5%)
46(10.43%)
29(6.58%)
188(42.63%)
253(57.37%)

Ningxia (N = 136)

58(42.65%)
6(4.41%)
72(52.94%)
40(29.41%)
44(32.35%)
22(16.18%)
17(12.50%)
13(9.56%)
73(53.68%)
63(46.32%)

Shaan’i (N = 671)

46(6.86%)
111(16.54%)
514(76.60%)
280(41.73%)
123(18.33%)
206(30.70%)
39(5.81%)
23(3.43%)
134(19.97%)
537(80.03%)
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Subdistricts

Changding
Baogong
Wuhulu
Binhu
Fangxing
Wannianbu
Yandun

* means significant at the 0.05 level:

Mean value

3.686
3.824
3.628
4.000
3.660
3.306
3.330

Mean differences

Changging  Baogong  Wuhulu Binhu Fangxing
o -0.138 0058 ~0.404* 0026
0.138 0 0.196* —0.266** 0.164
-0.058 ~0.196* 0 -0.462 -0.032
0.404** 0.266** 0.462** o 0.430**
~0.026 ~0.164 0,032 ~0.430 0
—0.380** —0.518** —0.322* —0.784* —0.354**
~0.356 -0.494" 0208  -0.760*  -0.330™

means significant at the 0.01 level.

‘Wannianbu

0.380**
0.518**
0.322**
0.784**
0.354**
0
0.024

Yandun

0.356**
0.494**
0.298**
0.760**
0.330**
—0.024
0

F value

13.989*
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Variables

Gender

Health status

Education

Ocoupation

Family size

Annual
household
income

Group

Female

Male

Unhealthy
Healthy

Primary school
Secondary school
High school
University and above
Farmer

Senice personnel
Migrant worker
Other work

=6

>6

<1510USD
1510-4532USD
>45320U8D

Inner Mongolia

(N =441)

235(53.29%)
206(46.71%)
60(13.61%)
381(86.39%)
140(31.75%)
129(20.25%)
100(22.68%)
72(16.38%)
108(24.49%)
67(15.19%)
100(22.68%)
166(37.64%)
383(86.85%)
58(13.15%)
60(13.61%)
89(20.18%)
292(66.21%)

Ningxia
(N =136)

70(51.47%)
66(48.53%)
24(17.65%)
112(82.35%)
10(7.35%)
41(30.15%)
35(25.74%)
50(36.76%)
69(50.74%)
3(2.21%)
25(18.38%)
39(28.68%)
122(89.71%)
14(10.20%)
22(16.18%)
19(13.97%)
95(69.85%)

Shaanxi
(N =671)

297(44.26%)
374(55.74%)
54(8.05%)
617(91.95%)
186(20.27%)
327(48.73%)
146(21.76%)
62(9.24%)
55(8.20%)
215(32.04%)
92(18.71%)
309(46.05%)
494(73.62%)
177(26.38%)
293(43.67%)
192(28.61%)
186(27.72%)

All exchange rates to USD are 6.62 because the data were collected in 2018.
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Parameters Instruments Accuracy

Temperature and Relative humidity Testo-176H1 40.4 °C; £2% RH
Air velocity Testo-425 £008 /s
CO, concentration Testo-535 £50 ppm CO,
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Subdistricts

Old town areas
Changding
Baogong

Wuhulu

New urban areas
Binhu

Fangxing
Wannianbu
Yandun

0.118
0.187
0.233

0.260
0.241

1,000 m

0.170
0.262
0.188

0.225
0.407

1,500 m

0.207
0.261
0175

0.232
0.403

2,000 m

0.207
0.260
0.181

0.256
0.380

0.001
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Pearson correlation coeffi

Temperature
Expecting temperature
Clothing

Temperature difference
Thermal sensation
Humidity feeling

Temperature Expecting
temperature
)

-0.122 1
~0.307* 0.108
0248 —0.249"
~0.661* 0.241%
—0.261" 0.355™

‘Correlation was significant at 0.01 level (double-tailec).

Clothing

-0.325"
0.370**
0.164

Temperature
difference

—0.325**
-0.076

Thermal
sensation

0.273**
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Pearson correlation coefficient R

Thermal sensation

Humicity feeing

Thermal comfort vote

Thermal comfort satisfaction
Air quality

Blowing feeling

Thermal
sensation

|
-0.129
0.464**
-0.395*
—0.008
0.201**

‘Correlation was significant at 0.01 level (double-tailec).

Humidity
feeling

-0.270*
0.244*
0.270"

-0.383"

Thermal Thermal Air quality

comfort vote comfort
satisfaction
1
-0.620"* 1
—-0.266" 0.236** 1
0.200" —-0.327+ —0.417*

Blowing
feeling
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Thermal sensation
Thermal comfort vote
Thermal comfort satisfaction

Floors

0.458
0.419
0.323

Room
orientation

0.314
0277
0.208

Dormitory

0.142
0.320
0.114
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Item

Thermal sensation

Thermal comfort vote
Thermal comfort satisfaction
Humidity feeling

Expecting temperature

Male

1.14 £1.346
2.09+0.89
3.42 +£0.944
2130378
1.28 £0.453

Female

1.45+1.176
210+ 0.836
3.39 +0.975
221+£0414
1.27 £ 0447

T

-1.584
-0.119
-0.189
-1.235
-0.163

0.115
0.905
0.851
0.219
0871
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Index Option indicator Central threshold range Index Option indicator ~ Central threshold

Thermal sensationscal -8, -2, ~1,0,1,2,8  Winter: 16-24°C Summer:22-28°C  Thermal comfort scal 4,3,2,1,0 Subjective feeling
Humidity sensation scal -1,0,1 Winter: 30-60% Summer:40-80%  Air quality scal -2,-1,0 Fresh air 30 m/h/person
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Research topic

Human thermal comfort
during heating and
non-heating periods (5)
Adaptive thermal comfort in
the severe cold area (6)

Nationalty dierences in
thermal comfort during winter

@

Nationaity dierences in
thermal comfort during
summer (8)

‘Summer thermal comfort and
adaptation of dormitories (9)
Thermal comfort of dormitory
in summer (10)

Thermal comfort of dormitory
in summer (11)

Thermal comfort of dormitory
(12)

Thermal comfort reqirements
for campus dormitories (13)

Thermal comfort in naturally
ventilated dormitory (14)

Adaptive comfort in air
conditioned dormitories (15)
Thermal comfort and adaptive
behaviors in naturally
ventilated residential buildings
(16)

Thermal comfort in naturally
ventilated classrooms during
the summer season (17)
Thermal comfort in sleeping
environment (18)

Effect of emotion state on
people’s thermal comfort (19)

Thermal sensation and
comfort in air-conditioned
dormitory (20)

Thermal comfort interventions
based on occupants’ needs
@1)

Thermal adaptation in
university classrooms and
dormitories (22)

Students’ comfort and
adaptation in dormitories in
humid subtropical climatic
area in winter (23)

Thermal comfort analysis of a
dormitory with evaporative
cooling air conditioner (24)

Research method

Fleld test and
questionnaire survey

Field test and
questionnaire survey

Field test and
subjective
questionnaire

Field test and
subjective
questionnaire

Field test and
questionnaire survey
Field survey of
enclosure structure
Field test and
questionnaire survey
Field test and
questionnaire survey

Questionnaire survey

Questionnaire survey
and environmental
testing

Field testand
questionnaire survey
Questionnaire survey
and field testing

Questionnaire survey
and field testing

Questionnaire survey
and field testing

Questionnaire survey
and field testing

Questionnaire survey
and field testing

Questionnaire survey

Questionnaire survey

Questionnaire survey
and fied testing

Field test and
questionnaire survey

Valid
questionnaires

426 questionnaires
from three buildings

632 questionnaires

Two universities
dormitories
Japanese:128
International: 172

Two universities
dormitories
Japanese: 183
International:237

Two universities
437 questionnaires
None

113 questionnaires

3-4 times per
month, 9 months
Cumulative 1572
questionnaires

Cumulative 1,219
questionnaires

467 questionnaires

479 questionnaires

225 questionnaires

Cumulative
900 questionnaires

10 students (6 male;

4 female)

18 students

467 questionnaires

72 questionnaires.

30 juniors

30 volunteer
subjects.

Cumuiative
200 questionnaires

Country or region

Shenyang, China

Harbin, China

Toyohashi, Japan

Toyohashi, Japan

Changsha, China
Wauhan, China
Tianjin, China

Chongging, China

Taiwan, China

Changsha, China

Changsha, China

Singapore

Jaipur, Rejasthan,

Incia

HongKong, China

Qingdao, China

Changsha, China

Crete, Greece

Harbin, China

Chongging, China

Xi'an, China

Highlighted results

The dormitory temperature is high in heating period.
Reducing the heating temperature for energy-saving.

As a long-lasting thermal exposure to the heating
environment, the thermal adaptabilty to cold climate
undermined, and sensitive to indoor temperature
fluctuations.

Japanese students were more sensitive of and more
critical about their indoor environment as opposed to the
internationals.

The occupants’ acceptance for thermal stress was
invariably above 90%. Japanese students were more
sensitive of and more critical about their indoor
environment

Changing clothes, opening windows and using fans are
the three main adaptive behaviors

Increase ventilation to improve heat dissipation efficiency,
sunshade components and low radiation glass

Passive cooling transformation of buidings, increasing
indoor ventilation

In summer season, people prefer somewhat cooler
condition than neutral, but in the winter season people
prefer somewhat warmer condition than neutral.

The students shared similar neutral temperature,
preferred temperature and upper limit of acceptable
temperature in both ventilated and air-conditioned
dormitories.

The adaptive behaviors of clothing adjustment and air
velocity adjustment were closely correlated to indoor
temperature.

Long-time iving in hot-humid regions enhanced
occupants’ adaptation.

Increasing the indoor air velocity and opening the
door/windows for cross ventiation; reducing clothing
insulation; higher indoor air velocities were associated
with greater satisfaction.

Principal adaplive opportunities available to students
were dlothing level change, opening windows and
regulating ceiling fans

Females selected a bedding system with higher total
thermal resistance than males for a sense of comfort and
better sleep quality

Emotions have significant influence on subjects’
physiological parameters, which affects subjects’
perception to thermal comfort.

Head exerted the highest influence on overall thermal
sensation, followed by calf and foot, then the influences
of chest and back were comparatively lower.

According to the survey resuls, the energy-saving
transformation scherne of old students’ buildings is put
forward.

Clothing insulation in classrooms was bigger than in
dormitories, and students felt more comfortable in
dormitories than in classrooms.

Staying for longer periods in regions with a colder
climate in winter, improved students’ adaptabllty to
lower temperature, closely correlated to behavioral and
psychological processes

Improve the thermal comfort of human body by reducing
the amount of clothes, increasing the air flow speed in
the domitory.
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Item

Dormitory
picture

Form
Feature
Function
‘Comfort

8-person room

Bunk beds
Space congestion, spatial overlap, poor privacy
Rest, socialize

Poor

4-person room

Upper bed, lower table
Space division, privacy, and independent space
Rest, socialize, study

Moderate

2-person room

Standard living room
Ph.D. student, privacy, and separate space
Rest, scientific research

Comfortable
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Independent variables

Model 2a (0.5km)
(-) Scattered trees*

(-) Water*

(-) Population density

(+) Fast-food restaurant density

(+) Take-away sweet shops density
Model 2b (1 km)

() Water

(-) Street intersection density

(+) Fast-food restaurant density

(+) Take-away sweet shops density
Model 2¢ (2.5km)

() Water

(-) Street intersection density

(+) Fast-food restaurant density

(+) Take-away sweet shop density

(-) Gender
(ref. female)

~0.113 (0.069)
~0.029 (0.055)
~0.015 (0.067)
~0.0002 (0.002)
0011 (0.003)

0,011 (0.056)
—0.016 (0.041)
—0.002 (0.004)
0.006 (0.006)

~0.031 (0.056)
~0.048 (0.054)
~0.001 (0.005)
0.006 (0.008)

Potential moderators

(+) Duration of exposure  (+) Hukou status (+) Ethnicity
(ref. freshmen) (ref. urban) (ref. Chinese-Han)
-0.032 (0.078) 0,044 0.074) ~0,079(0.103)

0.043 (0.064) ~0.192 (0.059)"* 0.004 (0.085)
~0.151 (0.080) ~0.027 (0.075) 0,095 0.110)

0,001 (0.008) 0002 (0.002) 0.005 (0.004)
~0.004 (0.006) 0.002 (0.006) ~0017 (0.008)"

0.057 (0.063) ~0.083 (0.059) 0.005 (0.087)
~0.161 (0.049)" 0067 (0.049) 0194 (0.069)"*
—0.005 (0.004) ~0.001 (0.004) ~0.005 (0.006)
—0.005 (0.007) 0.008 (0.007) —0.007 (0.009)
~0.099 (0.063) ~0.080 (0.059) 0.128(0.085)
~0.256 (0.068)"" 0.138 (0.065)" 0217 (0.091)°
~0.017 (0.006)" ~0.001 (0.005) ~0.001 (0.008)
~0.016 (0.009) 0018 (0.009)" 0,002 (0.013)

Data reported with unstandarcized regression coefficient (standrcized error).

*Effect estimates of exposure to natural environments are reported per interquartile range increase; *'p < 0.01; 'p < 0.05.

The relationships of explenatory variables and potential moderators with PHQ9 score were expressed with “+” and *"in the in brackets.
Etfect estimates of scattered trees and water coverage are reported per interquartile range increase.

Socioeconomic factors and covariates in Model 1 were adjusted in Model 2.

(+) Household income
(ref. high)

0.085 (0.077)
0.103 (0.062)
0010 (0.074)
0,008 (0.003)
0.001 (0.007)

0.06 (0.062)
~0.065 (0.044)
—0.001 (0.004)
—~0.009 (0.007)

~0.069 (0.063)
~0.045 (0.059)
—0.005 (0.005)
—0.008 (0.009)
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Independent variables

Natural environments
NDVI*

Dense trees”

Scattered trees’

Bush, scrub*

Low plants*

Water*

Built environments
Population density
Intersection density
Fast-food restaurant density
Take-away sweet shops density

Individual socioeconomic attributes

Age
Gender ref. female)

Duration of exposure (ref. freshmer)
Hukou status (ref. urbar)

Ethnicity (ref. Chinese-Han)
Household income (ref. high)
Covariates

BMI (kg/m?)

PA: inactive (ref. active)

moderate (ref. active)

Urbanization: urban (ref. suburban)
Geographical zone: (ref: western)
Central (ref. westerr)

Eastern (ref: western)

University type: High (ref. general)
Goodness of model fit:

Sample size

AIC score

Data reported with unstendardized regression coefficient (standaroized error, SE); B s stenderdized regression coeffcient.

AIC, Akaike Information Criterion.

Model 1a (0.5km)

Coef. (SE)

-0.029 (0.040)
0067 (0.051)
~0.201 (0.040)"
0017 (0.034)
~0.016 (0.041)
~0.105 (0.083)"

~0.167 (0.049)"
~0.034 (0.057)
0.005 (0.001)"*
0014 (0.008)"*

-0.019 (0.021)
—0.300 (0.064)"
0.683 (0.081)"*
0.264 (0.065)"*
0.653 (0.092)"*
0298 (0.069)"*

~0.008 (0.012)
0.171 (0.074)"
0.143(0.074)

0.188 (0.076)"

0.143 (0.083)
0273 (0.081)"
0262 (0.078)"*

22,009
125,154

#Effect estimates are reported per interquartie range increase.

‘o <0.01;*p < 0.05.

~0.007
0.013
—0.039
0.004
—0.004
-0.026

—0.034
—0.005
0.031

0.082

—-0.007
-0.083
0.068
0.029
0.050
0.031

—-0.005
0.018
0.015
0.019

0.014
0.029
0.027

Model 1b (1 km)

Coet. (SE)

0.084 (0.043)

0.004 (0.031)
~0.055 (0.034)
0,014 (0.034)
—0.047 (0.043)
~0.072 (0.030)"

~0.013 (0.046)
~0.135 (0.029)"*
0.007 (0.002)*
0.010 (0.008)"

~0.016 (0.021)
~0.331 (0064
0657 (0.081)"*
0.298 (0.065)"*
0671 (0.094)"
0292 (0.069)"*

—0.009 (0.012)
0.157 (0.074)"
0.137 0.074)
0.151 (0.076)"

0.157 (0.084)
0361 (0.085)"
0.110 (0079)

22,009
128,175.5

0.008

0.001
-0.014

0.004
-0.012
-0.018

—0.003
-0.045
0.026
0.022

—0.006
0087
0.085
0.033
0.051
0.030

—0.005
0.017
0.014
0.016

0.016
0.038
0.011

Model ¢ (2.5km)

Coef. (SE)

0.070 (0.038)
0052 (0.041)
0020 (0.032)
0.062 (0.033)
~0.047 (0.038)
~0.115 (0.081)"

0028 (0.052)
~0.177 (0.046)"
0.009 (0.004)"
0.015 (0.004)*

~0.014(0.021)
~0.333 (0.063)""
0.684 (0.081)"*
0272 (0.065)"
0610 (0093
0.283 (0070

~0.009 (0.012)
0.152 (0.074)"
0137 (0.074)

0.147 (0.079)

0.115 (0.082)
0.442 (0.085)""
0114 0.082)

22,009
128,333.6

0018
0.013
0.005
0.016
-0.012
-0.028

0.007
-0.045
0.026
0.024

—-0.006
-0.087
0.068
0.030
0.046
0.030

—0.006
0.016
0.014
0.015

0.012
0.045
0.012
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Characteristics

Natural environments

NDVI

Dense trees

Scattered trees

Bush, scrub

Low plants

Water

Built environments.

Population density (10,000 population/m?)
Street intersection density (intersection/km?)
Fast food restaurant density (restaurant/km?)
Take-away sweet shops density (shop/km?)
Campus-based covariates

Urbanization level: Suburban (ref. urban)*
Geographic zone (ref. western)®

Central

Eastern

University type: High (ref. general)*

0.5km

026 (0.20-0.31)
1.92 (0.00-0.79)
0.69 (0.00-0.88)
2.51(0.83-3.48)
25,37 (9.26-34.75)
11.67 (4.50-17.27)

0.85 (0.14-1.42)
8.07 (3.82-11.46)
19.49 (2.55-24.20)
7.90 (0.00-10.19)

44 (48.3%)
29(32.6)

33 (37.1)
26 (29.2)

Mean (25th—75th percentile)

1km

0.26(0.21-031)
2.40 (0.00-1.25)
0.85 (0.00-0.92)
2,51 (1.10-3.40)

24,67 (11.83-34.22)

12.73 (6.41-15.08)

0.98(0.16-1.67)
18.00 (8.28-23.25)
19.63 (6.69-28.34)
875 (1.50-12.10)

44 (48.3%)
29(32.6)

33(37.1)
26(29.2)

25km

0.25 (0.20-0.29)
3,64 (0.07-2.90)
1.14(021-1.09)
2.65 (1.10-3.31)

25.56 (14.76-33.79)

14.64 (8.50-19.10)

1.02 (0.16-1.67)

15.60 (7.80-18.34)

14.53 (3.41-19.72)
6.68 (1.17-9.12)

44 (48.3%)
29(32.6)

33(37.1)
26(20.2)

NDVI, normalized diference vegetation index.
*#Denotes categorical variables.
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Characteristics

Outcome

PHQ9

Individual socioeconomic attributes
Age

Gender: Male (ref. Female)

Ethnicity: Minorities (ref. Ghinese-Han)
Hukou status before college enrollment: Rural (ref: urban)
Annual household income: High (ref.Jow)
Duration of exposure: Freshmen (ref. senior)
Covariates

BMI (kg/m?)

Tea (hour/weeK): (ref: active)

Inactive

Moderate

BMI, body mess index; SD, standrd deviation; IQR, interquartie range.

N (proportion, %)

9,779 (44.43)
2,955 (13.42)
8,683 (39.45)
6,879 (31.26)
5,008 (26.84)

7,362 (33.45)
7,354 (33.41)

Mean (SD)

5.00 (4.48)

20,01 (1.75)

2056 (2.73)

Median (IQR)

4.00 (6.00)

20(2)

20.08 (3.26)

Tea, Time spent weekly on physical activity for non-motorized mode. According to tertiles of Tea, this indicator were categorized into: inactive (<1.0 h/week), moderate (1.01-2.35

h/week) and active (>2.36 h/week).
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Model Average training time (s/epoch)

ASTGCN 320.84
Our Model 256.07
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Data

PEMS-08

PEMS-04

Models

SVR
Random Forest
GRU

LSTM
SeqSeq
ASTGON

ours

SVR

Random Forest
GRU

LSTM
Seq2Seq
ASTGCN

ours

MAE

23.96
24.26
26.14
23.14
24.72
21.77
18.96
29.49
29.57
28.79
26.59
26.49
26.00
26,51

60 min

RMSE

34.17
33.97
37.39
34.28
38.38
31.68
28.72
41.49
41.28
44.02
40.36
42.08
4112
37.15
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Models

SVR
RF

GRU
LST™
Seq2Seq
ASTGCN
Ours

Improvement

15 min

18.98
19.62
21.51
20.20
22,12
17.32
16.59
2.14%

MAE

30 min

19.34
20.02
23.70
20.75
2281

18.65
17.58
5.74%

60 min

23.96
24.26
26.14
23.14
2472
21.77
18.96
1291%

15 min

30.25
30.34
31.66
29.40
34.96
25.30
24.28
4.03%

RMSE

30 min

27.80
2825
34.51
30.28
35.93
27.52
26.89
5.19%

60 min

3417
33.97
37.39
34.28
38.38
31.68
28.72
9.34%
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Types

Cost of respiratory disease
visits
Cost of circulatory disease
visits

Respiratory disease
patients’ wage loss
Circulatory disease patients’
wage loss

Coef. of visit
cost

0.018

0.012

Coef. of visit
duration

0.02

0.008

Average
number of
visit days
11

75

Per capita
visit cost

116,01

111,36

Per capita
daily wage

98.36

98.36

Annual visits

121,300
196,238

Working
population

970,40

156900.4

Morbidity factor

0.0015

0.0004

Morbidity factor

0.0015

0.0004

Medical cost Total
savings per 10

1g/m® reduction

in PMys

253,678,711.31 $546,300,926.75
262,341,668.87

Reduction in lost
wages per 10
1g/m? reduction
in PMy5

21,017,559.06

9,262,997.51

The regression coefficients of visit cost and visit duration were obtained through regression, and the sample average PMy 5 concentration, sample disease per capita visit cost, and
sample disease per capita for visit duration were obtained from the data description; the annual number of visis for the semple disease in 2016 was obtained using the sum of visit
records; the sample cily per capita daily wage was sourced from the 2016 statistical bulletin on the development of humen resources and social security in the city: urban per capite
disposable income was CNY 35,902, while the converted average deily income was CNY 98.36 per day; the average share of the working population was set at 80% according to the
average share of the working-age population, and the coefficient of the effect of PMz.s on the morbidity of the sample diseases was obtained from Qu et al. (32) and Li et al. (49) to
determine the first conservativeness problem.





