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Safety is the most important concern in the construction industry, and construction