OPS/images/fpubh-10-883177/fpubh-10-883177-g002.gif





OPS/images/fpubh-09-804298/fpubh-09-804298-g003.gif
Prediction






OPS/images/fpubh-10-855457/fpubh-10-855457-t007.jpg
Total cost  Reimbursement
of expenses

Panel A )
7-day average PMas 00162
(0.0036)
Observation 527,645
R square 03647
Kleibergen-Paap rk Wald 183.2
F-value
Panel B “)
7-day average PMj 5 UEBMI 00138
(0.0014)
7-day average PMys —0.0055
(0.0034)
UEBMI -0.7076""
(0.0688)
Observation 527,645
R square 03444
Kleibergen-Paap rk Wald 151.1
Fovalue
Control variables. Y
Time fixed effect Y
Disease and hospital fixed Y
effects

@
00176
(0.0039)
528,046
03458
321.4

@
0.0131
0.0013)
~00031
(0.0038)
~05950""*
(0.0678)
528,046
0.3344
151.1

¥
¥
%

Out-of-pocket

expenses

@®
00277
(0.0096)
514,684
02184
186.4

®
00202
(0.0038)
—0.0041
(0.0085)
—1.5193""

(0:2225)
514,684

02144

1553

Y
Y
Y

Allstandard errors of the regressions are robust. ***indicates significance at the 1% level.
Year, month, and week fixed effects are controlied for as time fixed effects, as shown in
Table 3. The cost of the visit was logarithmicaly treated. The control variables included
days of sunshine, average surface air temperature, average air pressure, average relative
humidity, average air temperature, evaporation, and wind speed. Other poliution indlicators

included SO5, NO», CO, PMy 510, and Os.
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Variables ™) @ ®) “@ ®) ©) o ® ©)

Respiratory  Acute Chronic  Circulatory  Special outpatients Inpatients Drugs Consumables Treatment
diseases disease
all patients all patients
7-day average PMy 5 00185 00081 00142 0.0128" 00208 00137 00185"* 00121 00201
(0.0027) (0.0030) ~ (0.0024) (0.0051) (0.0439) (0.0067) (0.0040)  (0.0083)  (0.0038)
Observation 213,804 46,370 98,684 313,840 156,058 167,742 527,645 379,039 414,451
Rsquare 0.2647 03168 0.3330 04158 ~0.0957 —00289 0.1668  0.2000 0.4757
Respiratory disease Y Y ¥ L 4 L § Y
Girculatory disease Y 4 Y Y Y Y
Control variables. Y N Y Y Y N Y Y Y
Time fixed effect Y Y Y Y Y N Y Y Y
Disease & Hospital fixed Y ¥ Y Y Y N Y Y Y
effects
Kleibergen-Paap rk Wald 7855 2655 4536 .77 1.150 8748 1832 1370 683.6
F-value

Al standard errors of the regressions are robust. *indicates significance at the 10% level, **indlcates significance at the 5% level, and **"indicates significance at the 1% level. Year, month,
and week fixed effects are controlled for as time fixed effects, as shown in Table 3. The cost of the visit was logarithmically treated. The control variables included patient type, insurance
type, visit duration, number of repeat visits, days of sunshine, average surface air temperature, average air pressure, average relative humidity, average air temperature, evaporation,
and wind speed. Other pollution indicators included SOy, NOy, CO, PMs 5_10, and Os.
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Variables

7-day average PMzs
Number of 7-day AQI exceedances
Patient type: inpatients

Insurance type: UEBMI

Visit duration in days

Number of repeat visits
Observation

Rsquare

Control variables

Time fixed effect

Disease and hospital fixed effects
Kleibergen-Paap rk Wald F-value

0] @

Limited in next-day sample

Cost of visit Visit duration
00163 0.0163"*
(0.0050) (0.0053)
1.1677" 23470
(0.0759) (0.0568)
00855 01357
(0.0271) 0.0114)
00383
(0.0056)
—0.0054 0.0280*
(0.0044) (0.0040)
218,021 217,635
03728 05513
Y Y
Y Y
Y N
81.30 79.62

® @

Limited in local patients

Cost of visit Visit duration
0,003 00138
(0.0025) (0.0024)
08360 25000
0.0107) (0.0053)
0.1327°"* 0.1507""*
(0.0050) (0.0045)
00425
(0.0007)
0.0007 0.0273
(0.0006) (0.0005)
135,236 134,921
0.4093 05972
Y N
Y Y
Y N
759.3 764.7

®) ©)

‘Add warning variable

Cost of visit Visit duration
00047 0.0015
(0.0015) (0.0009)
0.2658 0.2005"
(0.1720) (0.1246)
12111 23001
(0.0661) (0.0531)
0.0187 00939
(0.0089) (0.0110)
00318
(0.0047)
~0.0113" 00269
(0.0046) (0.0050)
313,840 318,287
0.4275 0.7031
Y Y
Y Y
N Y
1673 169.0

Al the standard errors of regressions are robust standard errors. *indicates significance at the 10% level, *

indicates significance at the 5% level, and

ficates significance at the 1%

level, Year, month, and wesk fixed effects are controlled for as time fixed effects, as in Table 3. Cost of viit and visit duration are treated logarithmicaly. Control variables include days
of sunshine, average surface air temperature, average air pressure, average relative humidty, average air temperature, evaporation, and wind speed. Other polution indicators include
S02, NO», CO, PMa5_10, and Os. Wind speed is no longer included among the climate control variables in columns (5) and (6).
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Firststage ~ Costof visits  Visit duration

7-day average PMas 00051 00019"
(0.0015) (0.0009)
7-day average wind speed  —6.5308"
(0.1839)
Patient type: inpatients ~0.1762" 12137 2.3309"
(0.0837) (0.0664) (0.0531)
Insurance type: UEBMI 01944 00141 00042
(0.0547) (0.0090) ©0.0111)
Visit duration in days 0.0056" 00818
(0.0023) (0.0047)
Nurmber of repeat visits 0.0674 ~0.0112" 00271
(0.0130) (0.0045) (0.0050)
Observation 314,087 313,840 313,287
Kleibergen-Paap rk Wald 1265 1265
F-value
Rsquare 09232 0.4301 0.7046
Climate variables ¥ 2 4 Y
Pollution variables
Year fixed effects
Monthly fixed effects

Day of Week fixed effect
Disease fixed effects

<< < < <<
<< << <<
<< < < <<

Hospital fixed effects

All standerd errors of the regressions are robust. **indicates signiicance at the 5% level
and **indicates significance at the 1% level. The cost of visits and visit duration in
days were treated logarithmically. The unit for the 7-day average PMys in the table is
wg/m?. Visit type takes the value of 1 for inpatients, and insurance type takes the value
of 1 for UEBMI. Among the control variables, the climate variables were sunshine days,
average surtace air temperature, average air pressure, average relative humidy, average
air temperature, and evaporation. Other polution indicators included SOz, NO, CO,
PMa.s_10, and Os. Wind speed was no longer included as a climate-control variable.
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Firststage  Cost of visits  Visit duration

7-day average PMys 00162 00143
(0.0036) (0.0034)
7-day average thermal 05375
inversion intensity
(0.0398)
Patient type: inpatients —0.1814" 1.1588" 2.3499™
(0.0747) 0.0718) (0.0521)
Insurance type: UEBMI 0.2241** 0.0921** 0.1356"*
(0.0328) (0.0259) ©0.0111)
Visit duration in days 0.0054° 00377
(0.0015) (0.0053)
Number of repeat visits 0.0408" ~0.0057 00277
(0.0082) (0.0040) (0.0039)
Observation 528,051 507,645 526,789
Kleibergen-Paap rk Wald . 1832 181.2
F-value
R square 09257 03647 05514
Climate variables Y Y Y
Pollution variables ¥ Y Y
Year fixed effects Y Y Y
Monthly fixed effects Y Y L §
Day of week fixed effect Y Y Y
Disease fixed effects Y Y Y
Hospital fixed effects Y N Y

All standard errors of the regressions are robust. **indicates significance at the 5% level

d **indlicates significance at the 1% level. The cost of visits and visit duration in
days were treated logarithmically. The unit for the 7-day average PMys in the table is
wg/m?. Visit type takes the value of 1 for inpatients, and insurance type takes the value
of 1 for UEBMI. Among the control variables, the climate variables were sunshine days,
average surtace air temperature, average i pressure, average relative humidty, average
air temperature, evaporation, and wind speed. Other polution indicators included SOj,
NO3, CO, PMp510, and Os.
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Variable

Total individual costs (Cost of visits)
Insurance reimbursement expenses
Individual out-of-pocket expenses
Cost of drug

Cost of consumables

Cost of treatment

Patient type: inpatients

Insurance type: UEBMI

Visit duration (days)

Number of repeat visits

7-day average surface air temperature (°C)
7-day average sunshine hours (h)

7-day average pressure (hPa)

7-day average relative humidity (%)

7-day average temperature (°C)

7-day average evaporation (mm)

7-day average PMy s (H9/m")

7-day average wind speed (/%)

7-day average thermal inversion intensity (°C)
7-day average sulphur dioxide (“9/m°)
7-day average NO; (+9/™")

7-day average CO (m9/™)

7-day average Og (9/™")

7-day average PMas-10 (*9/™)

Observation

Mean

Std

Panel A: variables from health insurance reimbursement data

527,645 10,616.4165 15,014.1904
627,645 8,340.2325 10,174.8192
515,002 2,198.8269 5,476.5628
627,645 3,867.8017 4,688.1423
378,692 2,056.3273 7,660.2320
414,051 6,575.6370 7,614.0128
627,645 0.7034 0.4567
527,645 0.7275 0.4453
527,645 85511 8.5832
527,645 33163 29170
Panel B: variables from air pollution database and climate database
627,645 18.6681 7.8227
527,645 2.9586 2.0055
627,645 961.2132 6.3978
527,645 81.0924 5.6805
527,646 16.4359 7.0856
627,645 1.7799 0.7850
527,645 58.4380 31.9735
627,645 1.3261 0.2084
527,645 0.8602 1.6251
527,645 14.0047 3.4600
527,645 49.8129 11.2201
527,645 1.0185 0.3064
627,645 126.1352 43.0932
527,645 38.6782 19.0024

Min.

690.0600
627.6041
0.0001
184.0400
1.9800
18
0

0
1
1

3.5000
0.0000
939.1250
64.7500
1.9375
0.6000
141177
0.7625
0.0000
7.3711
24.2242
0.6022
56.5000
13.4486

95,787.2031
62,383.4141
38,426.0820
29,621.1660
58,677.1289
48,493.2109
1
i
46
45

32.9626
9.7625
964.4250
93.2500
29.0750
4.2875
193.6603
1.9125
8.4879
26.7350
91.1488
22103
238.2500
114.5743

Source: Health insurance reimbursement database of a provincial capital city. The authors calculated several indicators. Information on climate variables was obtained from publicly

availeble data: National Greenhouse Data System data.sheshiyuanyi.com/WeatherDate/.

For specific types of disease, the total per capita cost of respiratory diseases wes CNY 10,601 and the per capita visit duration in days was 10.84. In contrast, it was CNY 11,136 and
7.52 days for circulatory diseases. Of the patients with respiratory diseases, 99.8% were inpatients, 55% had UEBMI, and the number of repeat visits was 2.5 in both years. Inpatients
and special outpatients accounted for 50% of patients with circulatory diseases, respectivel. In 84.8% of the patients with circulatory diseases, the insurance type was UEBMI and

repeat visits were four in both years.
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Variable ) @ @ @ ©) ©
Mean Std. Min. Max. Unit National annual standard

Panel A: Pollution indicators

AQI (Air Quality Index) 85,2923 46,6955 18.6534 369.8114 Dimensionless Below 100 is good quality

s0, 14.0845 55222 43813 38.4656 wg/m? 60

NOz 48.9433 15.2567 14.9057 112.1062 po/m® 40

co 1.0021 0.3511 0.4112 25722 mg/m3 4

PMio 96.1556 60.3444 14.8712 451.4689 wo/m® 70

PMos 57.9911 39.4775 66555 290.8890 pg/m® 35

O 8h maximum 127.7735 55.2521 22,0012 300 po/m® 160

Panel B: Air quality divided by AQI

Excellent air quality 0.2045 0.4056 0 1 AQI 0-50

Good air quality 05367 05067 0 1 AQI: 51-100

Mild pollution 0.1863 03812 0 1 AQI: 101-150

Moderate pollution 00623 02446 0 1 AQL: 151-200

Heavy pollution 0.0366 0.1866 0 1 AQI: 200-300

Serious pollution 0.0039 00578 0 1 AQI: 300
Panel C: Frequency of air pollutant over daily standard

SO, 0.0013 00011 0 1 S0, > 150

NO; 0.0432 0.1856 0 1 NO; > 80

co 0.0002 0.0012 o 1 CO>4

O 8h maximum 02843 0.4556 0 1 03 8h > 160

PMio 0.1655 03712 0 1 PMo > 150

PMas 02521 0.4332 0 1 PMps > 75

Information on air pollution variables was obtained from the environmental data processing support provided by the Qingyue Open Environmental Data Center (https://data.epmap.org).
The above table spans the period from 1st January 2015 to 31st December 2017, and the pollution standards are HJ 633-2012 and GB3095-2012.
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Dependent
variables

do=500m
Satisfaction

do =1000m
Satisfaction

do = 1500 m
Satisfaction

Independent
variables

B

3

o

B

)

]

—0.284

-1.368
4370
-0.649

-0.823
3.922
3916

—204.263
74372

Lower

confidence limit

—0.394

-0.508
4.028
-1.107

-0.012
3.746
3.752

—1.081
—44.565

Upper

confidence limit

-0.173

—2.479
4712
-0.192

-1.635
4.099
4.080

587.495
193.299

0.114

0.198

0.098
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Indicators. SA LF/HF

e 0.9952 0.9918
W 0.7143 0.2857
EJ represents the information entropy value of evaluation index, and the larger the

index is, the more information will be reflected. Wj represents the comprehensive weight
of indicators.
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indicators Level 1 Level 2 Level 3 Level 4 Level 5

SA -0.388 —-0.130 0.247 —-0.008 -0.628
LF/HF 0.410 —0.272 0.028 -0.012 -0.332
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Value range Level 1 Level 2 Level 3 Level 4 Level 5

SA 0.2972~0.3050 0.2935~0.2972 0.2877~0.2934 0.2748~0.2867 0.2119~0.2701
LF/HF 0.2689~0.3699 0.3790~0.4020 0.4038~0.4153 0.4154~0.4231 0.4231~0.4388
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Experimental conditions
The low-frequency energy

The average F P

0.4377 76 <0.001***
0.4819
0.8262
0.4136
0.8372

mo o w>»

* means relevant; *** means very relevant.

HRV

The high-frequency energy

The average

0.1863
0.2032
0.3499
0.1745
0.3513

F

25

P

0.055*

Sympathetic indicators

The average

0.2811
0.2963
0.2981
0.2953
0.3051

E

85

<0.001**
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Experimental Set mode Road surface  Perceiving ambient

condition number luminance (cd/m?)  luminance (cd/m?)
A Reverse driving of the front part + forward driving of the back part after occlusion contour mark 35 27

] Reverse driving of the front part -+ forward diriving of the back part after occlusion contour mark 65 352

c Reverse driving of the front part + forward diriving of the back part after occlusion contour mark 10 385

D Reverse diving for the front part + forward diving for the back part with 8-m spacing outline mark 35 354

E

Reverse driving for the front part + forward driving for the back part with 4-m spacing outline mark 35 451
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Design speed (km/h)

120
100

Traffic volume
N = 650veh /(1 In)

10 cd/m?
6.5 cd/m?
3.5 cd/m?

Traffic volume
180veh /(h In) < N < 650veh /(h In)

6 cd/m?
4.5 cd/m?
2.5 cd/m?

Traffic volume
N = 180veh /(1 In)

4.5 cd/m?
3.0 cd/m?
1.5 cd/m?
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Mediating variables

BMI

Density
Population Density
Diversity

Land-use mix

Design

Road-net density
Distance to transit

Bus stop

Destination accessibility
Hospital

Park

Gym

Fast food restaurant

Physical activity intensity

Direct effects

0.0000
0.3841° (92.33%)°
~0.0117 (90.70%)

0.0045 (73.77%)
~0.0443 (133.03%)
0.0737*** (106.50%)

—0.0044 (38.26%)
00050 (73.53%)

2The coefficients of direct, indirect, and total effects.
©The proportion of direct and indirect effects in total effects.

The significant coefficients are in bold. *** p < 0.007;

Indirect effects

0.0000
—0.4127*+4(~27.00%)
—0.0006(4.65%)
0.0002(3.28%)
—0.0005(1.50%)
~0.0014++4(2.02%)

—0.0015***(13.04%)
0.0022**#(32.35%)

*p < 0.01;*p < 0.05.

Total effects.

0.0000

0.4160

-0.0129

0.0061

-0.0333

0.0692**

-0.0115
0.0068*

Physical activity duration

Direct effects

0.0000
0.3841(92.33%)
~0.0117(90.70%)
0.0045(73.77%)
—0.0443(133.03%)
0.0737***(106.50%)

~0.0044(38.26%)
0.0050(73.53%)

Indirect effects

0.0000
0.1446*+ (34.76%)
~0.0006 (4.65%)
0.0014**+ (22.95%)
0.0115%* (~34.53%)
—0.0082*** (~4.62%)

—0.0056*** (48.70%)
~0.0004*** (~5.88%)

Total effects

0.0000

0.4160

-0.0129

0.0081

—0.0333

0.0692**

-0.0115
0.0068*
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Model 1
Physical activity intensity

Control variable

Gender ~0.0053° (0.0098)
Age —0.0008 (0.0008)
Self-reported health —0.0093 (0.0110)
Diet habit 0.0142 (0.0105)
Density

Population density 0.0002*** (0.0000)
Diversity

Land-use mix —0.9569*** (0.0508)
Design

Road-net density —0.0049*** (0.0012)
Distance to transit

Bus stop 0.0015 (0.0010)
Destination accessibility

Hospital ~0.0043 (0.0050)
Park ~0.0115* (0.0036)
Gymnasium ~0.0120*** (0.0024)
Fast-food restaurant 0.0186*** (0.0005)

Physical activity

Physical activity intensity -
Physical activity time -
*'p < 0.001; *p < 0.01; °p < 0.05.

2The coefficients of the model with standard error in parentheses.
The significant coefficients are in bold.

Model 2

Physical activity time

—-0.0275%0.0111)
0.0021*+#(0.0006)
—0.0016(0.0125)
-0.0082(0.0118)

0.0000 (0.0000)
~0.6750*+%(0.0573)
0.0029*(0.0786)
~0.0066*+#(0.0011)
—0.0537++¥(0.0057)
0.0148"+(0.0041)

0.0263*++(0.0027)
0.0020*+(0.0006)

Model 3

BMI index

—0.5020*** (0.0585)
—0.0118** (0.0081)
0.0792 (0.0658)
00882 (0.0625)

10,0000 (0.0001)
0.3841 (0.3081)
~00117 (0.0072)
0.0045 (0.0061)
~0.0443 (0.0802)
0.0737** (0.0216)
~0.0044 (0.0144)

0.0050 (0.0034)

0.1177* (0.0528)
—0.2142*** (0.0468)
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Characteristics Mean sD

Density (the number of individuals per hectares)

Population density 346 273.78
Diversity (within 500 m dwelling buffer)

Land mix use 08 013
Design (within 500 m dwelling buffer)

Street density 10 4.4
Distance to transit (distance in meters from dwelling)

Bus stop 173.1 86.43
Destination accessibility (facility number within 500 m buffer)
Hospital 2 1.02
Park 1 1.45
Gymnasium 2 147

Fast food restaurant 15 10.71
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Variable Sample  Proportion
Sex Mele 5,476 42.8%
Female 7,304 57.2%
Age 60-64 1,941 15.2%
65-69 2,082 17.9%
70-74 1,722 13.5%
75-79 1,793 14.0%
80-84 2,684 21.0%
Above 85 2,358 18.4%
Diet behaviors <Three times a day 3,645 28.5%
=Three times a day 8,676 67.9%
>Three times a day 459 3.6%
Self-reported Good health 9,286 72.7%
health Poor health 3,494 27.3%
Physical activity <1 h/per day 4,186 32.8%
duration 1-2 hper day 7117 55.7%
>2 h/per day 1,477 115%
Physical activity  Light 3,405 26.6%
intense Moderate 8,689 68%
Vigorous 686 5.4%
BMI status Normal (BMI < 24 kg/m?) 6616 51.8%
Overweight (24 < BMI < 4,843 37.9%
27.9 kg/m?)
Obesity (BMI > 28 kg/m?) 1,321 10.3%
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(Constant)
% 65+ years

% 25-64 years with < HS education & public ins.

9% 65+ years with < HS education & public ins.
9% With good perception of health

9% Who consume sugary drinks

9% With delays in receiving health care

9% With ful ime employment

Bold indicates the results are significant at p < 0.01.

7.720
—5.448
0.935
-1.320
—4.499
0.126
31.929
-8.773

S.E.

2326
2.826
0.773
1.200
1.693
4.188
10.591
2.434

Wald

11.018
3.717
1.462
1211
7.060
0.001
9.089
12.988

sig.

0.001
0.054
0.227
0271
0.008
0.976
0.003
0.000

Exp(B)

0.004
2546
0267
0011
1134
7.356x10™
0.000

95% C.for EXP(B)

Lower

0.000
0.560
0.0256
0.000
0.000
71056.901
0.000

Upper

1.094
11587
2.805
0307
4159813
7.615x10%2
0018
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% With limited English

9% Foreign born

9% With full fime employment

9% In poverty

9% 25-64 years with <HS education

9% 25-64 years with <HS education & private ins.

9% 25-64 years with <HS education & public ins.
9% 25-64 years with <HS education & no ins.

9% 65+ years with <HS education
% 65+ years with <HS education & private ins.
9% 65+ years with <HS education & public ins.
% 65+ years with <HS education & o ins.

9% With good perception of health

% Who smoke tobacco

9% Who consume sugary drinks

9% With delays in receiving health care

% Chinese Americans

0.795*
0.796*
-0.368"
0.561*
0.731™
—0.356"
0.110
0.490*
0.686™
-0.278"
—0.294*
0.338"
—0.346*
-0.017
0.108
0.184%

*indicates the results are significant at p < 0.05; “indicate the results are significant at

p <0.01.
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Description Min

9% Chinese Americans 0.00
The dissimilariy index (D)

White 0.0000
Black 00000
Other Asian 0.0000

Max

80.00

0.6363
0.6476
0.6240

Mean

6.79

0.0276
0.0398
0.0307

25" Quantile

0.30

0.0043
0.0072
0.0019

Data Source: U.S. Census Bureau 2016 ACS. Bold indicates the results are significant at p < 0.01.

Median

1.90

0.0133
0.0246
0.0094

75" Quantile

6.70

0.0318
0.0540
0.0326

95" Quantile
36.0
0.0072

0.1241
0.1413
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Dataset Global No.of Area (square Average Chinese

Moran's | High-High  miles) Americans per
tracts. square miles
2000 DEC 031 312 24.23 10,804
2010 DEC 039 328 25.80 18,780
2010ACS5YR 037 300 2434 13,838

2016 ACS5 YR 0.44 317 2576 15,542
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1980-DEC (Asian) 1990-DEC (Asian) 2000-DEC (Chinese) 2010-DEC (Chinese) 2010 ACS (Chinese) 2016 ACS (Chinese)

Similarity index (S)

White 053 055 0.44 0.42 041 043
Black 021 022 0.4 014 0.13 0.15
Other Asian 051 049 046 046

Modified exposure index (E’)

‘White 1.08 1.07 1.05 1.04 1.00 0.97
Black 0.44 039 023 024 024 026

Other Asian 1.68 1.54 1.53 1.44
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Variable Description Source

Main independent

variables

9% With limited english Percent of speak English less than “very well” 2016 ACS

Age groups Population by age cohort: Under 5, 5-9, 10-14, 16-24, 25-34, 35-44, 45-54, 56-64, 2016 ACS

65-74, 75-84, 85 years and over.

Median age Median age (years) 2016 ACS

% In poverty Percent of total population living in poverty 2016 ACS

9% With full ime Percent of total population that usually worked 35 or more hours per week 2016 ACS

employment

9% Foreign born Percent of total population estimated to be foreign born Modified from 2016 ACS

9% 25-64 years Percent of total population aged 25 to 64 years Modified from 2016 ACS

9% 65+ years Percent of total population aged 65 years and over Modified from 2016 ACS

9% 25-64 years with < Percent of population aged 25 to 64 years with less than a high school education Modified from 2016 ACS

HS education

9% 25-64 years with < Percent of population aged 25 to 64 years with less than a high school education who Modified from 2016 ACS

HS education & private have private health insurance

ins.

9% 25-64 years with < Percent of population aged 25 to 64 years with less than a high school education who Modified from 2016 ACS

HS education & public have public insurance coverage

ins.

9% 25-64 years with < Percent of population aged 25 to 64 years with less than  high school education who Modified from 2016 ACS

HS education & no ins. have no health insurance coverage

% 65+ years with < HS Percent of population 65 years and over with less than a high school education Modified from 2016 ACS

education

9% 65+ years with < HS Percent of population 65 years and over with less than a high school education who have Modified from 2016 ACS

education & private ins. private health insurance

9% 65+ years with < HS Percent of population 65 years and over with less than a high school education who have Modified from 2016 ACS

education & public ins. public insurance coverage

9% 65+ years with < HS Percent of population 65 years and over with less than a high school education who have Modified from 2016 ACS

education &no ins. health insurance coverage

Community Health

Indicators

% With good Age-adjusted percent of adults reporting that their health is “excellent,” “very good,” or 2011-2013 NYC DOHMH,

perception of health “good” on a 5-level scale (Poor, Fair, Good, Very Good or Excellent) Community Health Survey

9% Who smoke tobacco Age-adjusted percent of adults that reported being a current tobacco smoker 2011-2013 NYC DOHMH,
Community Health Survey

9% Who consume Age-adjusted percent of adlts that reported drinking one or more 12 ounce 2011-2013 NYC DOHMH,

sugary drinks sugar-swestened beverages (sodas, iced tea, sports drinks, etc.) per day Community Health Survey

9% With delays in Age-adjusted percent of adults that reported needing medical care in the past 12 months 2011-2013 NYC DOHMH,

receiving health care but did not receive it Community Health Survey

Controls

Population Population in Census tract  in year 2016 2016 ACS

9% Chinese Americans Percent of Chinese Americans in Census tract i in year 2016 2016 ACS

9% White Percent of white population in Census tract j in year 2016 2016 ACS

Notation: 2016 ACS: U.S. Census Bureau, 2012-2016. American Community Survey 5-Year Estimates. 2011-2013 NYC DOHMH: New York City Department of Health and Mental
Hygiene, Community Health Survey, 2011-2013.
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Study area
USS. cities

USS. cities

USS. cities
Jakarta, Indonesia
Nantes, France
Shanghai, China
Bogota, Colombia
282

prefecture-level
cities in China

286
prefectural-level
cities in China
282

prefecture-level
cities in China

Method

The hedonic method
(MAD and OLS)

The hedonic method
(OLS estimates)

The hedonic method

The hedonic method
(OLS estimates)

The hedonic method

The hedonic method
(OLS estimates)

The hedonic method

Combing OLS and
GWR model

Air pollutant

TSPs (total suspended
particulates)

TSPs

TSPs.

THC, S0z, and CO
NOx

SOz and PMyo

PMio

PMzs.

The econometric model PMz.s.

(OLS estimates)

Spatial dobbin model

PMzs

Conclusion

A decrease in TSPs of 1 pg/m?® results in a 0.05-0.10% increase
in property values

The average benefit per household from reducing TSP from 246 to
150is $137

1 pg/m? reduction in TSPs increases the value of housing by
02-0.4%

Per family value of clean air in Jakarta ranges from $28 to $85 per
ng/m?

Air pollution had no significant impact on the housing price

The property value would drop by 159 and 238 Yuan/m? when the
mean concentrations of SOz and P rise by 1 ng/m®

An increase of 1 pg/m?® is accompanied by a monthly average rent
reduction of 0.61 % for apartments

A1 pg/m? increase in the PMy is associated with up to a 36
Yuar/m? reduction in housing prices

A10% increase in PMps concentrations causes a 2.4% reduction
inlocal housing prices.

A1 pg/m? increase in the PMy 5 is associated with up to a 22.7
Yuarvm? reduction in housing prices
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Variables

Dependent variable
Housing prices

Air quality variables
co

[N

SO,

NOz

PMio

PM2s

Variable description

Average housing price

Mean concentration of CO
Mean concentration of Og
Mean concentration of SO
Mean concentration of NOz
Mean concentration of PMso
Mean concentration of PMz5

Built environment variables

PopD.
MetroSD
MetrolD
BusD
RoadD
PLD

Edu

Leis
Stad
Med
Park
Tour
Super
Tbh

Res
Landuse
Discent

Population density

Metro station density

Metro line density

Bus stop density

Road network density

Parking lot density

Percentage of educational service POl
Percentage of leisure place POIs

Percentage of stadium POls

Percentage of medical institution POls.
Percentage of park POls

Percentage of tourist attraction POIs
Percentage of shopping mall and supermarket POIs
Percentage of telecom business hall POls
Percentage of restaurant POls.

Entropy index of the land use mix

The straight-line distance from the city center

*A basic unit of the Chinese currency (RMB).

Unit

Yuan*/m?

ng/m?
ng/m®
ng/m®
ng/m?
ng/m®
ng/m®

number/km?
number/km?
km/km?
number/km?
km/km?
number/km?
%
%
%
%
%
%
%
%
%

km

Mean

50,000

0.59
53.07
6.67
4233
59.19
43.19

15314
0.30
1.00
5.46
8.96

29.52
0.32
0.41
051
1.26
0.77
1.28
0.51
1.01
0.57
0.23
19.78

S.D.

24,235

0.04
493
055
10.02
209
1.37

16971
0.40
1.34
3.9
6.24

34.78
047
0.34
0.42
0.33
0.44
0.96
0.36
0.38
0.36
0.17
16.70

Min

11,081

0.45
4220
528
10.61
54.23
38.86

68.06

111,382

071
68.67
8.34
55.48
64.28
47.84

68129
1.96
1.96

21.98

39.11

150.25

3.63
217
220
237
336
1.31
1.90
258
220
0.95

58.64
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Variables

NO:
PMzs
MetroSD
RoadD
PLD
Edu
Stad
Med
Park
Discent

Moran’s |

0.376775
0.416511
0.667202
0.756185
0.494304
0.611992
0814504
0.696656
0.464463
0.727585

Expected index

—0.004831
—0.004831
—0.004831
—0.004831
—0.004831
—0.004831
—0.004831
—0.004831
—0.004831
—0.004831

Z-score

31.485821
34.653344
56.290328
62.687319
41.047587
50.968685
67.351090
58.052220
39.668548
60.034994

P-value

<0.000001
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001
<0.000001
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Indicators

RMSE (Yuan/m?)
MAE (Yuan/m?)
MRE

R?

Adjusted R?
AlCe

oLs

10,746
8,499
0233
0.803
0.793
—313.374

GWR

6,981
5,029
0.187
0.876
0.863
—396.005
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Variables

Intercept
NO,
PMys
MetroSD
RoadD
PLD

Edu
Stad
Med
Park

Discent

Average

0.4621
—-0.0838
—0.0430

0.2962

0.6182

0.0856

0.1412
0.2004
0.1671
0.2028
~0.6203

Minimum

0.2258
-0.2114
—0.1407

0.2822

0.5609

0.0443

0.1363
0.1566
0.1053
0.1791
—1.5254

Maximum

0.7611
—0.0086
0.0140
03218
0.7381
0.1953
0.1516
0.2476
0.1957
0.2534
-0.0896

Lower quartile

0.3692
—-0.1388
—0.0700

0.2868
05743
0.0641
0.1383
0.1880
0.1527
0.1937
-0.8114

Median

0.4590
—0.0626
—0.0350

0.2922

0.6006

0.0738

0.1401
0.2001
0.1759
0.1983
—0.5871

Upper quartile

0.5418
—0.0269
—0.0085

0.3050

0.6572

0.0975

0.1435

0.2138

0.1857

0.2072
—0.3664
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Variables

Intercept
NO,
PMys
MetroSD
RoadD
PLD
Edu
Stad
Med
Park
Discent

Coefficient

0.6996
-0.1263
-0.0769

0.3144

0.7093

0.1198

0.1510

0.2023

0.1313

0.2153
—0.5095

10.7019
—4.2164
—2.7490
5.0672
85758
2.1490
1.9819
25412
2.1001
24739
—12.8072

P-value

<0.000001***
<0.000001***
0.0085***
<0.000001***
<0.000001***
0.0328"
0.0489"
0.0118*
0.0847+
0.0240"
<0.000001***

The ***p < 0.01 and **p < 0.05 statistical significance level, respectively.

VIF

1.8592
1.6492
2.7616
3.0392
21413
27115
5.2884
3.4045
1.9841
3.2372
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Group

Low density
Medium density
High density

Low density
Medium density
High density

Low density
Medium density
High density

Low density
Medium density
High density

Low density
Medium density
High density

Age

Betweeness
centrality 300n
0.40 £0.12°
0.44 4 0.08°
0.56 £ 0.09°

Inter mediation
centrality 800n

0.14 £ 005
0.12£0.01°
0.12 4 008"

Public
Administration Pol

21.05 % 17.22°
56,30 + 41.86°
4122 £27.77°

No. of cut-off
roads

7225 £34.72°
106.90 + 28.07°
131.00 & 44.13°

Education level

1.97 £043°
213+ 0.46%
2.00+047°

Betweeness
centrality 500n

0.54 £ 0.08°
0510042
0.54£0.04°

Inter mediation
centrality 1,000n

0.14:£0042
0.12£001°
0.12:£0,05°
Number of Bus
Stops
5.48 +3.38°
25.97 + 13372
28.30 7.50°
NOVI

0.45 £0.05*
0.43 4 0.08>
0.34 £0.05°

Self-assessed
health

1.93+0.32*
1.86 £ 0.47%
1.72 +0.55°
Betweeness
centrality 800n
0.50 & 0.03°
0.47 +0.07°
0.56 £ 0.06°
Commercial Pol

98.25 + 61.23°
201.50 + 126.49%
116.90 + 86.78°

Distance to Bus
Stops

27806 £ 214.12°
236,36 & 230.56°
113,62 + 53.65°

Values with superscript letters a, b, and c are significantly different across columns (P < 0.05).

Land use
diversity

0.39 006"
037 £0.15°
0.60 +0.15"
Betweeness
centrality 1,000n
050 +0.02°
0.50 + 0.08°
053 +0.06"
Recreational Pol

14.70 + 8.53°
26.30 + 18.64%
16.60 £ 8.70°

Number of metro
stations

5.32 4 4.43°
2.25 +2.86°
9.54 £7.91°

Street
connectivity

188+ 182a
1.76 £0.07°
1.67 & 1.50°

Inter mediation
centrality 300n

0.16 £ 004°
0.12 £ 0.02°
0.13 £ 0.04°
Medical Pol

12,20 + 8.43°
27.26 + 19.88%
19.20 £ 10.01°

Metro Station
Distance

87132 + 549.95%
372.49 + 460.37°
572.73 £ 274.41°

Road
intersection
density

63.11 = 18.41°
126.01 +£56.012
129.25 + 44.22°

Inter mediation
centrality 500 n

Education Pol

19.35 + 11.70°

63.69 + 48.98*

25.93 £ 17.55°
Number of
overpasses

0£0°

176+ 1.92°
226+ 1.65°
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% per
category
Indicator 100
Age
65-74 86.60
75-84 11.89
85+ 1.51
Education level
Medium and above 871
Elementary education 79.06
None 12.23
Self-assessed health
Very good/good 2044
General 7554
Not good/very bad 402

Population density

Transport walking

Recreational walking

Land use diversity

Street connectivity

Road intersection density
Betweeness centrality 300n
Betweeness centrality 500n
Betweeness centrality 800n
Betweeness centralty 1,000n
Inter mediation centrality 300n
Inter mediation centrality 500n
Inter mediation centrality 800n
Inter mediation centrality 1,000n
Commercial Pol

Recreational Pol

Medical Pol

Education Pol

Public Administration Pol
Number of bus stops
Distance to bus stops
Number of metro stations
Metro station distance
Number of overpasses.

No. of cut-off roads

NDVI

Total

Mean
(std. dev)

1.24(1.04)
413.27 (477.52)
440,03 (439.58)
0.46 (0.16)
1.74(0.18)
106.33 (51.96)
047 0.12)
053 (0.43)
051 (0.06)
051 (0.06)
0.13 0.04)
0.130.03)
0.12 0.04)
0.13(0.04)
137.58 (106.18)
18.90 (13.77)
19.60 (15.07)
36.47 (36.55)
3065 (33.92)
19.98 (13.67)
200.21 (196.82)
570 (6.24)
603.84 (487.46)
1.34 (1.75)
103.53 (43.46)
0.41(0.08)

Low density
% per Mean
category (std. dev)
33.00
87.31
11.68
1.02
10.66
81.73
78
9.14
8383
208
0.62 (0.61)
413.89 (623.52)
388.85 (409.64)
0.39/(0.06)
1.77(0.18)
63.11(18.42)
0.40(0.12)
0.54(0.05)
0.50(0.03)
0.50(0.02)
0.15 (0.04)
0.13(0.04)
0.14/(0.05)
0.14(0.04)
93.25 (61.23)
14.70 (8.53)
12.20 (8.43)
19.35 (11.70)
21.05 (17.22)
5.48(3.38)
278.06 (214.12)
5.33(4.43)

871.32 (549.95)

7225 (34.72)
0.4 (0.05)

Medium density

Mean
(std. dev)

% per
category

33.67

83.08
15.42
1.49

4.48
77.61
19.91

18.91
76.12
498
095 (0.92)
39422 (419.12)
486,63 (439.81)
0.37 (0.15)
1.75 (0.07)
12601 (55.01)
0.44 (0.08)
051 (0.04)
047 (0.07)
050 (0.08)
0.12(0.02)
013 0.01)
0.12(0.01)
0.12(0.01)
201.50 (126.49)
25,29 (18.85)
27.25 (19.88)
63.69 (48.95)
56.30 (41.86)
25.97 (13.37)
236.36 (230.56)
2.25(2.86)
372.49 (460.37)
1.75 (1.92)
106.90 (28.07)
0.43(0.08)

High density

% per
category

33.33

89.45
8.54
2,01

11.06
77.89
11.08

33.17
61.81
5.03

Mean
(std. dev)

2.13(0.88)
44321 (493.32)
355.75 (332.59)
0.60(0.15)
1,69 0.15)
120.25 (44.22)
056 (0.09)
054 (0.03)
055 (0.06)
053 (0.06)
0.13(0.04)
0.13(0.03)
0.12 0.05)
0.12(0.06)
116.90 (86.78)
16.60 (8.70)
19.20 (10.01)
25.93(17.55)
4133 (27.77)
28.30 (7.46)
113.62 (53.65)
9.54 (7.91)
572.73 (274.41)
2.2 6(1.65)
131.00(44.13)
0.34(0.05)
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Pearson correlation analysis of recreational walking (RW) and transit walking (TW) in low density areas

300m buffer
RW

R p-value R
Landuse diversity 0042 0555 0.477*
Betweeness —0001 0998  -0.188*
centrality 300n
Intermediary 0033 0646  —0.180%
centrality 300n
Intermediary - - -
centrality 1,000n
Commercial Pol 0058 0456  -0.179*
Recreational Pol 0033 0647  -0.61%
Medical Pol 0008 0907  -0.183*
Education Pol 0026 0976 183+
Public 0028 0691  -0.160
Administration Pol
Number of Bus —0064 0373 01447
Stops
DistancetoBus ~ -0046 0517 0.470*
Stops
NOVI 0000 0996 0073

Pearson correlation analysis of recreational walking (RW) and transit walking (TW) in medium density areas

Education level 0.169*
Self-report health =0.211**
Population 0201
density

Land use 0.004
diversity

Street 0.227*
connectivity

Road -0.320"
intersection

density

Betweeness 004
centrality 300n

Betweeness -
centrality 500n

Intermediary ~0.036
centrality 300n

Intermediation =
centrality 500n

Intermediary -
centrality 10000

Commercial Pol  ~0.035
Recreational 0.146
Pol

Medical Pol ~0311
Education Pol 0.141
Public ~0.381
Administration

Pol

Number of Bus ~0.148
Stops

Number of metro  0.221*
stations

Metro Station 0221
Distance

Number of 0.086
overpasses

No. of cut-off 0.083
roads

NOVI 0215

0.037 0214
0009  -0.112
0.000 —-0.067
0.959 -0.166*
0.005 0.07
0.000 —-0.032
0.621 0.162*
0.659 0.102
0.699 -0.178*
0.106 -0.16
0.000 -0.114
0.082 0.001
0.000 0.002
0.066 —-0.049
0.006 0.077
0.006 0.077
0.291 0.082
0.305 0.164*
0.007 0.067

™

p-value

0.031
0.021

0.028

0.029
0.049
0.025
0.025
0.061

0.074

0.038

0.372

0.214
0.145
0.381

0.030

0.363

0.681

0.034

0.182

0.039
0.065

0.189
0.988
0.98
0.526
0313
0.313
0.285
0.031

0.384

500 m buffer
RW
R p-value R
-0019 0823 01414
-0.076 0.366 —0.188*
-0.036 0.667 -0.180*
-0.014 0.867 -0.169*
~0004 0965  -0.165*
-0.015 0.857 —0.165*
0018 0833  -0.141
~0024 0774  -0ATH*
-0019 082 0153
0014 0865  0470%
0.002 0.981 0.083

0.169*
—-0.211**
0.291**

0.166*

0.052

—0.258**

0.04

—0.208**

—-0.036

—0.324*

0.053
0.315*

—0.358*

0.125

—0.173*

—0.229*

0.221**

0.221*

0.200*

-0.106

0.174*

0.037 —0.095
0.009  -0.112
o —0.067
0.04 —0.004
0.523 0.157*
0.001 -0.04
0.621 0.162*
0.01 -0.128
—-0.068 0.105
0.000 —0.009
0512 -0.128
0.000 0.112
0.000 0.048
0.122 —0.009
0.032 —0.007
0.004 —0.040
0.006 0.077
0.006 0.077
0.013 0.029
0.194 0.117
0.031 0.025

™

p-value

0.166
0.021

0.028

0.038
0.044
0.044
0.086
0.036

0.082

0.038

0331

0.214
0.145
0.381

0.220

0.04

0.605

0.034

0.093

0.169

0.903

0.094
0.199

0.585
0.907
0.928
0.600
0313
0313
0.710
0.127

0.745

Pearson correlation analysis of recreational walking (RW) and transit walking (TW) in high density areas

Street —0.131
connectivity

Road —0.146
intersection

density

Betweeness —0.497*
centrality 300n

Number of -0.201*
Bus Stops

Distance to 0.227**
Bus Stops

NDVI 0.115

0.126 -0.076
0.087 0.058
0.020 -0.018
0.018 0.084
0.007 —0.054
0.167 0.122

*p < 0.05; *'p < 0.01. Bold values represent having relevance.

0.343

0.469

0.827

0.204

0.496

0.112

—0.219**

—0.271*

-0.197*

0.956

0.227*

—0171*

0.009 0.056
0.001 0.006
—-0.083 -0.018
0.929 -0.015
0.007 —0.054
0.044 0.007

0.485

0.935

0.827

0.849

0.496

0.935

800m buffer
RW
R p-value R
-0094 0262 0062
-0.076 0.366 —-0.188*
-0.036 0.667 —-0.180*
0.001 0.99 -0.169*
0016 0845  -0.159
0.000 0.996 -0.162"
0017 083  -0.152
-0024 0778 0478
0037 0661  0.188*
0050 0556 0067
0.004 0.996 0.127
0469* 0037  -0.095
=0.211** 0.009 -0.112
0291 0000 0067
0222 0006 0414
0.053 051 -0.119
-0196* 0015 0009
004 0621  0.162*
0208 0010  -0.128
-0036 0659 0105
—0324* 0000 0009
0092 0255  -0071
0260 0004  0.139
-0.248" 0006  0.126
0477 0028 0008
-0137 0090  -0011
-0095 0244 0009
0221 0006 0077
0221 0006 0077
0200 0009 0043
0154 0057 0412
0474+ 0031 0025
—0.251** 0.003 0.045
-0106 0214 0094
—0197* 0020 0018
-0081 0721 0114
0227 0007 0054
-0.147 0084 0038

™

p-value

0.448
0.021

0.028

0.039
0.053
0.047
0.063
0.030

0.021

0.415

0.122

0.214
0.145
0.381

0.138

0.119

0.902

0.034

0.003

0.169

0.903

0.358
o1

0.147
0.922
0.881
0.904
0.313
0313
0.574
0.144

0.745

0576

0.239

0.827

0.163

0.496

0.638

1,000m buffer
RW
R p-value R
-0064 0445 0094
-0.076 0.366 —-0.188*
-0.037 0.665 —-0.180*
-0042 0617 0166
0.020 0.815 -0.156
0057 049  -0.116
0.02 0.812 —0.145
0032 0705  -0.145
0010 0904  -0.134
0057 05 0.183*
005 0556 0,067
—-0.004 0.962 0.127*
0.469* 0037  -0095
=0.211** 0.009 -0.112
0291 0000  —0.067
0203 0012  -0.126
0.320** 0.000 -0.028
-0108 0181  -0042
0040 0620  0.462*
-0207* 0010 0.3
-0034 0677  0.104
—0.323"* 0000  —0.009
-0.487* 0020 0083
0140 0083  -0031
0203 0012 0004
-0057 0485  0.007
0183 0023 0014
~0096 0237 0
-0044 0586  —-0001
0260 0001 0036
0187* 002 0143
0213 0008 0051
-0427  0.116  -0.451*
0115 0157 0122
0.187* 0.028 0.09
—0.266**  0.0.006 0.046
-0198* 0019  —0017
-0128 0132 0081
0227 0007 0054
0060 0482  0.105

p-value

0.252
0.021

0.028

0.042

0.056
0.167
0.077
0.076
0.102

0.025

0.415

0.035

0214
0.145
0.381

0.101

0.715

0.588

0.034

0.089

0.175

0.909

0.279

0.685
0.969

0.932
0.856
0.995
0.993
0.635
0.062
0.507
0.048

0.112

0.261

0.561

0.828

0.307

0.496

0.187
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Variables

Education

Northern

Middle

Southern

Male

Female

18-35

36-49

50-64

265

High school or below
College

Graduate school or above

Highly attractive quality

A3, H1, H3, H5

76, A3, H1, H2, H5.
Z6, A3,H1, H2, H5
76, A3, H1, H2, H3
H2, H3

76, A3, H1, H2, H3, H5
Z6, A3, H1, H2, H3
76, A3, H3, H5

Z6, A3, H1, H5

76, A3, H1, H2, H5
76, A3, H1, H2, H5
A3, H1, H3, H5

High-value-added quality

27,82, 84, 85, H6
82, 84, S5, H6
82, 84, H6

77, 82,4, 5, H6
82, 84, S5,H6
77,82, 84, 85, H6
27,82, 84, S5, H6
77,82,'54, 5, H6
27,82, 84, S5, H6
77,82, 84, 85, H6.
77,82, 84, S5, H6.
27,82, 84, S5, H4, HE

Critical quality

A1, A2, AS, A6
A1, A2, A5, AB

A1, A2, A5, A6
A1, A2, A5, AB, H5
Z6,Z7, A1, A2, A3, A5, A6, H1
A1, A2, A5, AB

A1, A2, A5, A6
A1, A2, AS, AB

A1, A2, A5, A6
A1, A2, A5, A6

A1, A2, A5, A6

A1, A2, AS, A6
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Low density

Li Cheng
Central/Huadong
Town
Hanxi/Agile
Property

Medium density

Chicao/Hebin
North Road

Changxing/Tianhe
Park

High density

Donglang/Guihua Hills

Kengkou/Guanggang
New Town
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Categories of quality
attributes in Kano
model

Attractive
One-Dimensional
Must be
Indifferent

Categories of quality
attributes with high
importance in refined
model

Highly attractive
High value-added
Critical

Potential

Categories of quality
attributes with low
importance in refined
model

Less attractive
Low value-added
Necessary
Care-free
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Characteristics Frequency Percentage (%)

Place of residence  Northern 12 34.57
Middle 79 24.38
Southern 133 4105
Gender Male 139 42.90
Female 185 57.10
Age 18-35 86 2654
36-49 151 46.60
50-64 59 18.21
265 28 864
Educational level High school or below 86 26.54
College 189 58.33

Graduate school or above 49 15.12
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Kano model

Attractive quality

One-Dimensional quality

Must-be quality

Code

H3
H2

76
H1
H5
st

z3
AT
A4
z5
z4
s4

zr
82
He
H4.
z2

BE&X

z

Design strategies

Separate isolated master bedroom
Multi-functional balcony

Ventilation system

Smart home

Variety of lving and dining rooms

Public space for interaction

Disinfection of public areas

Water purification at the end of the installation
Non-contact elevator

External window bezel

Air qualty visualization

No-touch courier reception

Infrared temperature monitoring

More sunlight inside each home

Poison prevention and disinfection of the bathroom
Setting up the entrance hall

Poison prevention and disinfection of the kitchen
Community environment

Avoid indoor noise

Waste collection

North-south fioor plan

Bathroom ventilated

Kitchen ventiiation

Optimization of water supply and drainage pipes
Smart access control system

Ventilation in public areas

Importance ranking

s
8
10
13
14
15
18
20
22
22
23
25
26

1
6

11
12
16
24
2

Refined Kano model

Importance

411
4.07
400
3.98
3.89
384
356
3.44
3.41

3.39
337
3.30
3.22
4.48
415
4.06
3.96
3.94
3.70
3.33
437
4.33
430
422
359
3.50

Quality attributes

Highly attractive qualty

Less attractive quality

High-Value-Added quality

Low-Value-Added quality

Critical qualty

Necessary quality
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Dimension

Zero-touch system

Air safety system

Sanitization and purification
system

Home comfort system

Code

z1

z2

z3

z4

75

76

zr

Al

A3
A4

AS

A6

A7

A8

S1

82

H1

H2

H3

H4
H5
Hé

Design strategies

Smart access control system
(6.19,21)

Waste collection (6, 24)

Non-contact elevator (5, 6)

Infrared temperature monitoring (5)

No-touch courier reception (5)

Smart home (19, 21)

Setting up the entrance hall (21)

North-south floor plan (19)

Optimization of water supply and
drainage pipes (Expert panel)

Ventilation system (2, 19, 25)
Air quality visualization (23, 26)

Bathroom ventiated (21)

Kitchen ventilation (21)

External window bezel (Expert panel)

Ventilation in public areas (21)

Disinfection of public areas (5)

Poison prevention and disinfection of
the kitchen (5)

Water purification at the end of the
installation (6, 23)

More suniight inside each home
1,26

Poison prevention and disinfection of
the Bathroom (5)

Variety of iving and dining rooms
©,27)

Muli-functional balcony (5, 27, 26)

Separate isolated master bedroom
(Expert panel)

Avoid indoor noise (9, 21, 27)
Public space for interaction (16)
Community Environment (4, 5)

Specific measure

« Face recognition and mobile phone APP smart access control system at the
entrance/exit of the community

* Underground garage entrances and exits are equipped with automatic license plate
recognition and sensorless access system

* Electric induction doors (inked with face and APP unlocking functions, and optional
card and fingerprint functions) are installed at the entrance hall of the underground
garage and the entrance hall of the first floor

« The entrance door is equipped with fingerprint recognition, password recognition
and iris recognition devices, and is set to unlock and open and close automatically

Foot-operated trash can

Refuse sorting and collection points

Disinfection lamps and mosqito control lamps installed nearby

Hand washing and disinfection measures at the refuse collection point

« The unit door is linked to the elevator (the unit door opens with a call to the elevator,
1o need to press the up/down button and no need to select a floor when you enter
the lft) and the ift wil automatically take you to the floor where your home is located

* Thermal imaging body temperature detection and recording at all entrances and
exits in the community, with autormatic lever lifting after normal body
temperature check

 External drop-in and internal pick-up cabinets (with double-sided doors) or
dedicated courier storage space that is well ventitated and equipped with
disinfection and steriization facilties

« The interior is equipped with a full smart home system, such as light sensor, voice
control, remote control, etc

* Automatic opening and closing devices are installed for each window to open and
close the windows at reguiar intervals according to demand

* Public transport aisle lighting control switch with audio-visual control

Entry gardens in each home to form a entrance hall

Separation of storage and sanitation in the entrance hall

Additional UV disinfection faciltes (disinfection lamps) o disinfection solutions

Negative pressure at the entrance hall

Provision for easy cleaning devices (e

, wash basin, ironing machine, etc.

« The floor plan is square, wide and small in depth, and there are windows or
balconies facing north and south, which can maximize air convection. The living
room and bedroom face south

« Anti-odor floor drains.

* Decentralized water seal design for wet and dry areas in bathrooms

« Kitchen and bathroom are designed with a non-declining slab same floor drainage
system and all vertical pipes running through the floor should be isolated by
pipe shafts

« Indoor split-air system and disinfection and filtration equipment for fresh air

* Real-time display system for indoor temperature and humidity, formaldehyde,
benzene, TVOC, etc

* Priority is given to the provision of external windows for natural ventilation in
bathrooms

* When there is no exteral window in the bathroom, direct exhaust from the same
floor using water-aligned ducts, with automatic exhaust and non-return facilties

* Elimination of the fume extraction shaft system in the kitchen and adoption of a
direct outdoor system and equipment on the same level

* In order to prevent pollution between floors, a horizontal closed baffle with a net
size of not <0.6m is used above the openings of external doors and windows,
which can be freely retracted, opened when there is an epidemic and closed when
there is no epidemic, so as to minimize sunlight blockage, or use closed horizontal
partitions such as air conditioning parttions for floor separation

« In lobbies, elevator halls, public walkways and stairwels, give priority to external
windows for natural ventilation; when there are no external windows, install a fresh
air system

* The elevator s regularly disinfected to enhance protection, with infrared automatic
ventiiation, automatic spraying disinfection or automatic activation of UV
disinfection devices

« Additional induction UV lights under the hanging cabinets

* Dishwasher and other sanitary and disinfection facilties in the kitchen

« End-of-pipe water purification for healthier, cleaner water with fewer infections from
water quality

« The spacing between buildings in the area s reasonable, and the main functional
rooms in the house are well-equipped for daylighting

« Open balconies are provided for each household to ensure the penetration of
sunlight and ultraviolet rays

* An additional drainage standpipe in the bathroom, with separate drains for sewage
and waste water

« To provide disinfection lights or a place for disinfection solution in the bathrooms

* In living and dining rooms, Flexible furniture, partitions and other facilities can be
provided to achieve space changes, which can temporarily meet the diverse
functions of the current home such as office, family fitness, games, and activities

Agreen landscape area with plants, tables and chairs is provided in conjunction with

an open balcony on the south side

« Aliving balcony s provided for each household and an area for vegetables, food
and washing and disinfection is provided on the balcony

« Ofice space in the master bedroom and optimized room size

* A'separate bathroom in the master bedroom

« Negative pressure design

* Additional anti-tampering silent doors to bedrooms and study rooms

« Setup a shared communication space in combination with public aisles

« Children's playground, running track, badminton court and other facilties in the
community

« Planting of seediings that are rich in dust-absorbing, mosquito-repeling,

anti-smoke and anti-sulfur dioxide effects
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Trip purpose

Shopping
Life-service
Leisure

Transportation

Route distance

318.3102
314.3331
338.5463
411.7811
2432
0.086"

Route directness

0.760904
0.757494
0.735418
0.789789
0.945
0.42

No. of intersections crossed

7.807229
7652174
7.6875
7.529412
0.027
0.994
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Trip purpose

Shopping
Life-service
Leisure
Transportation

X
P

*P < 0.1, **P < 0.0¢

Walking preferences

Non-selected shortest

32(39.5%)
19(26.8%)
6(37.5%)
17(33.3%)

‘P < 0.01.

2.864
0.415

Selected shortest

49(60.5%)
52(73.2%)
10(62.5%)
34(66.7%)

Gender

Male Female

33(47.1%) 37(52.9%)
34(54%) 29(46%)
2(18.2%) 9(81.8%)

26(66.7%) 13(33.3%)

9594
0027

Walk alone

70(86.4%)
63(88.7%)
11(68.8%)
39(76.5%)

Travel status

With accompanist

11(13.6%)
8(11.3%)
5(31.3%)
12(23.5%)
6.286
0.008"
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Walking preferences

selected shortest routes
non-selected shortest routes

Route distance

278.809
460.7973
38.019
0.000"*

Route directness

0.797313
0.700779
28.887
0.000"**

No. of intersections crossed

13.82192
9.108108
7.568
0.006**

145
74
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Street environmental factors

Roadway features

Streetscape

Pedestrian infrastructure

Faciliies

Categories

Sidewalk width
On-street parking

Sidewalk walkability

Traffic control signal at intersections

Driveway width
DH

Green spaces

Characteristics of street walls

Garbage bins
Strestlights
Benches

Shops
leisure facilities

Bus stops

Description

The actual width of the pedestrian pavement
Parking lot

Road parking

Sidewalk parking

Poor=sidewalk is extremely difficult or nearly impossible to go
across

Fair=side walk has some unevenness or obstacles, but it can
stil be navigated

Good=sidewalk is in pristine or near pristine condition, very
easy to go across.

“The number of signal which at an intersection have a
pedestrian walk signal, stop light or stop sign

The actual width of the Driveways
‘The widith of the street divided by the height of the building
Poor=Some tree ponds only

Fair=Some tree ponds and parterre

Good=both tree ponds, parterre and green spaces

No street walls

The wall material is railing

The wall material is solid wall

The number of garbage bins

The number of street lights or lampposts

The number of seats along the street in which people can
take a break

The proportion of the street front ocoupied by grocery, shop

‘The proportion of the street front occupied by restaurants,
banks, parks, entertainment

The proportion of the street front occupied by bus stops

Measuring scales

Continuous scale
1

2
3
1

3
Continuous scale

Continuous scale
Continuous scale
1

2
3
0
1

2
Continuous scale
Continuous scale
Continuous scale

Continuous scale
Continuous scale

Continuous scale
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Variables

ND

sC

SP

NVL

S~

S~

S~

ND

1.000
0.009
0117
0.371
0.000
0.100
0.095

sc

0.099
0117
1.000
0.224
0.000
0.078
0.087

Correlation is significant at the 0.05 level (2-tailed).

SP

0371
0.000
0.224
0.000
1.000

0.138
0.021

NVL

0.100
0.095
0.078
0.087
0.138
0.021
1.000
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Factor Physical fatigue
ND sc NVL sP

T/F value P-value T/F value P-value T/F value P-value TIF value P-value
Age 0.069 0.945 2616 0078 1539 0219 11 0.347
Gender 1195 0.234 -0.946 0346 0287 0813 1.65 0.099
Technical title 2.142 0.034* —1.084 0281 2372 0031 -1.97 0.041%
Work duration in COVID-19 -3.295 0.001* —0.195 0846 0332 0.741 -0.83 0.406
Education 0.17 0.866 -1.003 0318 -0.651 0516 1.15 0271
Length of profession 0.066 0.936 -1.084 0281 -0.139 0.89 1.88 0.076

Psychological fatigue

Age 0.17 0.866 -1.675 0118 0.806 0.422 0.38 0.764
Gender 0554 0.581 0873 0384 0753 0.453 0.35 0.727
Technical title 4276 0,007 1.131 0311 ~1.89% 0.031* -289 0.004"
Work duration in COVID-19 -1.654 0.101 2.456 0.021* 0215 0831 -0.35 0.729
Education 1.822 0.071 1.245 0297 2057 0.110 0611 0.539
Length of profession -1.266 0.208 -0.295 0.769 0.765 0.446 0.092 0913

T, value for independent-samples t-test; F, F ratio for ANOVA *p < 0.05; ND, Nursing Distance; SC, Spatial Crowdness; NVL, Natural Ventilation and Light; SP, Spatial Privacy.
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Part 1. Individual Information

Technical titles

Age

Gender

Education Level

Length of profession

Work duration in COVID-19 (full time)

Nurse assistant

Junior college and below

1-4 years
<25 days

Practical nurse Senior nurse
Undergraduate Measter degree and above
4-9 years >10 years

More than 25 days (including 25 days)

Mark the options if appiicable
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Part 2. Environmental factors of IDNU and fatigue

Instruction: how do you feel about the environmental factors affect your physical fatigue in the IDNU? Please rate from 1 to 5, 1 (not at all o little), 5 (very much or quite)
Physical fatigue Psychological fatigue
ANursing distance At Plan layout
A2 Location of nurse station
A3 Number of wards
B Spatial crowdness B Size of nurse station
B2 Ratio of supportive rooms
B3 Width of corridor
C Natural light and ventilation  C1 If windows of natural light in the nurse station
G2 If openable windows in the end of corridor
C31f access to natural light and ventilation in the break area
D Spatial privacy D1 Independent break area for nurse
D2 Safety of workplace
D3 Typology of nurse station (open/semi-open/closed)
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Age

Gender

Technical title

Work duration in COVID-19

Education

Length of profession

<30
30-40

40-60

Male

Female

Nurse assistant
Practical nurse
Senior nurse
>25 days

<25 days
Undergraduate
Graduate

14 years

5.9 years

>10 years

Frontline Nurses

Number

a2
18
4
2
62
24
32
8
15
49
21
43
18
a2
9

Percent

65.6%
28.1%
6.3%
3.1%
96.9%
37.6%
50.0%
12.5%
23.4%
76.6%
32.8%
67.2%
20.3%
65.6%
14.1%

Healthcare Experts

Number

~~omno

® o o

Percent

0.0%
25.0%
75.0%
87.5%
12.5%

0.0%
0.0%
100.0%
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Main Categories

ANursing Distance (21)

B Spatial Crowdness (11)

C Natural ventikation and Light (NVL) (12)

D Spatial Privacy (SP) (17)

Sub Categories

At Plan layout 8)

A2 Location of nurse station (6)

A3 Number of wards (7)

B1 Size of nurse station (3)

B2 Ratio of supportive rooms (4)

83 Width of corridor (4)

C1 Ifthere is daylighting in the nurse station (5)

G2 If openable windows in the end of corridor (2)
C3If access to natural light and ventilation in the break area (5)
D1 Independent break area for nurse (8)

D2 Safety of workplace (6)

D3 Typology of nurse station(open/semi-open/closed)

The scores were calculated based on the frequencies of experts’ agreements on the environmental factors.

Descriptions in the IDNU

A1 Linear + “three zone and three corridors”
A2 Middie
A7
B124*72m
B2 32.2%(area)
832.4m
Cino

G2 Yes

C3no

D1no

D2n/a

D3 open
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ND sc NVL

Physical  Psychological ~ Physical ~ Psychological ~ Physical  Psychological

fatigue fatigue fatigue fatigue fatigue fatigue

M (SD) M (sD) M (SD) M (sD) M (SD) M (sD)
General Mean  392(1.12)  8:21(1.43) 2.33(0.96) 270081)  224(101)  252(0.98)
Senior nurse Mean 3.14(0.71) 3.51(1.12) 2.11(1.27) 3.14(1.07) 1.81(1.05) 2.71(0.99)
Practicalnurse  Mean  391(0.94)  8.15(0.95) 2.33(1.15) 254(099)  224(1.14) 1.92 (0.97)
Nurse assistant Mean 4.12(1.10) 3.57 (1.03) 2.71(1.05) 2.42 (0.96) 264 (1.12) 2.93(1.05)

Total N = 64, M = Mean, SD = Standard Deviation.
ND, Nursing Distance; SC, Spatial Crowdness; NVL, Natural Ventilation and Light; SP. Spatial Privacy.

Physical
fatigue
M (SD)

3.33(1.31)
2.91(1.34)
354 (0.95)
3.65 (0.93)

SP

Psychological
fatigue
M (sD)

355 (1.14)
391(1.13)
334(121)
3.23(1.18)
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Variables

ND

sC

sP

NVL

R

S~

ND

1.000
—-0.230
0.000
0275
0.000
0.081
0.106

sc

-0.230
0.000
1.000

~0.064

0.180
0.064
0.180

Correlation is significant at the 0.05 level (2-tailed).

SP

0.275
0.000
—-0.064
0.180
1.000

-0.012
0.838

NVL

0.081
0.108
—0.064
0.180
-0.012
0.838
1.000





OPS/images/fpubh-09-774553/fpubh-09-774553-g006.gif
|w
|I |
'Im

[ ——.
t—

w ||I





OPS/images/fpubh-09-774553/fpubh-09-774553-g007.gif
9 s
I m I

R Senne

| iI





OPS/images/fpubh-10-883241/crossmark.jpg
(®) Check for updates





OPS/images/fpubh-10-880251/math_1.gif





OPS/images/fpubh-10-880251/fpubh-10-880251-t007.jpg
Street environmental factors

Roadway features
Sidewalk width

On-strest parking

Sidewalk walkabilty

Traffic control signal at intersections
Driveways width

street scape

DH

Green spaces
Characteristics of street walls
Pedestrian infrastructure
Garbage bins

Benches

Streetlights

Facilities

Shops

Leisure facilties

Bus stops

Other factors

with accompanist

Shopping

lfe-service

Leisure

Transport

Walk alone*shopping

With accompanist life-service
With accompanist leisure
With accompanist transport

Hosmer and Lemeshow test 0.369.
Hosmer and Lemeshow test 0.727.
Hosmer and Lemeshow test 0.805.
P < 0.1, *P < 0.05, P < 0.01.

0.024
—-0.683
0.12
-0.018

0.034

—0.495
—0.203
-0.03

0.293
0.183
0.095

1.243
0.409
-3.891

-0.013

sig.

0.788
0.013*
0.688
0.808
0.802

0.194

0.566
0.95

0.361
0.747
0.476

0977

0.562

0.034
-0.724
0.145
0.008
0.022

—0.602
-0.136
—0.034

031
0.176
0.085

1.208
0.227
-3.918

-0.115
—0.755
-0.275

-0.251

sig.

0.693
0.01*
0.633
0.916
0.709

0.117
0.701
0.944

0.003***
021
0.07*

0.375
0.857
0.486

0349
0.795
0114
0.689

0.854

0.014
—-0.708
0211
—0.004
0.035

—-0.567
-0.126
0.041

0.324
0.183
0.083

1.168
0.171
-4.315

-0.369
~0.801
~0.244
-0312

sig.

0.874
0.012*
0.493
0.965
0.582

0.141
0.726
0.932

0.002***
0.189
0.083"

0.392
0.893
0.451

0.345
0.362
0.07*
0.748
0816
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categories

Roadway features

Sidewalk width

On-street parking

Sidewalk walkability

Traffic control signal at intersections
Driveways width

Streetscape

DH

Green spaces

Characteristics of street walls
Pedestrian infrastructure

Garbage bins

Benches

Streetlights

F
Shops

Leisure faciities

ies

Bus stops
Constant

Hosmer and Lemeshow test 0.37.
*P < 0.1, **P < 0.05, ***P < 0.01.

0.024
—-0.683
0.119
-0.018
0.034

~0.494
-0.205
~0.081

0.292
0.182
0.095

1.245
0.41
-3.882
—-0.796

0.782
0.012"
0.686
081
0.601

0.194
0.56
0.949

0.006**
0.191
0.042"

0.339
0.746
0.476
0.545
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Travel status

Walk alone

with accompanist

Route distance

319.9093783
441.1648935
9.256
0.03"

Route directness

0.760439339
0.786322218
1131
0.289

No. of intersections crossed

7.349726776
9.388888889
4.118
0.044*
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Part 3. The locations you frequently stay and work in the IDNUYou can mark on the plan we provide. Every participant allows to mark three points at most.
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Value variables Outcomes Medical Nurse Nursing Nurse Interdisciplinary Bed Construction
accidents stress  observation collaboration communication ~management & operating

costs
Country
ime  Lengthof 5.4 Usa More High
stay (day)
16 Japan Less Low
Space  Bedarea 232and  USA Difficult Difficult Easy High
(m?) above SPRs
7.5~141  Japan Easy Easy Difficult Low
MPRs +
SPRs
Number of 1~2 USA, Japan ~ More Difficult Difficult
care units
per floor
3~4 Less Easy Easy
Activity Nursing  Primary NS USA, Japan High Difficult
system (NS)
Partnership Japan Medium Easy
Ns

Team NS USA, Japan Low Difficult
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Country

Japan

Germany

ce
United Kingdom
UsA

Average
length of
stay in
acute care
beds

160
74
54
62
54

Number of
acute care
beds per
1,000
inhabitants

128
7.9
58
25
28

Number of doctors
Per 100 Per 1,000
beds inhabitants
192 26
555 44
543 34
1201 30
922 26

Number of nurses
Per 100 Per 1,000
beds inhabitants
2.6 19
1762 18
189.6 11
3342 82
4202 120

Proportion
of total
health
spending
in GDP

110
17
11
99

167

Life
expectancy
at 65
(women
/men)

24.6/19.8
214/188
23.9/198
211183
20.8/18.2
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Keyword

Hospital
Care unit
Acute care
Disaster

Renovation

Healing
environment
Evaluation
Patient room
Healtheare facility
Layout
Architectural
planning

Error
Maintenance

Risk

Triage

Medical facility for
children with
disabilities
Medical aid station
Usage
Rehabilitation
Nurse activity
Repair time

GIS

Nursing

Doctor helicopter

Occurrences

46
16
15
13
11
10

» ® ® ® o

N e om e o

B T NI NN

TLS

122
53
47
39
33
2
25

30
30
30
23
20

18
19
15
25
2
18
21
19

Cluster

Cluster 5
Cluster 4
Cluster 4
Cluster 5
Cluster 1
Cluster 3
Cluster 1

Cluster 7
Cluster 2
Cluster 3
Cluster 7
Cluster 4

Cluster 5
Cluster 5
Cluster 5
Cluster 5
Cluster 1

Cluster 5
Cluster 1
Cluster 2
Cluster 4
Cluster 5
Cluster 6
Cluster 4
Cluster 6

Cluster set

Cluster set IV
Cluster set 11
Cluster set 11l
Cluster set IV
Cluster set 1
Cluster set 1

Cluster set 1

Cluster set Il
Cluster set Il
Cluster set Il
Cluster set 11l

Cluster set III

Cluster set 1V
Cluster set IV
Cluster set IV
Cluster set IV

Cluster set 1

Cluster set IV
Cluster set 1

Cluster set Il

Cluster set 111
Cluster set IV
Cluster set IV
Cluster set III
Cluster set 1V
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Keyword Occurrences TLS Cluster

Evidence-based des 101 488 Cluster 1
Design 6 347 Cluster 4
Hospital 9 244 Cluster 1
Care 45 280 Cluster 3
Environment 43 266 Cluster 2
Impact 37 2 Cluster 3
Satisfaction 2 210 Cluster 2
Health 31 194 Cluster 2
Healthcare 30 150 Cluster 2
Healthcare design 30 142 Cluster 1
Patient safety 29 157 Cluster 1
Stress 27 186 Cluster 2
Communication 2 162 Cluster 3
Nurse 23 140 Cluster 4
Built environment 21 121 Cluster 1
Patient-centered care 21 118 Cluster 1
Patient 17 127 Cluster 3
Outcomes 17 109 Cluster 3
Quality 16 100 Cluster 3
Staff 16 99 Cluster 3
Perception 16 86 Cluster 4
Hospital design 16 78 Cluster 1
Efficiency 15 109 Cluster 3
Post-occupancy evaluation 15 67 Cluster 1

Teamwork 14 105 Cluster 3
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Characteristics

Endogenous variables
Overall quality of ffe (M & SD) 367 %0535
General health status (M  SD) 3.45 % 0.665
Leisure-time physical activity levels (MET-min-wk~") 2,160 (1,310.9; 3,129.0)
(Med; Q1-Q3)

Travel-related physical activity levels (MET-minwk~')  802.0 (456.0; 1,347.0)
(Med; Q1-Q3)

Explanatory variables

Socio-Demographic characteristics

Male (1 if true, O otherwise) (%) a7
Aged 75 years or older (1 if true, O otherwise) (%) 369
High education (1 if high school or higher, O otherwise) 380
(%)

Sovere physical limitations (1 if true, O otherwise) (%) 9.4
Presence of grandchildren under 12 in household (1 if 196

true, O otherwise) (%)
Neighborhood characteristics

Live in the inner city (1 if true, O otherwise) (%) 350
High accessibilty to local shops (1 if <10min, 0 736
otherwise) (%)

Ln distance to the nearest park (M  SD) 7407
Satisfied with neighborhood aesthetics (1 f true, O 474
otherwise) (%)

Satisfied with footpath conditions (1 if true, O 848
otherwise) (%)

Satisfied with traffic safety (1 if true, O otherwise) (%) a7.7
Satisfied with crime safety (1 if true, O otherwise) (%) 708
High social capital (1 if with a lot of friends or 410
neighbors) (%)

Good social cohesion (1 if true, 0 otherwise) (%) 738
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Number of free parameters

Root mean square error of approximation (RMSEA)
90% confidence interval for RMSEA

Probability RMSEA < 0.05

Standardized root mean square residual (SRMR)
Comparative fit index (CFl)

Incremental fit index (IF1)

28

0.005
0.000; 0.042
0.987
0.031
0.999
0.998
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From

Quality of life

Direct

Effects between the endogenous variables

General health
Leisure-time physical activity levels
Effects of explanatory variables
Male

Aged 75 years or older

High education

Physical imitations

Presence of grandchildren

Live in the inner ity

Accessbilty to local shops
Neighborhood aesthetics

Traffic safety

Social capital

P <0.1

0.127**

0.157"

0.135*

0.173**
0.122*

Total

0127
0.008"

0160
~0059"

0135

0190

0.154"*
0.003"

General health

Direct

0.064™

-0.463"*

0197

0.126*
0.249"*

Total

0.064"

0.126*
0.249"*
0.027**

To

Leisure-time physical

activity levels
Direct Total Direct
0245 0245
~0.525t
0333 0333
0,800
—0.459"*
0419 0419

Travel-related
physical activity levels

Total

-0.525*"

0.800***

—0.459"
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300m buffer 500m buffer 800m buffer
RW ™w RW ™w RW

BO95%Cl) p-value §(95% Cl) p-value B(95% Cl) p-value B(95% Cl) p-value B(95% Cl) p-value B(95% CI)
Betweeness - - -0.197 0.015* - - -0.197 0.015* - - -0.114
centrality 300n
Number of Bus - - 0053 0619 - - 0057 0616 - - 0.195
Stops
Statistical resuls of stepwise regression models for recreational walking (RW) and transport walking (TW) at medium density (n = 201).
Self-report -0491  0000%  -0.425 0427 0191 0018  -0.418 01418  -0191 0013 0118
health
Betweeness 0012 0871  -0409 0699 0012 0871 0467  0028* 0012 0871  0.1467
centrality 300n
Intermediation - - - - -0.368 0.000** 0.029 0.708 -0.312 0.000** 0.029
centrality 500n
Commercial Pol  -0008 0917  -0482  0017*  -0017  0.821 0065 0685  -002 079 0052
Statistical results of stepwise regression models for recreational walking (RW) and transport walking (TW) at high densities (n = 200).
Street -0.103 0.220 - = -0.083 0.43 - - -0.251 0.003** -
connectivity
Road 0.104 0.440 - - -0.271 0.001** - - 0.178 0.150 -
intersection
density
NDVI -0331 0,001 - - 0116 039 - - —0087 0310 -

*p < 0.05; *'p < 0.01. Bold values represent having relevance.

™

p-value

0.622

0.016*

0.118

0.028*

0.708

0.591

B(95% C

0191
0.015
-0.311

-0.029

0.086

-0.266

0.079

1,000 m buffer

RW

1) p-value

0.013*

0.841

0.000**

0.743

0.349

0.002*

0.342

™w
$(95% CI)

-0.197

—0.007

-0.119

0.167

0.026

0.041

p-value

0.015*

0.976

0.117

0.028*

0.733

0.624
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Categories

Source of virus

Early warning of epidemics

Casualties of medical staff

Shortage of medical materials

Human infection

Psycholo
gical nervous and panic

Psychological exclusion

Social production affected

Social life affected

Inflection point of epidernics

The epidemic disappeared

Original statements

A1. Wuhan Municipal Health Commission unexplained pneumonia emergency nofice started.

/A2. The Shi Zhengli team of the Wuhan Institute of Virology, Chinese Academy of Sciences, also announced on this day that the
source of the COVID-19is likely to be a bat.

A3. It might be an artificial virus leaked from the laboratory.

B1. On December 31, 2019, the relevant departments established a notification system for the progress of the epidernic, but in
the contents of the notifications, there has been no “14 medical staff infected” information, and notifications have always
stressed that the epidemic can be prevented and controlled.

B2. Experts believe that COVID-19 infection risk may continue to increase but that the epidemic can still be prevented and
controlled.

C1. Contracting COVID-19 pneumonia, Liu Zhiming, President of Wuchang hospital, died in Tongji Hospital.

C2. On February 13, the National Health Commission reported 1716 confirmed cases and 6 medical staff deaths. Four days
atter this figure was released, the number of medical staff kiled working in the front lines of the anti-epidemic was updated to 8.

D1. From New Year's Eve to the first day of the Lunar New Year, many hospitals in Wuhan are in urgent need of materials
consisting mainly of protective clothing, masks, goggles, etc.

D2. They went to the dental room of the clinic, refitted the mask and put it on their forehead. The protective clothing is in short
supply. Everyone was only given one piece of protective clothing and has been wearing it for several days.

D3. My father received the admission form in the hospital, but he cannot get in due to the short supply of beds in the hospital. In
the hallway of the hospital, people are positioned close to each other.

E1. COVID-19 pneumonia was confirmed in Suizhou, with 641 cases as of February 3rd; the 641, number represents an
increase of 183 cases, an increase of nearly 40% compared with that of the previous.

E2. In terms of the diagnosis rate, the ranking of cities has changed: Wuhan is first, Ezhou is second, and Suizhou is third. Of
every 10,000 people in Wuhan, ~589 cases were diagnosed; of every 10,000 people in Ezhou, ~308 cases were diagnosed; of
every 10,000 people in Suizhou, ~2.9 cases were diagnosed.

E3. 00:00-24:00, April 7, 2020. In Heilongjiang Province, 1 case of an overseas cured discharge, 2 cases of imported severe
cases, and 25 cases of imported confirmed cases were added.

F1. The COVID-19 pneumoria epidemic has caused some tension in the Spring Festival.

F2. A large number of medical workers wearing protective clothing and doused with sprayers were steriized in the market. It is
similar to the situation that occurred when SARS occurred in 2003, and aroused paric.

F3. Some patients with emotional instabilty have developed fear, anger, and even despair after diagnosis and have torn the
doctor's protective clothing.

G1. Phrases referring to many people from Wuhan have changed from “tourists to unwelcome Wuhan people.”

G2. Some places have labeled and demonized Wuhan people, and even some people returning from Wuhan cannot avoid this
situation.

G8. Hubei people are our compatriots, not monsters.

H1. Due to the COVID-19 pneumonia situation, we should implement some tax and fee reduction policies for tourism, catering,
hotels, civl aviation, transportation, and life service enterprises, which are more affected by the new crown-lie preumonia
epidemic situation.

H2. Due to the employess’ extended working hours because of the epidemic, the company needs to deal with them regarding
paid leave and other issues. Therefore, the enterprise bears the corresponding costs. For these costs, the government can
moderately allow the enterprise to fully account for them as expenses before income tax.

11. A decision was made to cancel marriage registration at 17 city and district levels; workers were originally scheduled to work
overtime on February 2 (Sunday) to handle the marriage registration for new couples.

12. The designated hospitals were overcrowded, and some outpatient clinics and wards of general hospitals were closed to
prevent the spread of the epidemic. How can some special patients, such as pregnant women, with infection or suspected
infection obtain timely diagnosis and treatment?

13. February 17 was supposed to be the opening day of primary and secondary schools in many parts of the country. The noisy
playground was empty.

J1. Even the most optimistic experts dare to say that the expected tuming point of the epidemic is expected on February 8.
J2. American scholars prediict that the turning point of pneumonia in Wuhan may be delayed to the end of February.

J3. According to the latest data, on February 17, 79 newly confirmed cases were found in areas other than Hubei, which has
seen a two-week decline.

K1. At 0-24:00 on March 11, 2020, Anhui Province reported no new confirmed cases and no new suspected cases.
K2. As of March 26, 2020, no new confirmed cases have been found in Hunan Province for 25 consecutive days.

K3. No COVID-19 pneumonia was confirmed in any cases from 00:00 to 24:00 on March 27, 2020, and no imported cases
‘were found.
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Main category

Risk sources

Risk early warning

Risk transmission path

Risk transmission victims

Inflection point of risk transmission

End of risk transmission

Subcategory

Source of virus

Early waming of an epidemic

Shortage of medical materials
Medical staff casualties

Social production activiies affected
Social life affected

Social psychology affected
Casualties

Social production activities affected
Social life affected

Social psychology affected

Inflection point of the epidemic

Epidemic disappeared

Connotation of categories

According to its source, a virus can be divided into a natural source or a human-made source.
Anvirus from a natural source refers to a virus existing in nature but that can spread due to
uncontrollable elements, such as human production activities or diet activities. A human virus
refers to viruses created in the laboratory and leaked out due to human factors.

This category refers to the epidemic’s scientific early warning transmitted through a risk early
warning system and that at the beginning of a sudden epidemic’s outbreak, is initiated in order
to prevent the spread of the epidemic.

“The risk transmission path of an infectious epidemic refers to the continuous spread of the risk
caused by the epidemic along the risk transmission path; its harm can continuously cause
people to lose their ives and property through the risk transmission path.

The scope of the victims of the epidemic s very wide, and includes doctors, nurses, patients
and many other social groups. To be more specific, the epidemic caused work stoppages at
corporations, delays in school openings, etc. For example, the COVID-19 epidemic has
caused many enterprises to stop production and students to postpone attending school. Ina
way, they are all victims of the epidemic’s risk transmission.

The inflection point of an epidemic’s risk transmission refers to the time point when along with
the comprehensive promotion of epidemic emergency management measures, the total
number of confirmed cases gradually decreases and the number of new patients starts to
decine.

The end of risk transmission epidemic risk means that the epidemic situation is under full
control,is no longer spreading, and human society can fully resume production and lifestyle
activities.
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No. Title Source

1 Shanghai allocated epidemic support  www.thepaper.cn
funds to cinemas in the first half of the
year

2 Several z00s have been closed due  www.thepaper.cn
to the COVID-19 outbreak

3 Public transport operations resumed  www.guancha.cn
in the country’s second worst
hit city

4 The economy weathered the www.guancha.cn
COVID-19 outbreak in
January-February

5 The Ministry of Human Resources  www.guancha.cn
and Social Security responded to the
impact of COVID-19 on employment

6 Shedidn't have to speak. We all felt  Sourthernweekly
the same way

T Full record of the COVID-19 Sourthernweekly

8  Hubei people are not viruses and Sourthernweekly
should not be shut out

9 Covid-19 calls for psychological Sourthernweekly
Intervention: Dealing with panic is
also a major task

10 Catering industry under COVID-19  Sanlian Lifeweek

Date

26 February 2020

24 January 2020

21 March 2020

16 March 2020

24 February 2020

2 January 2020

6 February 2020

27 January 2020

27 January 2020

10 February 2020

20

Title

What can we do for the lack of
medical supplies in Wuhan?

Why did the COVID-19 in Wuhan not
attract more attention until today?
COVID-19 prevention and control has
entered a new stage

The COVID-19 epidemic affects the
housing market

Gritical moment of GOVID-19
prevention and control: Wuhan
medical staff and beds still need to be
supplemented

The economy has been hit by the
epidemic, but it has withstood the test
More medical teams have been sent
to Hubei province

Aquick overview of the epideric
yesterday and this moming

The National Banking Association is
acting to rally financial forces to fight
the epidemic.

Community workers are under great
pressure to fight the epidemic and
urgently need help

Source

Sanlian Lifeweek

Sanlian Lifeweek

Caixin.com

Caixin.com

Caixin.com

ChinaDaily

China Dally

Xinhuanet

Xinhuanet

Xinhuanet

Date

25 January 2020

27 January 2020

7 February 2020

1 February 2020

17 February 2020

17 March 2020

10 February 2020

2 February 2020

19 February 2020

12 February 2020
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Cluster
Cluster
label

Method

Physical space

Concerned

issues

Care

Person

Cluster 1
Evidence-based
design

Evidence-based design
Post-occupancy evaluation
Casestudy

Hospital, hospital design

Built environment
Healing environments
Patient room design

NICU design
Patient safety

Infection control, infection
healthcare-associated
infection

Human factors

Fall, patient fall

Resistant
Staphylococcus-aureus

Design process

Sleep
Risk

‘Contamination,
Environmental
Contamination
Transmission

Quality improvement
Activation

Acquisition

Efficacy

Guidelines

Lean

Eramework
Patient-centered care,
Family-centered care
Intensive care
Evidence-based medicine

Veterans

TLS

88
67
2

322

121
47
43
26

121

73

66

60

51

44
28
38

32
£
20
19
17
17
13
12
142

45
20
2

Cluster 2
Users’ perspective

Environmental design
Virtual reality
Simulation
Environment, physical

environment

Room
Waiting room
Inpatient hospitals

Interior design
Satisfaction

Health, mental health

Stress.

Anxiety, depression,
burnout

Nature, biophilia, access to
nature

Social support, theory of
supportive design

Patient satisfaction

Pain

Preferences

Recovery
View

Art, visual art
Positive distractions
Mood

Music

Benefits

Windows

Healthcare

Acute care
Therapy
Children

TLS

87
40
19

289

68
41
36
30

210

229

186

145

107

73

63

60

56

47

74

41

37

34

28
150

37
33
45

Cluster3
Healthcare
providers’
perspective

Healtheare design research

Unit design, nursing unit
design, inpatient unit
design, unit

Space, space syntax
Layout, spatial layout
Emergency department
Decentralized nursing

stations

Impact

communication patterns
Efficiency, operational
efficiency

Teamwork, collaboration

Security, safety

Outcomes

Visi

lity
Quality

‘Work, workflow

Patient outcomes
Time

Mortality

Privacy

Violence

Staff satisfaction
Patient experience
Interruptions

Care

Patient, staff

TLS

25

162

155
70
60
6

2

200

137

148

127

109

105
100
90

68

40
37
30
29
25
14

280

226

Cluster 4
Design

Design

Planning

ICU, NICU

Patient room
Architecture

Work environment
Hospital construction,
construction

Noise, sound

Perception

Lighting, light
Ergonomics
Errors
Wayfinding

Exposure
Management

Fatigue

Technology
Performance
Behavior
Interdisciplinary
Nurse satisfaction
Information
Reliability
Leadership

Nursing

Critical care/intensive care
Quality care

Nurse

TLS

347
15

97

67
49
33
29

138

86

54

52

46

a1
39
38

37
33
33
33
30
26
23
13
66

40
27
140
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English articles

Japanese

articles

Search strategy

Database: Web of Science

Search in: Publication Titles

Type of Article: Review or Article
Countries/Regions: the USA
Publication Years: FAL 2007-Jan 2022

Database: Architectural Institute of Japan

Search in: Topic and Publication Titles
Type of Article: Review or Article

Publication Years: Jan 2007-Dec 2021

‘Topics and publication
titles

“HERD Health Environments

Research Design Journal”

(“byou” or “i” in Chinese
characters) and (“Journal of
Architecture Planning” or “Journal
of Structural and Construction
Engineering” or “Journal of
Environmental Engineering” or
“AlJ Journal of Technology and
Design”)

Results

383

162
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Healthcare Design
- -
Evidence-Based Approach Value-Based Approach

® Studyonthe relaionshipsamong @ Study on the relationships _ between
environmental design and functionallayout and value variables (ime.
‘organizational, provider, and patient space, and behavior),
outcomes. ® Design based on the value variables in

@ Design based on the above evidence  order to achieve safety, eficency, comfort
in order to improve outcomes. and economy of healthcare facitios with

limited medical resources.
®  Micro Perspective. ®  Meso perspective.

-

Comprenensive Judgment

Master Plan
Mpcro Persoective
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Categories Coef. z p>z

Roadway features

Driveway width -0305  -3.14  0.002"
Traffic control signal at intersections 0257 1.72 0085
On-street parking —0812  -2.17 0.08*
Streetscape

Characteristics of street walls 0515 085 039
DH -0506  -100 0318
Green spaces 1.296 174 0082
Facilities

Leisure facities 568 1.78 0075
Shops 2.169 1.85 0.064

The model was estimated in stata (version 14) software using the clogit command.
' < 0.01, *p < 0.05.
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Categories Coef.

Roadway features

Sidewalk width 0384
Sidewalk walkabilty —0517
Driveway width —0.088
Streetscape

Characteristics of street walls 1811
Green spaces 0981
Pedestrian infrastructure

Streetlights 0.159

26
-1.76
-1.37

223
214

1.67

0.009*
0.079
0171

0.026"
0.032"

0.094

The model was estimatedin stata (version 14) software using the clogit command.

‘e < 0.01,"p < 0.05.
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Categories

Roadway features
Sidewalk width

Pedestrian infrastructure
Benches

Streetscape

Green spaces
Characteristics of street walls
Facilities

Leisure facilities

Bus stops

Coef.

—-0.623

0.749

1.959
354

-8.28
-9.92

—225

191

1.97
252

-2.77
-3.72

p>z

0.025*

0.056

0.049
0.012*

0.006*
0.008™

The model was estimated in stata (version 14) software using the clogit command.

'p <0.01,'p < 0.05.
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Categories

Roadway features
Driveway width

Pedestrian infrastructure
Garbage bins

Streetscape
Characteristics of street walls
Green spaces

Facilities

Shops

Coef.

0.308

0.627

1.727
3.362

6.548

2,65

34

1.82
2.59

243

0.008**

0.001**

0.069
0.01™

0.015"

The model was estimated in stata (version 14) software using the clogit command.

‘e < 0.07; "p < 0.05.
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Functional characteristics

Roadway features

Streetscape

Pedestrian infrastructure

Faciliies

factors

Sidewalk width
On-street parking

Sidewalk walkability

Traffic control signal at intersections

Driveway width
DH

Green spaces

Characteristics of street walls

Garbage bins
Streetlights
Benches

Shops

life fagilities:

Bus stops
Leisure facilities

Description

‘The actual width of the pedestrian pavement
Parking lot

Road parking

Sidewalk parking

Poor = sidewalk s extremely difficult or nearly impossible
to go across

Fair = side walk has some unevenness or obstacles, but
it can still be navigated

Good = sidewalkis in pristine or near pristine condition,
very easy o go across

‘The number of signal which at an intersection have a
pedestrian walk signal, stop light or stop sign

The actual width of the Driveways

‘The width of the street divided by the height of the
building

Poor = Some tree ponds only
Fair = Some tree ponds and parterre

Good = both tree ponds, parterre, and green spaces
No strest walls

The wall material is railing

The wall material s solid wall

The number of garbage bins

The number of street lights or lampposts

The number of seats along the street in which people
can take a break

The proportion of the street front occupied by grocery,
shop

The proportion of the street front occupied by
restaurants, banks,

The proportion of the street front cccupied by bus stops

The proportion of the street front cccupied by
restaurants, banks, parks, entertainment

Measurement

Continuous value

1
4
3
1

Continuous value

Continuous value
Continuous value

Mo ® N

Continuous value
Continuous value
Continuous value

Continuous value

Continuous value

Continuous value
Continuous value
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Characteristics

Gender
Male
Female
Age (Mean = SD)
Age group
18-59
260
Marital status
Married
Single or divorced or widowed
Education level
High school or lower
Higher than high school
Occupation
Medical staff
Party and government organs and institutions
Self-employed, freclance
Transportation, express delivery, service industry
Teaching staff
Student
Retired unemployed and underemployed
others
Monthly income (RMB)
<5,000
>5,000
Comorbidities
Yes
No
Have taken other vaccines in the last 3 years
Yes
No
Willng to vaccination
Yes
No
Sexual orientation
Homosexual
Heterosexual
Bisexual
Unsure/Other
Sexual orientation disclosure
Yes
No
ART
Yes
No
HIV viral load
Not detected
Detected
The last CD4 count
0-199/ul
200~349/ul
350~499/ul
>500/ul
Not test
ART affected by COVID-19
Yes
No
Ever diagnosed with COVID-19
Yes
No
Family members/friends diagnosed with GOVID-19
Yes
No

HIV positive members are more likely to get
infected with SARS-CoV-2

Yes
No

PLWH would be more serious if they were infected
with SARS-CoV-2

Yes
No

PLWH (N = 556)

515 (92.6)
41(7.4)
3759+ 11.45

523(94.1)
33(5.9)

161(29.0)
395 (71.0)

315 (56.6)
241 (43.4)

7(13)
123 (22.1)
174 (31.3)
12(22)
30(5.4)
14 (2.5)
92(16.6)
104 (18.7)

289 (52.0)
267 (48.0)

75 (13.5)
481(86.5436

58 (10.4)
498 (89.6)

338 (60.8)
218(39.2)

290 (52.2)
137 (24.6)
76 (13.7)
53(9.5)

198 (35.6)
358 (64.4)

534/(96.0)
22 (4.0)

410 (73.7)
146 (26.9)

33(5.9)
93 (16.7)
168 (30.2)
222 (39.9)
40(7.2)

401 (72.1)
155 (27.9)

8(1.4)
548 (98.6)

39(7.0)

517 (93.0)

207 (37.2)
349 (62.8)

403 (60.8)
153 (27.5)

General population
(N =570)

251(44.0)
319 (56.0)
3529+ 12.25

542 (95.1)
28(4.9)

320(67.7)
241 (42.9)

154 (27.0)
416 (73.0)

164 (28.8)
97 (17.0)
52(9.1)
37(6.5)
58(102)
62 (10.9)
45(7.9)
559.7)

237 (41.6)
333 (68.4)

44(7.7)
526 (92.9)

107 (18.8)
463 (81.2)

461 (80.9)
109 (19.1)

Statistics

306.54
3.26

058

94.73

101.72

296.15

12.229

991

16.66

556.10

<0.001
0.001

0.448

<0.001

<0.001

<0.001

<0.001

0.002

<0.001

<0.001
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Willngness to receive COVID-19 vaccination: [can
choose more than one]

Vaccination is a civic duty
I belleve that the vaccine is effective
I belleve that the vaccine is safe
Itis very convenient to take the vaccine
Recommended by people around
Free of charge
Occupational require:
Others
Unwilingness to receive COVID-19 vaccination:
[can choose more than one]
1am concerned that the COVID-19 vaccine
would affect my ART against HIV
1am concerned about the potential side effect
I'm concerned about the information leakage
1 think COVID-19 vaccine may not be safe
11think COVID-19 vaccine may ot be effective
There is no need to get vaccinated because
COVID-19 has been controlled
1 don’t know the place where | could get
vaccinated
Others

250
230
170
100
92
83
36
13

144

75
65
55
47
15

%

75.2

39.0
336
289
243

28

73
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Characteristics

Gender
Male
Female
Age (Mean = SD)
Age group
18-59
>60
Marital status
Married
Single or Divorced or Widowed
Educational level
High school or lower
Higher than high school
Monthly income (RMB)
<5,000
>5,000
Sexual orientation
Homosexual
Others.
Comorbidities
No
Yes
ART
No
Yes
The last CD4 result
<350
=350
Not test
Sexual orientation disclosure
No
Yes
Have taken other vaccines in the
last 3 years
No
Yes
HIV viral load
Not detected
Detected
ART affected by COVID-19
No
Yes
Ever diagnosed with COVID-19
No
Yes

Family members/friends
diagnosed with COVID-19

No
Yes

HIV positive members are more
likely to get infected with
SARS-CoV-2

No

Yes

PLWH would be more serious if
they were infected with
SARS-CoV-2

No
Yes

Willing to
receive
coviD-19

vaccination

312 (60.6)
26(63.4)

318(60.8)
20(60.6)

100 (62.1)
238 (60.3)

199 (63.2)
139 (57.7)

191 (66.1)
147 (85.1)

188 (64.8)
150 (56.8)

279 (58.0)
59(78.7)

10 (45.5)
328(61.4)

79(62.7)
235 (60.3)
24(60.0)

220 (61.5)
118 (59.5)

298(59.8)
40(69.0)

248 (60.5)
90(61.6)

227 (56.6)
11 (71.6)

333(60.7)
5(62.5)

311(60.1)
27 (69.2)

209 (59.9)
129 (62.9)

79(51.6)
259 (64.9)

Unwilling to
receive
covip-19
vaccination

203 (39.4)
15 (36.6)

205 (39.2)
13 (39.4)

61(37.9)
157 (39.7)

116(36.8)
102 (42.9)

98/(33.9)
120 (44.9)

102 (35.2)
116 (43.2)

202 (42.0)
16(21.3)

12 (54.5)
206 (38.6)

47 @7.9)
155 (39.9)
16 (40.0)

138 (38.5)
80 (40.5)
200 (40.2)

18(31.0)

162 (39.5)
56 (38.4)

174 (43.4)
44 (28.4)

215 (30.3)
3(875)

206 (39.9)
12/(30.8)

140 (40.1)
78(37.7)

74 (48.4)
144 (35.7)

Statistics

0.001

017

173

723

4.41

11.62

22

0.250

1.82

0.08

10.56

0.01

1.25

0.32

7.34

P

0.721

0.982

0.684

0.188

0.008

0.042

0.001

0.133

0.883

0.668

0.178

0.808

0.001

0.921

0.263

0.570

0.007

Univariable logistic analysis

Crude OR P
(95%Cl)
ef.
113(058-2.48) 0721
101(090-102) 0422
ref.
099(0.48-204) 0982
ref.
093(0.64-135) 0,684
ref.
079(056-1.12)  0.188
ref.
063(0.45-089)  0.008
ref.
071(050-099) 0042
ef.
267(1.49-478) 0001
1.91(081-450)  0.133
ref.
090(0.60-137) 0625
076(0.43-185)  0.759
ref.
093(0.65-132)  0.668
ref.
1.49(083-268)  0.180
ref.
1.05(0.71-155) 0,806
ef.
2.134(1.82-859)  0.001
ref.
1.08(0.26-455) 0921
ref.
149 (0.74-801)  0.266
ref.
1.11(0.78-158) 057
ref.
1.73(1.16-258) 0007

Multivariable logistic regression

Adjusted OR P
(95%C1)

ref.

064(0.45-092) 0015
ref.

067 (0.47-096) 003
ref.

207(1.25-3.45) 0005
ref.

204(1.22-842) 0007
ref.

1.67 (1.11-2.51) 0.014
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Paths Internal migrants Local residents 2z-score

Estimate P-value Estimate P-value
PNE - HB 0.147 0527 0.724 0.000 212"
PNE — BMI -0.260 0.048 0.021 0.778 1.856"
PNE - HS 0.158 0.003 0.366 0.000 —4.568"*
PNE — Depression -0.033 0.268 0.046 0.018 2.225™
PNE - LS 0.074 0.022 0.085 0.002 0.267
HB - BMI -0.003 0.952 -0.132 0.000 —2.408"
HB - HS 0171 0.000 0.314 0.000 3.186"
HB — Depression -0.084 0.000 -0.099 0.000 -0.865
HB - LS 0.002 0.921 -0.071 0.021 —1.994"
BMI— LS 0.007 0313 0.005 0.227 -0.235
HS - LS 0.098 0.000 0.182 0.000 1.505
Depression » LS -0.417 0.000 —0.467 0.000 -0.773

value < 0.01; **p-value < 0.05; *p-value < 0.10.
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Paths

PNE - HB
PNE > BMI
PNE - HS
PNE — Depression
PNE > LS

HB > BMI

HB - HS

HB — Depression
HB - LS

BMI— LS

HS > LS
Depression - LS

value < 0.01;

Female

Estimate

0.624
-0.184
0.021
0.018
0.053
-0.233
0171
—0.069
-0.015
0.006
0.091
-0.457

-value < 0.05; *p-value < 0.10.

P-value

0.000
0.043
0552
0.380
0.017
0.000
0.000
0.000
0.2756
0.242
0.000
0.000

Male

Estimate

0.211
0.017
—-0.026
-0.013
0.076
0.004
0.376
—0.004
-0.172
0.009
0.328
—0.484

P-value

0.197
0.854
0.672
0.567
0.029
0.923
0.000
0.000
0.011
0.086
0.000
0.000

2z-score

—1.724"
1.560
—0.666
-1.017
0.557
4617
2.946"
—1.565
—2.265"
0.321
255"
—0.481
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Paths

PNE - HB
PNE > BMI
PNE - HS
PNE — Depression
PNE > LS

HB - BMI

HB—> HS

HB - Depression
HB— LS

BMI— LS

HS - LS
Depression - LS

value < 0.01;

Young adults (<44)

Estimate

0.169
-0.214
—0.002

0.133
-0.141
-0.749

0.736
—1.008

1.143
—0.006
—-0.007

0.253

-value < 0.05; *p-value < 0.10.

P-value

0.009
0.024
0964
0.016
0.114
0.002
0.000
0.000
0.038
0.302
0.812
0.364

Older adults (>44)

Estimate

0.417
—0.148
-0.070

0.044

0.062
-0.182

0.303
—0.154

0.004

0.008

0.073
-0.317

P-value

0.003
0.120
0.112
0.069
0.063
0.006
0.000
0.000
0.032
0.117
0.038
0.000

z-score

1.601
0.493
—1.077
—1.488
2.072*
a7
—2.082"
2.908"**
—1.896"
1.798"
1.763*
—2.006"





OPS/images/fpubh-10-891736/fpubh-10-891736-t004.jpg
Number

® N s N =

Visual element

Road
Sky
Building
Vegetation
Sidewalk
Auto

Wall
Grass

Mean

0.304
0293
0.150
0.068
0.053
0.022
0.008
0.003

0.480
0.495
0.560
0.496
0.449
0.201
0313
0.162

Min

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

S.D.

0.105

0.108
0.073
0.059
0.026
0.025
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Effects Exogenous/mediator

Indirect PNE
HB
Hs
Direct PNE
HB
BMI
Hs
Depression
Total PNE
HB
BMI
HS

Depression

0.150"*

BMI
-0.013"*
-0.024
—0.087"

—0.037"**
—0.087**

Endogenous/mediator

-0.032
0.651**

0.066™*
0.651**

Depression
~0.059"*

0.024
—0.390"

-0.035"
—0.390"*

-value < 0.05; *p-value < 0.10. PNE, perceived neighborhood environment; HB, health behavior; HS, self-rated health status; LS, life satisfaction.

Ls
0.002
0.264"

0.062"**
-0.150
0.024
0.195**
—0.355"*
0.064**
0.113*
0.024
0.195**
—0.356"*
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Specification

Conceptualization of spatial relationships
Distance method

Standardization

Distance threshold

Implementation

Fixed_distance
Manhattan
Row

86.7369 m
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P GFI AGFI CFI RMSEA SRMR PNFI PCFI

Suggested value >0.05 >09 >0.9 >09 <0.08 <0.05 >05 >05
Model value 0.052 0.929 0.909 0.906 0.061 0.043 0.776 0.780
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Level

o0 A 0N =

Stress

classification

Low

Medium

High

Score
range (%)

10.00 to 35.00
35.10 to 40.00
40.10 to 45.00
45.10 to 50.00
50.10 to 55.00
55.10 to 86.00

Number of
acquisition points

6210
4an7
6820
3840
4265
5520

Percentage
of dataset

19.79%
15.03%
21.73%
12.23%
13.59%
17.59%

34.82%

33.96%

31.18%
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Latent variables

Endogenous/mediator variables
Life satisfaction

Depression

Body mass index
Self-rated health status
Health behavior

Exogenous variables

Perceived neighborhood
environment

Moderator variables
Socio-demographics

Codes (loadings)

Sat (0.871*)

Sa2 (0.922')

Sa3 (0576")

Def (0.709)

De2 (0.727™*)

De3 (0.765")

De4 (0.748")

De5 (0.728")

De (0.721**)

BMI
HS
HB1 (0.114")

HB2 (~0.102")
HB3 (~0.028")

HB4 (~0.129™)

HB5 (0.276™)

PBE1 (0.729")

PBE2 (0.860")

PBES (0.725™)
PBE4 (0.780")
PBES (0.807"*")

PBE (0.660")

Age (0.207**)
Gender (0.050")
Hu (0.110")

-value < 0.05; *p-value < 0.10.

Observed variables

Measurement description

What is your perceived social status? (Very low-1-2-3-4-5-Very
high)

How are you satisfied with your life? (Very
unsatisfied-1-2-3-4-5-Very satisfied)

How confident are you about your future? (Not confident at
all-1-2-3-4-5-Very confident)

How often during the last week did you feel down? (Almost
never-1-2-3-4-Almost daily)

How often during the last week did you feel that everything seems
laborious? (Almost never-1-2-3-4-Almost daily)

How often during the last week did you not sleep well? (Almost
never-1-2-3-4-Aimost daily)

How often during the last week did you feel lonely? (Almost
never-1-2-3-4-Almost daily)

How often during the last week did you feel sad and grieving?
(Almost never-1-2-3-4-Aimost daily)

How often during the last week did you feel that lite is unbearable?
(Almost never-1-2-3-4-Aimost daily)

Body mass index (kg/m?)

Self-rated health status (Poor-1-2-3-4-5-Excellent)

How long did you participate in physical exercise in the past
week? (Hours)

Did you smoke in the past month? (%Yes)

How long do you usually spend watching TV, movies, or videos
every week? (Hours)

Did you drink more than three times per week in the past month?
(%Yes)

How long do you take for housework every day? (Hours)

Overall qualty of the public facilties (education, medicine, and
transportation) surrounding the community (Very
bad-1-2-3-4-5-Very good)

Overall quality of the environment (noise, trash) surrounding the
community (Very bad-1-2-3-4-5-Very good)

Safety surrounding the community (Very bad-1-2-3-4-5-Very good)
Relationship among the neighbors (Very bad-1-2-3-4-5-Very good)
Will your neighbors offer help if you need some? (Certainly
10-1-2-3-4-5-Certainly yes)

Emotional attachment to the community (Not at all-1-2-3-4-5-Very
much)

Age in years
Male = 1, female = O (%male)
Urban hukou = 1, rural hukou = O (%urban hukou)

Proportion/Mean (SD)

3.78(0.98)

3.90(0.95)

3.97(0.98)

1.42(0.60)

1.30(0.56)

1.21(0.52)

1.07 (0.48)

121(059)

1.05(0.45)

23.11 (3.40)
299(1.13)
2.98(4.08)

29.21
13.27 (11.38)

10.89

1.73(1.64)

3.08(0.56)

381(0.61)

323(0.57)
3.69(0.63)
354 (0.65)

3.42(0.69)

4727 (16.64)
527
758
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z P Significance level

Z<-1650rZ>1.65 <0.10 90%
Z<-19orZz>1.96 <0.05 95%
Z<-2580rZ>258 <0.01 99%
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Hypotheses

H{1: The perceived neighborhood environment significantly impacts health
behavor.

H2: The perceived neighiborhood environment significantly impacts health
outcomes (ie., BMI, self-rated health status, and depression).

H3: The perceived neighborhood environment significantly impacts life
satisfaction.

H4: The perceived neighborhood environment impacts health outcomes
indirectly through the mediating role of health behavior.

HS: The perceived neighborhood environment impacits life satisfaction
indirectly through the mediating roles of health behavior and health
outcomes.

H: Socio-demographics moderate the relationships among perceived
neighborhood environment, health behavior, health outcome, and lite
satistaction.
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Gender (CG) [2] 018
Educatin CO) (3]
Care sress (CG) (4] 0.04

Age (CR) [5) 0.14 -0.07 -0.02 0.04

Gender (CR) (6] 0,19 E015215034] 00912023

Homesay (CR) [7] 0.01 0.01 0.00-0.02 -0.12 007
Serice ned (CR) (5] 005 0.02 0.04[ 024 0.07-0.06 002
Faclites (GR) [9) 0.10 0.01 -0.05 .07 006 008 -0.05

Grocery (GR) (10] 010 0.00 -0.05 .08 0.05 009 -0.09)
5 0.07-0.04-013 0.03
.16 0.06 -0.05 -003 0.05

Transit (GR) (1] -0.11 0.02 0,06
1Ag 2 3 4 6 7 8 o 10 11

Quuy of 58 (CG) (12] -0.08 -0.05 0.06






OPS/images/fpubh-10-861836/fpubh-10-861836-g001.gif
LT Andersen's Model

anvice Neea
R i oo ]






OPS/images/fpubh-10-850923/crossmark.jpg
©

2

i

|





OPS/images/fpubh-10-891736/fpubh-10-891736-g010.gif
) Sk
57 oy 2
e ‘ g
£ L '
8 p

s






OPS/images/fpubh-10-861072/fpubh-10-861072-t005.jpg
Analytic target

Street photographs +S0

Street photographs +S1

Street photographs +52

Street photographs +83

‘P <0.05, "P < 0.01.

RCS
Physiclogical data
RCS
Physiclogical data
RCS
Physiological data
RCS
Physiological data

Maximum
canonical
correlation
coefficient

0172

0.251*

0.208"

0.282"

0.216

0.000

0.029

0.000

‘Standardized canonical coefficients of RCS evaluation

Being away Extent Fascination ~ Compatibility
-0.161 -0.711 —0461 ~0.206
0.692 0209 0.285 0309
1.364 ~1.016 0.246 —0325

Standardized canonical
coefficients of physiological data

Pulserate  systolic diastolic
blood blood
pressure pressure

0.319 -0.931 —0.029
-0529 -0.374 0.608
0.23 -0.514 1.068
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Sound combination

S0

‘P <0.05,"P < 0.01.

Street type

Vi
V2
V3
V4
V5
V6
V7
v8
Vo
Vi
V2
V3
V4
V5
Ve
v7
v8
Vo
Vi
V2
V3
\Z
V6
V6
v7
v8
Vo
Vi
V2
V3
V4
V5
V6
v7
v8
Vo

Being away

0.756™
0.699"
0.570"
0.660*
0.686™
0.721*
0641
0.683*
0712
0.602*
0.694*
0.692
0.596
0.696™
0717
0.679"
0.644™
0.769"
0618™
0.627*
0.597"
0.700
0.626™
0.736"
0.606™
0.641*
0543
0.649"
0.676™
0.590"
0712
0.430*
0.664"
0.720"
0.648™
0.667*

Extent

0.565"
0.565™
0.471*
0.599"
0.497*
0.481*
0.468™
0.496*
0.558"
0.506*
0.559"
0.596"
0677+
0.634™
0.595"
0.587**
0.465™
0.573*
0.562**
0.628™
0.485™
0.609"
0.586"
0.686**
0.618™
0.565*
0546
0.610"
0.652"*
0.543"
0.702**
0.545*
0.504*
0.653**
0.664™
0.535*

Fascination

0.688*
0.457*
0.260
0.438*
0.484*
0.456*
0.261"
0.275*
0.498"
0.451*
0.482*
0.548™
0.452*
0.584™
0.548"
0.462*
0.432*
0.635*
0.462*
0.632*
0.403™
0.494*
0.412*
0.511*
0.447*
0.638*
0.490"
0.656™
0.647*
0.420™
0.649"
0.511*
0.484™
0516
0.564™
0.638*

Compatibility

0556
0530
0271
0.445™
0.426"
0360
0825™
0296
0513
0421+
0349
0516
0.454+
0517
0495
0451
0.434"
0.483
0525
0481+
0506
0509
0.490"
0457
0536™
0414
0.478™
0580
0.646™
0539
0576
0472
0561
0569
0518™
0574

Total score of RCS

0.729"
0.683*
0.561*
0.653**
0.646*
0.600*
0.539™
0.556*
0.681"
0.593*
0.661**
0.718"
0.617*
0.723"
0.720"
0.652**
0.625"
0.705*
0.645"
0.674*
0.625™
0.699**
0.647*
0.727**
0.670"
0.671*
0.613"
0.680™
0.721*
0.605™
0.706*
0.590**
0.629"
0.689*
0.664"
0.676*
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Sound combination

S0

‘P <0.05,"P < 0.01.

Street type

Vi
V2
V3
V4
V5
V6
V7
v8
Vo
Vi
V2
V3
V4
V5
Ve
v7
v8
Vo
Vi
V2
V3
\Z
V6
V6
v7
v8
Vo
Vi
V2
V3
V4
V5
V6
v7
v8
Vo

Being away

0.606™
0.444*
0.537*
0641
0.600"
0.538*
0.445™
0.552*
0633
0.693*
0.500"
0.687
0.588*
0.596™
0545
0.601*
0.530"
0.506*
0.542"
0543
0.549"
0.583*
0.556™
0.604*
0.399"
0.613*
0.596™
Lo
0.646™
0618
0.647*
0.165
0.687*
0.646™
0618™
0.700*

Extent

0.436"
0.515™
0.208"
0.562"*
0.521**
0.411*
0.480™
0.581**
0615
0.596*
0.491*
0.571*
0.567**
0.538™
0528
0.619*
0.441"
0.538*
0.556*
0.569"
0.429"
0513
0.563*
0.570*
0.454"
0.564*
0581
0.652*
0.660"
0.655*
0.660"*
0.205
0.670"
0.675*
0678
0.698**

Fascination

0.688*
0.441*
0.216
0.504*
0.470*
0.367*
0.378™
0.529*
0.473"
0.454*
0.464*
0.458™
0.457*
0.492™
0.461*
0.507**
0.390"
0.523*
0.439"
0519
0.359™
0.487*
0.430™
0.403*
0.362™
0.514*
0.457**
0.633*
0.662*
0.488™
0.689"
0.160
0.574*
0.689*
0.646™
0.568*

Compatibility

0.665"
0.436™
0.210
0.593*
0.536"
0.287*
0.467""
0.591**
0537
0.499*
0.423*
0.502*
0.510"
0.474™
0.523"
0.562**
0.490"
0.526*
0.616"
0.591**
0.431™
0.510"
0.661"
0.491*
0.493*
0.502**
0.483"*
0.682*
0.620"
0.588™
0.593*
0.212
0.615™
0.662*
0573
0.572**

Total score of RCS

0.665"
0.552**
0.441*
0.695*
0.655*
0.477*
0.557"*
0.703**
0.673"
0.669"
0.600**
0.675*
0.628"
0.623"
0.626"
0.683*
0.584"
0.652**
0.638"
0.658*
0.561*
0.630"
0.642*
0.627**
0.518™
0.678*
0.629"
0.761*
0.708"
0.673*
0.690"
0.224*
0.722"
0.718*
0.696™
0.739*
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Dimension

Being-away (B)

Extent ()

Fascination (F)
Compatibilty (C)

Description

B1 There allows me to temporarily forget
the troubles of work and daily life.

E1 There are many beautiful associations
here.

F1 There's a lot here that appeals to me.

C1 There gives me the opportunity to do
what | love to do.

Scales

01234

01234

01234
01234
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Combinations Birdsong Traffic noise

EY None None
1 70% 30%
s2 50% 50%

s3 30% 70%
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Zone

Laboratory area
Dining area 1
Dormitory area 1
Dormitory area 2
Green square 1

Pass rate of
AESL (%)

28.92
6857
89.87
78.52
14.02

Zone

Dining area 2
Dormitory area 3
Riverside green belt 1
Riverside green belt 2
Dining area 3

Pass rate of
AESL (%)

93.22
79.70
64.63
7151
52.43

Zone

Dormitory area 4
Kindergarten
Sports area

Green square 2

Teaching area 1

Pass rate of
AESL (%)

97.78
100.00
11.44
83.82
73.98

Zone

Green square 3
Teaching area 2
Teaching area 3
Library
Green square 4

Pass rate of
AESL (%)

100.00
69.71

100.00
100.00
100.00
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Evaluative dimension  Evaluation factor Adjective Grading range(0-10 scores) Adjective
Very poor — Very Good

0o 1 2 3 4 5 6 7 8 9 10

Spatial characteristics Walkabilty Poor suitability Good suitabilty
Golor matching Unreasonable Reasonable

Environment greening Plant richness Simple abundant
Environmental Incongruous Congruous
coordination

Psychological perception  Novelty Dull and boring Novel and interesting

Security Dangerous Safe
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(Y]
Noise Exposure

Categories (NEC)

)

Beaufort Wind
Scale (name of
wind force)

Level O (Calm)
Level 1 (Light air

Level 2 (Light
breeze)
Level 3 (Gentle
breeze)

Level 4 (Moderate
breeze)

Level 5 and above
(Fresh breeze and
above)

©
Predicted Mean
Vote Scale

0N =

Noise value (db)

<55

56-63

63-72

>72

Wind speed (m/s)

0-02
03-15

16-33

3454

55-7.9

>80

PMV value

0~0.5

05~15

16~25

25~35
>36

Level of
Acceptance
(the degree of
annoyance
caused by
different sound
pressure
levels)

Level 1, no
annoyance
Level 2, little
annoyance
Level 3, certain
annoyance
Level 4, severe
annoyance

Level of
Influence (the
degree of
influence of
wind power
level on human
body)

Level 1, no feeling
Level 2, not easy
to detect
Level 3, feeling
bashing
Level 4, a small
-amount of hair is
blown away
Level 5, hair is
blown away and
dust swirls in the
air
Level 6, strong
wind and difficult
to walk

Level of
Thermal
comfort

(thermal
comfort of
human body
with different
PMV values)

Level 1,
comfortable

Level 2, warm
Level 3, hot
Level 4, very hot

Level 1, extremely
hot

Score (points)

5-10

0-5

Score (points)

48
810

48

04

Score (points)

8-10
4-8
0-4
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Category

Wind speed measured in 10m height (m/s)
Wind direction (0=N;90=E;180=5;270=W)
Relative humidity in 2m
Specific humidity at model top (2,500 mg/kg)
Initial temperature of atmosphere (K)
Roughness length at measurement site
Soil layer
Sol wetness upper layer (0-20cm)
Soll wetness middle layer (20-50 cm)
Soll wetness deep layer (50-200cm)
Soll wetness bedrock layer (below 200cm)
Initial temperature upper layer (0-20cm)
Initial temperature middle layer (20-50cm)
Initial temperature deep layer (50-200cm)
Initial temperature bedrock layer (oelow 200crm)

Basic setting

79n/s
200

50%
99gkg
306.15K
0.01

60%
65%
70%
75%
308
310
312
314
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Constructs

Attention

Attitude

Perceived Behavioral Control
Subjective Norm

Willingness to Pay

Average scores

AVE* R

GOF = V/AVE x RY)

AVE

1.000
0.485
0.283
0.645
0.626
0.588
0.409
0.639

0.695
0.695
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Hypothesis

Hia
Hib
Hic
Hid

Path

IA— ATT
IA— SN
IA— PBC
IA— WTP
ATT— WTP
SN—> WTP
PBC— WTP

Path coefficient

0.493
0.264
0.489
0.052
0.501
0.260
0.211

t-Value P-value

4.864
2.059
4179
0.638
4.889
3.763
2373

0.000
0.037
0.000
0.527
0.000
0.000
0.010

Results

Yes
Yes
Yes
No

Yes
Yes
Yes
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Construct

0.523
0.571
0.285
0.495

ATT

0.796
0.512
0.873

PBC

0.576
0.833

0.673
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Construct and items

Attitude (ATT)
ATTH

ATT2

ATT3

ATT4

Subjective Norm
(SN)

SNt

SN2

SN3

Perceived
Behavioral Control
(PBC)

PBC1

WTP3
Information
Attentiveness (IA)

Factor
load

0.343
0345
0.247
0.254

0.410
0.345
0.369

0.360
0.482
0.405

0.388
0.343
0.364
1.000

Cronbach
alpha (CA)

0.856

0.868

0716

0900

1.000

Composite
reliability
(CR)

0.901

0919

0.840

0.937

1.000

Average
variance
extraction
(AVE)

0.697

0.791

0.638

0.833

1.000
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Construct

VA
ATT
PBC
SN
WTP

Mean

051
4.94
497
3.96
472

sD

0.03
1.46
1.33
1.12
128

VA

1.000
0.493
0.489
0.264
0471

ATT

0.835
0.636
0.460
0.780

PBC

0.799
0.461
0.674

SN WTP
0.889
0602 0913

IA, information attentiveness; ATT, attitude; PBC, perceived behavioral control; SN,
WIP willngness to pay.

subjective nort
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Description

Gender

Age

Education

Health condiitions

Health status of
family members

Items

Male

Female

20 orless

20-30

30-40

40 or more

High school and below
Specialist college
Undergraduate degree
Measter's degree and higher
Physical health
Gurrent recovery from
past medical history
Selt-feeling sub-health
Physical health
Ghronic diseases.

In-hospital treatment

Frequency
(percentage)

32 (49.2)
33(50.8)
6(0.9)
53(815)
3(4.6)
3(4.6)
1(1.5)
2(31)
37 (56.9)
25(38.5)
51(785)
2(3.0)

12(185)
57(87.7)
6(9.2)
2@3.1)
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Construct

Attitude (ATT)

Subjective
Norm (SN)

Perceived
Behavioral
Control (PBC)

WTP for
healthy

housing (WTP)

Items

(ATT1) | think healthy housing consumption is
necessary.

(ATT2) I think healthy housing consumption is a
good idea.

(ATT3) think healthy housing is safe.

(ATT4) | think healthy housing has advantages over
traditional housing.

(SN1) My family thinks | should be spending on
healthy housing rather than traditional housing.
(SN2) My close friends think that | should be
spending on healthy housing rather than traditional
housing.

(SN3) Most people who are important to me think
that I should be spending on healthy housing rather
than traditional housing.

(PBC1) I believe | can afford healthy housing over
traditional housing whenever | want.

(PBC2) | see myself as capable of healthy housing
consumption in the future.

(PBC3) | have the resources, time and willingness to
make healthy housing consumption.

WTP1) I would like to make healthy housing
consumption.

(WTP2) | would like to live in healthy housing.
(WTP8) I would like to recommend healthy housing
to my family and friends.

Reference

(43)

(44)

“3)

(45)
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Variables

Population
density
Land use
mix

Street
connectivity
Destination
accessibilty
Distance to
transit

3-d
perception

Physical
activity

—0.108*

0.075%

0.011

0.027

0.075*

0357

Social

interaction

—-0.160"

0.066

0.080

0.012

0.087*

0.223

Self-rated health

Direct effect

0.009

0.054*

0.043

—0.007

0.039

—0.024

Notes: N =2,778. P < 0.01, "P < 0.05, *P < 0.1,

Indirect effect

Physical
activity

-0.003

0.002

0.000

0.001

0.002

0.010

Social
interaction

-0.018"

0.008

0.009

0.001

0.010

0.025

Chronic disease

Direct effect

-0.003

—0.115"

-0.129"

0.039"

0.108%

—-0.047

Indirect effect

Physical
activity

0.024*

—0017*

-0.003

—-0.006

-0.017*

-0.079"

Social
interaction

0.034*

0014

-0.017

—-0.003

-0.018

—0.047

Direct effect

-0.035

0.004

0.031

—-0.059"

—0.004

-0.278"

Loneliness

Indirect effect

Physical
activity

0.008*

—0.005
—0.001

-0.002
—0.005*

—-0.026*

Social
interaction

0.007

—0.003

—0.004

—0.001

—0.004

-0.010

Subjective wellbeing

Direct effect

—-0.100"

—-0.054

-0.052

0.046*

0.089

-0.088

Indirect effect

Physical
activity

-0.020"

0.014*

0.002

0.005

0.014*

0.067%

Social
interaction

—-0.038"

0.016

0.019

0.003

0.021*

0.053
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Variables Physical  Social Self-rated health Chronic disease Loneliness Subjective wellbeing
activity  interaction

Directeffect  Indirecteffect  Directeffect  Indirecteffect ~ Directeffect  Indirecteffect ~ Directeffect  Indirect effect
Physical  Social Physical  Social Social Physical  Social
activity  interaction activity  interaction interaction activity  interaction

Population —0.164"  -0.189"  -0015  -0006'  -0014" 0052 0024* 0081  -0040 0007 0.005 0022 -0027*  -0.086"

density

Land use mix 0.054* 0,042 0.060" 0.002 0004 -0041  -0008"  -0009 0.024 -0003  -0002  -0023  0.009" 0011

Street 0038 0079* 0.040* 0,001 0008 -0.418"  -0008  -0.017° 0022 -0002  -0003  -0017 0.007 0.020*

connectivity

Destination 0.006 0.038 ~0.002 0.000 0,004 0.038" ~0001 -0008  -0047° 0000 —0.001 0.056" 0.001 0010

accessibilty

Distance to 0407 0.069" 0025 0.004" 0.007* 0070 -0017*  -0016'  -0001  -0005°  -0003 0.067 0019 0018"

transit

3-dperception  0.286" 0.184 ~0.083 0,010 0019 -0036  -0044'  -0040  -0254*  —0013' 0007 0449  0.050' 0.047

N=2778.""P <0.001, "P < 0.01, P < 0.05, *P < 0.1. All models controlled for individual sociodemographic variables, whose coefficients are not shown in the table due to space constraints. Same below.





OPS/images/fpubh-10-801023/fpubh-10-801023-t006.jpg
Zone

Laboratory area
Dining area 1
Dormitory area 1
Dormitory area 2
Green square 1

Area ratio of
HTZ (%)

4.90
1.43
021
0.23
280

Zone

Dining area 2
Domitory area 3
Riverside green belt 1
Riverside green belt 2
Dining area 3

Area ratio of
HTZ (%)

0.17
0.23
0.68
0.58
0.19

Zone

Dormitory area 4
Kindergarten
Sports area

Green square 2

Teaching area 1

Area ratio of
HTZ (%)

0.32
057
87.44
54.69
10.20

Zone

Green square 3
Teaching area 2
Teaching area 3
Library
Green square 4

Area ratio of
HTZ (%)

17.07
3.91
3.16
1.60
0.76
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Zone

Laboratory area
Dining area 1
Dormitory area 1
Dormitory area 2
Green square 1

Area ratio of
WZ (%)

206
1.40
7.36
8.23
12.12

Zone

Dining area 2
Domitory area 3
Riverside green belt 1
Riverside green belt 2
Dining area 3

Area ratio of
WZ (%)

6.64
18.37
6.28
10.41
6.16

Zone

Dormitory area 4
Kindergarten
Sports area

Green square 2

Teaching area 1

Area ratio of
WZ (%)

2212
15.79
1.39
12.72
2831

Zone

Green square 3
Teaching area 2
Teaching area 3
Library
Green square 4

Area ratio of
WZ (%)

410
14.26
13.79
17.87
8.69
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STEP 1. Experiment preparation
STEP 2. Eye tracking experiment
STEP 2. Questionnaire
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Administrative

boundaries

Self-rated health

Ghronic disease

Loneliness Destination
accessibity
(-0.073")

Subjective Street connectivity

welloeing 0.110%),
Destination
accessibiity
(0.074%)

300m buffer

Street connectivity (0.057°)

Street connetivity
(-0.096")

Destination accessibiity
(~0.038)

Destination accessibility
0.056")

N=2778.""P < 0.001, “P < 0.01,"P < 0.05, *P < 0.1.

500 m buffer

Land use mix (0.066"),
Street connectivity (0.049°)
Population density (0.106"),
Street connectivity
(=0.141%)

Destination accessibilty
(~0.049"), 3-d perception
(-0.275")

Population density
(~0.084"), Destination
accessibilty (0.065™),
Distance to transit (0.104")

800m buffer

3-d perception (0.169")

3-d perception (~0.337")

Destination accessibiity
(~0.018"), 3-d perception
(-0.122)

3-d perception (0.168")

1,000m buffer

Distance to transit
(0.136%)

Distance to transit
(-0.239")

Destination accessiblty
(~0.023)

Destination accessibility
(0.049")
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Variables Mean (SD)

Administrative 300m buffer 500m buffer 800m buffer 1,000m butfer
boundaries

Population density 2.75 (2.49)

Land use mix 057 (0.20) 0.7(0.20) 0.72 (0.20) 0.74(0.20) 0.75 0.20)
Road network density 5.44/(3.35) 550 (2.71) 5.46 (258) 5.46(2.52) 551(2.49)
Intersection density 21.72(34.02) 28.94(25.32) 28,03 (22.67) 28.36 (22.38) 2831 (22.08)
Commercial acilty density 32,01 (32.32) 30.72 (22.36) 2962 (2031) 29.81(19.82) 29.23(19.48)
Recreational facilty density 381(6.52) 331(3.47) 325 (2.80) 3.12(2.52) 3.05 (2.45)
Leisure facilty density 260 (5.10) 2,64 3.11) 260 (2.74) 273 2.41) 268 (2.19)
Medical facility density 7.13(8.98) 6.42 (4.54) 633 (4.20) 6133.77) 5.85 (3.50)
Bus stop density 4.00(103.58) 4.40 (2.89) 412 2.27) 416 (2.29) 447 2:21)
Subway station density 0.18(0.89) 0.47 (0.60) 0.44 (0.38) 0.40 (0.32) 0.40 (0.31)
Green visibilty rate 050 (0.21) 056 (0.15) 056 (0.15) 057 (0.14) 057(0.14)
Sky visibility rate 0.11(0.08) 0.12(0.07) 0.12 (0.06) 0.12 (0.05) 0.11 (0.05)

Buiding visibilty rate 0.39(0.20) 0.33(0.12) 033 (0.12) 032(0.12) 031(0.12)
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Variables

Socio-demographic variables
Gender

Male

Female

Age

60-69

70-79

80+

Number of family members living
together

Educational attainment

No formal education

Primary school

Middle school

High school

Postsecondary school
College/university

Total annual household income (ten thousands RMB)

<1

1-3

35

5-10

>10

Medical examination habits
Yes

No

Healthy activities
Physical activity
Social interaction
Health outcome
Self-rated health
Chronic disease
Loneliness
Subjective welbeing

Mean (SD)/N (%)

1,808 (47.01%)
1,472 (52.99%)

1,564 (56.30%)
815 (29.34%)
399 (14.36%)

2.72(1.25)

133 (4.79%)
520 (18.72%)
927 (33.37%)
529 (19.04%)
317 (11.41%)
352 (12.67%)

69 (2.48%)
231 (8.32%)
412 (14.83%)
1,089 (39.20%)
977 (35.17%)

1,830 (65.87%)
948 (34.13%)

4.02/(1.35)
1.03 (1.06)

3.44(0.77)
1.67 (1.29)
1.19/(0.45)
4.08(0.72)
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Frailty
B P
Intermediate variables
Quality of lfe (CG) 055
Senvice use (GR) —-0.25 *
Covariates (CR)
Age 006 *
Gender 005t
Homestay -004 ¢

Outcome variables

ADL

025
-0.32

0.10
0.07
-0.09

IADL
P B
e 0.34
0.17
N 0.12
N 0.09
-0

CG, caregiver; CR, care recipient/frail older adults; GR, both frail older adults and

caregivers. *P < 0.05, **P < 0.01,

‘P < 0.001.
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Dimensions

Density

Diversity
Design

Destination accessibility

Distance to transit

Three-dimensional
perception

Measure

Population density

Land use mix
Road network density
Intersection density

Commercial facility
density

Recreational facilty
density

Leisure facity density
Medical facilty density

Bus stop density
Subway station density
Green visibilty rate

Sky visibilty rate
Building visibilty rate

Definition

Count of resident population/area of neighborhood administration (10,000
people/km?)

= inﬂkﬂ®
Length of road/area of buffer (km/km?)
Number of intersections with 3 or above/area of buffer (pos/km?)
Number of food, shopping and finance facilities/area of buffer (pes/km?)

Number of culture and entertainment facilties/area of buffer (pcs/km?)

Number of parks, squares, gymnasiums and gyms/area of buffer (pos/km?)

Number of pharmacies, neighborhood hospitals and general hospitals/area
of buffer (pcs/km?)

Number of bus stops/area of buffer (pos/km?)
Number of subway stations/area of buffer (pcs/km?)

Ssin 30 sin[”“;;"}a,‘@

@ K (number of land-use types within bufler ), P+ (proportion of land-use types of type k within buffer ) (48). The formula for land-use mix presented ranges from 0 to 1, and a high

score indicates high heterogeneity of land use.

@ | the fisheye image, n is the total number of divided concentric rings, iis the ring index, which represents the angular width of greenery, sky, and buildings within the ith ring.
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v Intermediate variables

QoL (CG) Service use
B P B P
Intramediate relation (GR)
Service use 0.24 e
Environment variables (GR)
Facilities -0.03 - 0.14 .
Grocery -001 N 012 &
Transit o111 - -0.31 N
Greenery -069 . 0.19
Individual variables
Senice need (CR) 009
Care stress (CG) 006 = 001 :
Covariates (CG)
Age -0.02
Gender -066
Education -0.07
Covariates (CR)
Age 006 .
Gender -0.05 :
Homestay 003 :

CG, caregiver; CR, care recipient/frail older adults; GR, both frail older adults and
caregivers. *P < 0.05, **P < 0.01, ***P < 0.001.
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Overall statistics

Estimator ML
Optimization method NLMINB
Number of model parameters 30
Number of observations 969

Model index
Test statistic 1002.829
Degrees of freedom 45

P-value (Chi-square) <0.001

Model fit index
Akaike (AIC) 2400099
Bayesian (BIC) 24286.44
Sample-size adjusted Bayesian (aBIC) 2414438
Root Mean Square Error of Approximation (RMSEA) 0078
Standardized Root Mean Square Residual (SRMR) 0046
Comparative Fit Index (CFI) 0.957

Tucker-Lewis Index (TLI) 0.873
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Key variables

Outcome variables
Fraily (CG)
ADL (CG)
1ADL (CG)
Intermediate variables
Quality of e (CG)
Senice use (CR)
Environment variables
Senice facilties (GR)
Grocery (GR)
Transit distance (GR)
Greenery (GR)
idual variables

In
Caregiving stress (CG)
Senice need (GR)

Covariate variables

Frail older adlults (CR)
Age

Gender
Female
Male

Living arrangement
Living separately
Living together

Caregivers (CG)

Age

Gender
Female
Male

Education
None
Primary
Secondary
College
Graduate or above

Mean (SD)

14.5 (4.40)
451(1.73)
7.11(2.59)

307 (2.02)
1.07 (1.13)

10.1(7.67)
285(26.2)
606 (959)

0.266(0.169)
12,5 (5.18)
372(1.78)

81.1(8.33)

70.1(10.8)

Median [Min, Max]

14.0[3.00,27.0]
5.00 [1.00, 6.00)
800(1.00,10.0)

8.00(1.00, 6.00]
1.00 0, 5.00)

9.00 0, 33.0)
250(0, 135)
587 [1.06, 2086]
0229 [0, 0.856)
12.0(5.00,25.0]
400 [0,9.00)

82.0(58.0, 105]

71.0[29.0, 100]

N (%)

364 (37.6%)
605 (62.4%)

48 (5.0%)
921 (95.0%)

780 (80.5%)
189 (19.5%)

109 (11.2%)

388 (40.0%)

377 (38.9%)
85 (8.8%)
10 (1.0%)

CG, caregiver; CR, care recipient/frail older adults; GR, both frail older adults and

caregivers.
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The 1st-grade index

Interaction efficiency

Eye movement characteristics

Mental stress changes
System usabilty

The 2nd-grade index

Searching time
Reading time

Total task completion time
Reading accuracy
Fixation times

Fixation duration

Pupil diameter

Heart rate

SUS score

Description

The period from the beginning of scanning to the time when the subject discovered the target dial

The duration from the beginning of reading the instruments to the end of reading

The sum of the searching time and reading time

The ratio of cases being read correctly to the total number of reading times

‘The average number of fixation times of the subjects under each dashboard during the reading process
The average fixation time of the subjects under each dashboard during the reading process

The average pupil diameter of the subjects under each dashboard during the reading process

The frequency of heart contraction (times/min), which was taken every 3s

The subjects assessed the 10 items in the scale and caloulated the score.
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Emotional response

Cogitive response

Behavioral response

Spearman'stho proportion of sky element

average distance from the GCP'
of sky element to the CPP

average distance from the GCP
of hard paving element to the
oPP

Correlation coefficient
Sig. (2-tailec)
Correlation coefficient
Sig. (2-tailed)
Correlation coefficient

Sig. (2-tailed)

0.001
-0.327

0.160

0.003

0.033

0.001
-0.378

0.100

“Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).
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TFD of sky element TFD of facade element

TFF of landscape space element

Average pupil size

Spearmans tho  Saturation of picture ~0322 [ -oser |

Sig. (2-tailed) 0.166 0.006
Brightness of picture  [IOBATE ] 0265
Sig. (2-taled) 0014 0259

0.005
0.353
0.127

—0.150
0.527

0.026

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-t

iled). TFD, Total Fixation Duration; TFF, Time to First Fixation.
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TFD of sky TFD of facade TFD of TFFofhard  TFF of facade APS

element element landscape paving element
space element
element
Spearman's tho  average distance fom  Correlation ~0071 0.089 0.115 0.167 0393

the GCP of sky element  coefficient
to the CPP

Sig. (2-tailed) 0.767 0.710 0628 0.481 0.087
average distance fom  Correlation 0222 0.338 ~0.366
the GOP of facade cosfficient
element to the CPP

Sig. (2-tailec) 0347 0.145 0.113
average distance fom  Correlation 0323 0375 0312 0258
the GCP of landscape  coefficient
space element to the
cPP

Sig. (2-tailec) 0.180 0273
average distance fom  Correlation 0283 ~0.256 0.093 0.183
the GCP of hard paving ~ coefficient
element to the CPP

Sig. (2-tailec) 0.003 0227 0.276 0.047 0607 0.440

“Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed); TFD, Total Fixation Duration; TFF, Time to First Fixation; APS, Average Pupil
Size; GCP, Geometrical Center Point; CPP, Center Point of the Picture.
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Crisis
group

Vietim
crisis

Accidental
crisis

Preventable
crisis.

Crisis
degree

Smaller

Medium

Larger

Crisis type

Malicious medical disturbance

Internet rumor

Emotional office abuse

Query

Technical fault accident

Technical negligence for product damage
Human negligence accident

Human negligence for product damage
Misdiagnosis

Violation of medical ethics

Explanation

Malicious medical disturbance by patients and their families

Spreading false-negative information on the Internet

MHI staffs are treated unfairly

Gitizens questioned MHI charges, services, etc.

A certain probability of medical accidents directly caused by equipment, technology, etc.

A certain probabilty of side effects such as surgery and medicine

Medical malpractice directly caused by man-made

Injury caused by human negligence in medicine, services, etc.

Doctor's misdiagnosis and hamm to patients

Doctors abuse patients or privately receive gifts and other behaviors that violate medical ethics
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Crisis group

Victim crisis

Accidental crisis

Preventable crisis

Crisis type

Natural disaster

Rumor

Emotional office abuse

Product tampering

Query

Technical fault accident

Technical negligence for product damage
Hurman negligence accident

Human negligence for product damage
Organizational misbehavior

Responsibility
degree

Minimal crisis
responsibilty

Lower crisis
responsivilty

Higher crisis
responsivilty
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Name of elements PofLs Pofs PofF PofHP

APS vip 0,069 05651 0.898
SRC -0013 0126 [ i |
APS = ~0.322 x P of $+0.174 x P of HP

TFD of HP vip 0748 0718 0579 1612
SRC -0.188 -0.179 0.145
TFD of HP =0.405 x P of HP

TFDof F vip 1412 0599 1.241 0.930
SRC -0.160
TFDof F = ~0278 x P of LS+0.310 x P ofF+0.282 x P of HP

TFDofL vip 0.938 0.767
SRC 0.147
TFD of L = 0180 x P of LS~0.191 x P of F~0.239 x P of HP

TFDof S vip 1373 0.431 0078
SRC 0075 -0014
TFD of S = ~0.240 x P of LS+0.242 x P of F

TFF of HP vip 1263 0172 1017
SRC -0.027 0.159
TFF of HP = ~0.197 x P of LS+0.181 x P of F+0.159 x P of HP

TFFof F vip 0.993 0.783 1.161 1.026
SRC ~0.429 | otes |
TFF of F = ~0.163 x P of LS+0.191 x P of F40.168 x P of HP

TFFof L vip 1.452 0515 1118 0613
SRC 0279 0099 0118
TFFof L= -0.279 x P of L§+0.216 x Pof F

TFFofS vip 0552 1513 0,600
SRC ~0.089 ~0.096
TFF of S = 0,164 x P of $+0.243 x P of F

APS, Average Pupil Size; TFF, Time to Fist Fixation; TFD, Totel Fixation Duration; R, Proportion; LS, Landscape Space Element; S, Sky Element; F; Facade Element; HR, Herd Paving

Element; VIR, Variable Importance in Projection; SRC, Standardized Regression Coefficient; The bold value in VIP line is >0.8;

, The coefficient used in regression equation.
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Average pupil

size
Speaman's ho Age Correfation —0.504
coefficient
Sig. (2-tailec) 0,000

“Correlation is significant at the 0.05 level (2-tailed). **(

orrelation is significant at the 0.01 level (2-tailed). TFF, Time to First Fixation;

TFD of
landscape
space
element

-0.304"

0.008

TFF of facade
element

0.242%

0.035

TFD, Total Fixation Duration.

TFF of hard
paving
element

0.313™

0.006
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Level 1 indicators

MHI reputation index

Crisis response index

™

9.61

UH

9.156

7.7

MHI score

2N

6.07

86

RM

7.46

6.4

MC

6.81

6.15

Level 2 indicators

SR
BR

DR

Response efficiency
Response effectiveness

™

1054
9.65

5.67

UH

8.48
11.02
8.78

7.33

MHI score

2ZN

6.88
1001
426

7.67

RM

7.46
97
6.65

6.67

MmC

5.62
7.22
721
85

4.33
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Gender APS (M & SD)

Male (n = 41) 336073
Female (1 = 35) 3.75+068
Box plot §
—_
[
Es
(e 2
< 1
o
Male Female
F 5.680
P 0.020°

*p < 0.05, M, Mean; SD, Standard Deviation.
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Dependent variable Mean difference (1-J) std. error sig.

Bonferroni TFD of landscape space element N D 1.50958 5.16220 1.000
i I g ocee

Average pupil size B N —028190 0.18250 0.380

A 0.18590 0016

N D 028190 0.18250 0380

A 0.18055 0000

istrator; TFD, Total Fixation Duration.
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Area name

§ Luogu Ln (Residential area)

Nation stadium (Sports area)

International trade centre (Business area)

Sanlitun (Shopping /entertainment area)

Road name

Gulou E Ave
Di'anmen E Ave
Jiaodaokou S St
Di'anmenwai Ave
Nation Stadium Rd

N 4th Ring

Beichen E Rd

Beichen W Rd
Jianguomen Outer St
Tonghuihe Rd

E3rd Ring

Henghui Rd

Yaxiu Rd
Gongrentiyuchang N Rd
Sanlirun Rd

Xindong Rd

Number of lanes

[ T O N S - S CHNIY CRp TN

Length of road (km)

1
0.82
0.82

12
1.2
11
1.1
05
047
045
05
043
043
024
0.24
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Occupation ~ TFD of L (M & SD) APS (M  SD)

Doctor 75.44 £ 16.56 3.62+069
(n=24)
Nurse 77.04 £ 1651 390+0.75
n=27)
Administrator 63.64 £ 22.51 3084047
(n=25)
Box plot 100 5
B 8 —4
= £
60 £3
=
5 £
a & 2
= <
20 1
o o
D N A D N A
F 4009 10.442
P 0022" 0.0001"

'p < 0,05, 'p < 0.01; TFD of LS, Total Fixation Duration of Landscape Space Element;
APS, Average Pupil Size; M, Mean; SD, Standard Deviation.
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GCP of LS
—o

>

GCP of LS 2
g

Do

Picture

Fixation diagram
of sample
picture

LS, Landscape Space Element; S, Sky Element; F.

Facade Element; HP, Hard Paving Element; GCP, Geometrical Center point; D, Distance.
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Male
Female

Gender

M
35

Age

53.9% Under 20 4

46.1% 21-30 31
31-40 28
41-50 6

51-60 7

5.26%
40.79%
36.84%
7.89%

921%

Unit: Number of people

Occupation
Doctor 24
Nurse 27

Administrator 25

31.6%
35.5%
32.9%

Average age

35.83
27.22
36.72

Male

22 (91.67%)
2(7.41%)
17 (68.00%)

Female

2(8.33%)
25 (92.50%)
8 (32.00%)
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Reputation  MHI Reputation Reputation
positioning management index management
strategies
Robusttype  TJ 870 Resist
Robust type UH 8.65 Resist
Gowthtype  RM 7.09 Adopt Resist
(Victim crisis)
Rebuild
(Accidental crisis)
Defend
(Preventable crisis)
Fragile type MC 658 Defend

Sensitive type  ZN 695 Rebuild
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Model Log likelihood LR? Threshold value Conclusion of the

hypothesis test ¢
Morning-peak model = Off-peak model Evening-peak model ~ Sum Combined model
1 -2662.492 -3014.1365 - -5676.6285  -6234.2135 111547 15086 Reject
2 -2662.492 - -4610.381 ~7272.873 -8662.6525  2779.559 15,086 Reject
3 - -3014.1365 -4610.381 76245175 -8010.607 772479 15.086° Reject
4 -2662.492 -3014.1365 -4610.381 -10287.0005  -11984344  3394.669 23.209¢ Reject

2LRis the abbreviation of the log likelihood ratio.

©The threshold value represents the Chi-square criticel value with & degrees of freedom at 9% confidence level.
©The threshold value represents the Chi-square critical value with 10 degrees of freedom at 99% confidence level.
9INull hypothesis test at 9% confidence level.
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Factors
Morning-peak
hours
Constant -5.536 (0.335)
EROR 2:83(0.12)
RPD 3549 (0.24)
TCTH -0.217 [0.013]
ALP 16.802 [0.405]
0 -0.000255
0.000014)
Number of 25,923
observations
2 Log likelihood 5324.984
Cox&Snell R Square 0.525
Nagelkerke R 0.706
Square

Coefficient? [Std.Err]?

Off-peak Evening-peak
hours hours
4.619 [0.321) 2.422 (0.262)
24350006 2338 (0.073
2219(00301)  8.421(0.273)
-0.368(0.015]  -0.122[0.012]
3.405[0558 3926 [0.251]
-0.001 -0.000107
0.000086) 0.000022]
22,507 16,864
6028.273 9220762
0.429 0.240
0550 0320

2All parameters are at a 9% confidence level.

bThe values in bracket represent the standard errors of the candidate variables.
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Type A
Type B

Type C

Type D

Searching time
Reading time
Reading accuracy
_cons

Searching time
Reading time
Reading accuracy
_cons

Searching time
Reading time
Reading accuracy

_cons.

Coef.

(base outcome)
-3.68
2203
-3016
0015
5248
-364
-5.022
291
6.967
-5.963
-8.848
5686

Std. Err.

1.448
1.112
2.745
2.243
2.124
1.626
3.374
2818

263

197
4414
3.163

z

—2.54

11
0.01
247
-2.39
~1.49
1.03
265
-3.03

18

P>

0.011
0.046
0272
0.995
0.013
0.017
0.137
0.302
0.008
0.002
0.045
0.072
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Candidate factor VIF Sqrt(VIF) Tolerance

RPD 1.385 1.18 0.722
RLP 1.162 1.08 0.861
EROR 1.027 101 0974
ED 1.046 1.02 0.956
TCTH 1251 112 0799

RPD, Relative Passenger Demand; AL, Regional Likelihood of Pick-ups; EROR, Expected
Rate of Return; ED, Enroute Delay; TCTH, Traffic Condition of Target Hotspot.
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Variables (n = 58)

AFD ()
A_FT (times)
A_PD (mm)
A_SUS
BFD(S)
B_FT (times)
8_PD (mm)
B SUS
C_FD(s)
C_FT (imes)
C_PD (mm)
C_sus
D_FD (5)
D_FT (times)
D_PD (mm)
D_sus

Mean

1.029
7.766
3.193
84.612
1.129
7.364
356
81.595
1.378
8.029
4.025
78,578
1.061
8.06
3.828
80.862

Std. Deviation

0.131
1.567
0577
3.529
0.133
1.197
0.42
3.796
0.18
1.819
0.351
4192
0.098
1.085
0512
3.161

Minimum

0.704
4.116
1.836
775
0818
4.886
281
5
0977
3.871
3.233
67.5
0.835
5.426
287
725

Maximum

1.243
11.285
4.466
926
1.377
10.59
4.572
90
1.739
12.132
4.79
875
1.284
9.877
5.199
87.5
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Model Time periods

Morning-peak hours  Off-peak hours  Evening-peak hours

1 M v

2 M v
3 v v
4 v v v
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t-values Type B

Type A —7.461"

Type B
Type C

*p < 0.05;

Type C

—6.42"
2.536"

3.862"
299"
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1: Forh € N¢ (H) do
2 If v, = 0 then
rd=max {cd_H,d (x(H’,x(”)) }

k)

4 If r, = UNDEFINED then

5 Setry, =rd

6: Insert h into seedlist and sort seedlist in
accending order

7 Else

8 If rd < ry, then

9 Setry =rd

10: Insert h into seedlist and sort seedlist in
accending order

11: EndIf

12: EndIf

13: EndIf

14: EndFor
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t-values

Type A
Type B
Type C

*p < 0.05;

Type C

—2.76™
-7.765™

Type D

—7.669"
-9.118™*
-8.736"*
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1: //Initialization//

2: Given parameter &, MinPts

3: Generate N, (i) and ¢;, i = 1,2..., N

4: Setk=1,v; = 0,r; = UNDEFINED, i = 1,2..,N
5: Set] = {1,2,...,N} and seedlist = &

6 //OPTICS//

7: While I # @ do

8: Getan element i € I and set I = I\ {i}

9:

If v = 0 then
10: Setvi=1,py =i andk=k+1
11: If INe (i)| > MinPts then
12: insertlist
(Ne Gy, vl A s cis seedlist)
13 ‘While seedlist # 2 do
14: Get the first element j € seedlist
15: Setvj=1,py =j,andk =k+1
16: If |N: (j)| > MinPts then
17: insertlist
(Ne () > il > it o, seedlist)
18: EndIf
19: EndWhile
20: EndIf
21: EndIf

22: EndWhile

3. Output P = (P}

24: //OPTICS Clustering Extracting//
25: Given parameter 2 (£ < ¢)

26: Set clusterID = —1,and n = 1

27:

28: i

29: If rt > € or ry = UNDEFINED then
30: If ¢; # UNDEFINED and ¢; < % then
31 clusterID = n

32 n=n+1

33: my = clusterID

34 Else

35 my=—1

36: EndIf

37: Else

38: my = clusterID

39: EndIf

40: EndFor

41: Output M = {m}|
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Gender

Male
Female

Age
23-29 years old
30-36 years old

31
27

46
12

%

53.45
46.55

%
79.31
20.69

Driving experience

35 years
5.1-10 years

More than 10 years
Education

College and University
Master

Ph.D

39
17

32
18

67.24
20.31
3.45
%
56.17
31.04
13.79
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Exit number

Finally
used/s

1 158.4
2 178.8
3 1732
4 159.5
5 92.4

6 1039
7 168.9
8 173.6
9 1792
10 162.8
11 104

12 104.3

Before optimization

Total
people/pers

267
406
405
342
248
251
318
470
47
319
248
299

Flow
rate/(ped/m/s)

0.81

112
118
1.08
1.42
121

1.02
1.29
1.36
0.98
126
1.39

Finally
used/s

1582
154.8
1521
153.1
160.3
151.4
167
160.3
157.9
158
159.8
1575

After optimization

Total
people/pers

360
211
221
351
400
358
390
305
272
435
367
373

Flow
rate/(ped/m/s)

1.07
0.68
o7
1.15
1.29
1.16
1.29
095
0.89
131
1.09
1.20
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Types

Normal person
Midly disabled person
Severely disabled person
Complete disabled person

Plane projection
width/mm

357~450

367~441
760
900

Velocity/(m/s)

05~1.4
0.3~1.1

Reduction
factor

0.7
0.4
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Number of exits

Width/m

220

21

215

2.06

2.02

214

2.05

2.19

201

10

212

11

203

220
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Forms

Evacuate from the
upper floor

Evacuate from the
middle

Evacuate from the
ground floor

Evacuate from
both sides

Composite
evacuation

Schematic

Features

(1) The space utiization rate
of the auditoriumis very high.
(2) Great physical
consumption for evacuees
during evacuation.

(1) The average evacuation
distanceis short.

(2) Because of the space
occupled by the evacuation
exit, the high-rise stands.
need to be raised to a
certain height.

(1) There is no need to set
stairs for high-rise evacuees.
(2) Confluence phenomenon
exists in the evacuation
process.

Ramps, compared with
stairs, can reduuce physical
consumption during
evacuation.

A composite evacuation
form s a combination of two
or more of the above forms.
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Category Sub-division | Measurements

Land use Landuse type | Percentage/areas of residential land use
Percentage/areas of office land use
Percentage/areas of industrial land use
Percentage/areas of commercial land use

Percentage/areas of green land use

Mixture of land | Entropy index of land use
use

Activity-related | No. of shopping malls
sites/Points of | No. of/presence of universities/schools

Interest (POIs) | No, of/presence of parks
No. of recreation sites
No. of restaurants

No. of retail stores

Transportation | Urban road Presence/length of bicycle lanes.
system Length of main/rmeajor road

Length of branch/minor road
Length of highway/regional road
Presence of a paved trail

No. of street intersections

Transit No./presence of subway/rail stations.
Length of subway/rail

No. of bus stops

Length of bus lines

Bike share No. of bike share stations.
facilty Capacity of docks
Urban design | Amenity Street tree/shadow

Street light/lamp

Accessibilty Distance to city government
Station distance to CBD
Transfer distance to transit

Urban form Density Population/household density

Employment/job density
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_Type of evacuees Normal Mild disabled Severe disabled Complete disabled Total Evacuation

~ person person person person level
Floor TR

Impatient Department 131 7 " 3 150 /
Dermatology Department 121 12 1 1 135 |
Respiratory Department 65 18 4 1 89 1
Neurology Department 7 22 5 2 &7 1
E.N. T. Department I 2 5 3 11 1
Endocrinology Department 8 3 6 3 130 1
Neurosurgery Department a7 52 8 6 12 I
Cardiovascular Department 38 6 6 5 107 I
Plastic Surgery ] 36 9 7 Bl I
Oncology Department 66 %2 14 6 118 I
Surgery Department 51 15 27 8 101 i
Pedatric Department 76 14 31 2 123 "
Orthopedics Departrent 28 36 2 8 o7 "
Gynaecology and Obstetrics 55 26 19 17 17 1
Cardiothoracic Surgery 49 35 16 21 121 "
IcU 29 34 13 28 104 n
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Tvalue

LN Daily ridership weekday 0660
weekend 0.634*
LN ridership in morning Morning peak ~ 0.525™
peak hours (7-9 am) Exit_poak 0.706™
Enter_peak 0,053
LN Daily ridership per capita  weekday -0.096
weekend —0.087

O value

0.612*
0.558"
0.501*
0.660"*
0.008
—0.340"
—0.340"

D value

0580
0551
0.474*
0543
0.159**

—0.201*

-0.191*

*Significant at 0.1 level: **significant at 0.05 level; TOD, Transit-oriented development.

ToD
performance

0.669**
0.629"
0.543*
0.694**
0.110*
—0.246"
—0.234*

LN
resident
density

0.431*
0.367*
0.361*
0.470"
0.121*
—0.658"
—0.654"

N
employment
density

0514
0.429"
0.406*
0.677"
-0.076
-0.347*
-0.377*
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Indicator

T1 Number of metro lines
T2 Metro frequency

T3 Accessibility of the metro station

T4 Number of bus stations
T5 Number of parking lots

O1 Density of road network (to represent block size)
02 Density of pedestrian network
08 Accessibility of pedestrian network

04 Entrance and exit
05 Intersection density

D1 FAR (floor area ratio)

D2 Density of Pols
D3 Function mixture

D4 Employment density
D5 Population density

Pols, Points of Interest.

Indicator description

The number of rail transit lines serving the site

“Train frequency during non-peak hours at the station on
weekdays

The average betweenness centralty value of the lines.
connecting to the station
Number of bus stops within 500m of the station area

The number of parking lots within 500 m of the station
area

The density of the road centeriine within 500m of the
station area

Pedestrian road network density within 500 m of the
station area

Average betweenness centralty value within 500 m of
the station area

Exits number of each station

Intersection density of road centerline within 500 m of the
station area

The ratio of the gross floor area of buildings and the total
buildable area

‘The density of Pols within 500m of the station domain
Diversity of Pols within 500 m of the station domain
Employment density within 500m of the station area

Resident population density within 500 m of the station
area

Data sources

Shanghai metro official website
Shanghai metro official website

Shanghai metro official website

Gaode Pols
Gaode Pols

OsM
Baidu network
Baidu network

Shanghai metro official website
osm

Baidu built environment data (building plots)

Gaode Pols
Gaode Pols
Third Economic Census in 2013

Population census of Shanghai in 2010





OPS/images/fpubh-10-820694/fpubh-10-820694-t001.jpg
Literature

01 Bertolini (47)

02 Reusseretal. (41)

03 Gongalves and
Portugal (66)

04 Cervero and Murakami

©7

05  Srikanth (68)

06 Chorus and Bertolini
©9)

07 Zempetal. (70)

08 Atkinson Palombo and

Kuby (71)

09 SungandOh(72)

10 anetal (73)

1 Song and Deguchi (74)
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27 Suetal (65

T (transportation)

- Number of directions served by
train

- Daily frequency of train services

- Number of train stations within
45 min of travel

- Number of directions served by
bus, tram, and underground

- Daily frequency of bus, tram, and
underground

- Distance from the closest
motorway access by car

TOD indicators

O (pedestrians)

- Car parking capacity

- Number of free-standing bicycle
paths

- Bicycle parking capacity

- Directions served by - Distance from the
train closest

- Frequency of train motorway access
services - Car parking capacity

- Number of stations - Bicycle access
within 20min of travel - Bicycle

- Number of directions parking capacity
other public - Passenger
transportation (bus frequencies
and tram) - Type of train services

- Dail frequency other - Staffing

public transport
- Distance to town

center
The same as Bertolini (47), except
that the research scope was different
for some indicators

Access to BRT
Street network

- Number of train connections.

- Number of bus connections

- Type of train connections

- Proximity to CBD by rail

- Number of bus lines departing from
the station

- Passenger frequencies on
weekends compared to weekdays

- Number of reachable railway
stations in 20 min

- Number of departing intercity trains

- Number of departing regional trains

- Number of departing buses

- Main station of a regional center

- Whether or not a station has a
park-and-ride lot

- Whether itis at the end of a fine

- Whether or not it connects to an

airport

- Number of bus - Percentage of
routes the driveway

- Average headways - Total road length

- Number of short bus - Average road width
routes - Four-way

Number of bus stops.

intersection density

Distance between
railway stations

- Pedestrian network
- Green/open spaces

- Number of raitway stations that
exists
- Dead-end road

D (development)

- Population around the station

- The number of workers in Cluster 1:
senvices and administration

- The number of workers in Cluster 2:
retail, hotel, and catering

- The number of workers in Cluster 3:
industry and distribution

- The number of workers in Cluster 4:
education, health, and culture

- Degres of multifunctionality

- Population

- Number of workers per economic
sector [4 clusters, the same as
Bertolini
@)

- Degree of functional mix

- Commercial services degree

- Conference rooms and educational
faciliies degree

- Number of residents

- Number of workers in the
secondary sector

- Number of workers in the tertiary
sector

- Degree of functional mix

- Building area (in gross floor area) by
using

- Scale (total gross floor area)

- Density and verticality

- Mix-use attributes

- Density of jobs - Commercialindex

- Density of the - Dissimilarity
population index

- Ratio of jobs to - Social
population distribution

The same as Bertolini (47)

- Number of jobs

- Number of residents

- Average distance to jobs and

residents
- Ariving tourists per 1,000 residents
of the municipality

- Numbers of jobs

- Population

- Percentage of people with
Bachelor's degrees.

- Household income

- Pet of housing units
owner-ocoupled

- Percentage of land-use

- Residentialdensity - Three downtown

- Frequency of train senvices
- Daily frequency of urban transport
- Daily frequency of suburban buses
Car parking capacity

- Number of raitway lines

- Number of bus routes

- Number of bus stops

- Number of passengers in the
station

- Number of community bus routes

- Number of nearby railroad stations
in the living area

- Public transport accessibilty level

- Quality and sutability of streetscape

for ycling

- Intersection density
- Cul-de-sac density

- Quality and suitability of streetscape
for walking

Density of controlied
intersections/street crossings

- Commercial subway
density accessibilty
- Businessdensity - Regional
- Land-use mix subway
index for four accessibility
land uses - Average building
- Commercial/business  group area
mix indlex - Average buiding
area of each
building
- Population
- The number of workers in
senvice/secondary
- Core urban area
- The number of flats
- Land prices
- Rate of unemployed with basic:
education

Number of residents
Proportion of households iving in
dwelings over six stories

Number of detached households
Total floor area of buidings

10-year rate of change
(passengers, population of
hinterland, number of employees,
total building floor area, population
over 65 years old, working-age
population)

16-year change in the number of
public facilties

Number of facilties (large and small
retail, public)

Population ratio of 65 years old and
over

Average number of employees per
business

Net employment density

Net residential density

Land use diversity

Residential/employment/ - Private

Frequency of train services
Number of stations within 45 min of
travel

Passenger frequency

Proximity to the CBD

The same as Bertolini (47), except
that the research scope was different
for some indicators

- Number of directions served by
metro

- Number of directions served by bus

- Daily frequency of metro services

- Number of stations within 20 min of
travel by metro

- Travel times to major employment
and activity centers by metro

- Levels of other public transit
senvices

- Convenience of other public transit

- Road connectivity

- Road density

- Expressways

On-street parking
Distance to CBD
Vacant and BRT

Segment on BRT

- Passenger load at peak hours

- Passenger load at off-peak hours

- Frequency of transit service

- Interchange to different routes of
the same transit

- Interchange to other transit modes

- Access to opportunities within
walkable distance

- Parking supply-demand for
cars/four-wheelers or for cycles

- Average vehicle ownership

- Transit commuting mode share

- Density of the branch
ways

- Metro service interval

- Number of bus fines

- Car ownership
- Line density - Distance to
- Station density passenger

- Expressway density
- Number of parking -
facilites -

transport terminal
Number of bus lines
Number of bus stops

- The pedestrian shed ratio

- Average distance from the station
tojobs

- Average distance from the station
toresidents

- Length of paved footpath per acre

- Intersection density

- Average block size

- Walk Scores

- Covered walkway
- Total number of station exits
- Open space

- Green areas density
- Park density
- NMT friendiiness

Total length of
walkable/cyclable paths
Intersection density
Impedance pedestrian
catchment area

Walk and bike commuting mode
share

- Street network density

- Distance to municipal

public

service facilties

- The average number of stops from
an M-SA to others.

- The overall accessbillty of a station
in the metro network

- The ratio of the actual travel
distance and the straight-line
distance between one metro station
and all other stations

- The number of bus stops in the
subarea

- Metro station bearing capacity

- Metro station service capabilty

- Metro station connectivity

- Accessibility(Average distance to
ifferent places)

- Regional metro
accessiilty

- The average number

- Whether the station
belongs to two
commute lines from

- The ratio of daytime population to a
nighttime population in the subarea

- The total numbers of daytime and
nighttime population in the subarea

- Walkabilty (Proportion of walkable
blocks, Walking distance from the
station, Average walkabilty of
residential quarters)

of Intermediate the center to
stations the exurb
- Network - Whether the station
directedness opened before 2004,
- Time and distance to after 2012
cBD - Whether there are
- Car walkabilty one or more urban
- Bikeability villages in a metro
- The number of bus station area
stops and metro
stations
- Whether the station
belongs to two
special lines
- Mean custom - Time to CBD - 30% Street-based accessibility
distance - The number of - 50% Street-based accessibility
- Network quantity bus stops
penalized by distance - The number of
- Two-phase shared bike users
destination
- Betweenness

Carrying capacity of
metro station
Sening capacity of
metro station

- Topological
connectivity of metro
network

CBD; commercial business district; Pols: Points of Interest; TOD: Transit-oriented development.

- Walkabilty (intersection densty,
Walk score, Street connectiity)

commercial investment in
density the area
- Land use Number of
diversity business establishments
- Level of - Tax earnings of
mixed-ness of the municipality
land uses - Unemployment
- WRT residential levels.
land use

The same as Bertolini (47)

The same as Bertolini (47)

The same as Bertolini (47)
Add:
- Number of jobs
Lack:
- The number of workers in
Economic cluster 3: industry and

distribution
- Population - Comprehensive
density development
- Employment - Diversity of
density land uses
- Residential - Household size
development - Diversity of
intensity housing types
- Commercial - Income
development - Retal
intensity
- Mixed
commercial-
residential
development
intensity
- Overall
development
intensity
- Public facility - Percentage of
index/density diferent density,
- BRT-oriented consolidation,
facility index and condition
- BRT-oriented - High-rise
facility density development
- Land use index - Commercial
- Percentage of and parking
different - Entropy
functions - Population
- BRT-oriented density
land uses - Segment density
- BRT
unsupportive
land uses
- Population density
- Commercial density
- Land use diversity

- Mixedness of residential land use
with other land uses

- Density of business establishments

- Safety of commuters at the transit
stop

- Information display systems

- Jobs density

- Percentage of professional jobs/
senvice jobs/ other jobs

- Average vehicle ownership

- Residential households

- Land use entropy

- Area of non-residential land

- Housing price

- Percentage of Income <5,000
RMB/month

- Housing ownership

- Average number of weekly
shopping/dining/recreation trips

- Utban land - Density gradient
coverage ratio - Land use mix

- Urban - Job-housing
population imbalance
coverage ratio - Ground-floor

- Population retail density
density

- Employment
density

- The ratio of the number of POls in
the subarea

- The ratio and percentage of the
number of restaurants and
gated-community, POs in a given
M-SA tothat of all the other M-SAs
in the subarea

- The percentage of
gated-community POIs in the
subarea

- Land use diversity

- Land use mixture

- Al destination - Simpson index
intensity - Whether the

- Destination station is in
intensity (retai) Futian or Luohu

- Destination (©8D)
intensity - Whether the
(entertainment) station is in

- Destination Longhua (the
intensity (restaurany)  youngest

- Destination administrative
intensity (residence)  district in

Shenzhen)

- POl - Village (Whether

- Whether the there was at
station is in CBD least an urban

- Whether the village)
station is in the - Urban renewal
Futian district (Whether there

- Construction
phase

- Land
use diversity
- Land use mix
- Senviceability
- Accessibilty

was at least an
urban renewal
project)

Data sources

Not mentioned

- Swiss Federal
Raiway's  station
database

- 2,000 Swiss census
of the population
2,001 Swiss census
of enterprises

Digital maps

Not mentioned

Not mentioned

- GIS data
- Interview data

- Spatial data-sets
(Japanese GIS
website)

- Transportation
timetable data

- Face-to-face
interviews

- Suiss Federal Bureau
of Statistics data

- Data from
Reusser's research

- US. Gensus

- Data from
MAG employment

- Data from
Valley Metro

- Data from Assessor's
office parcel fles

- Data from
transportation operators
- Data
from government
- Data from
Smart Card

- Transportation
timetable data

- Census data

- Data
from government

- Field investigation
Spatial datasets

Transport
timetable data
- Census data
- Survey
questionnaire data
- Spatial
data-sets (websites)
-Data fom ESRI
Nederland  Statistics
Netherlands (CBS)
- Open Street Map
(©osm)
- Google Maps
- Other Spatial data in
GIS

- Data from Tehvan
Urban Planning and
Research Center and
Tehran Railway

Operation

- Lisbon transport
operators data

- Census data

- Open Street Map

- Google Earth

- Data from Beijing
Mass Transit
Railway ~ Operation

Corporation LTD.

- Open Street Map

- POl data grabbed
through Baidu Maps
Place API

- Google
Route Planner

- Google distance API

- Spatial datasets

- TCS data for 2011

- The latest Travel
Characteristics
Survey data

- Field visits

- Data
government

- Data from Traffic
Management Unit

from

- Data  from
Gity Region

- Data from the
Statistics Nederlands.

- Data from
transit website

- Data from
Top 10NL

- Data from Open
Street Map

- The National
TOD Database

- The
Transportation Database

- 2010 Census and
2009 LED data

- Survey data
- Baidu map

the

ESRI

- National
Ciimate Center
- China
Statistical Yearbook
- Beiingcitylab.com

- Geo-spatial  data
(include PO))
fom Baidu Map

geographical databases

- National Census Data

- The Worldpop
database

- Weibo check-in's

- Weibo POI data

- OpenStreetMap

- Shanghai  Metro
official website
- Baidu traffic big data

- POI

- Weibo POI
- OpenStreetMap

- Baidu heat Maps
- Baidu Maps

- The OfO company
- Smart Card data

- Weibo POI
- Open Street Map

- The local
metro companies.

- The local Institute of
Surveying
and Mapping.





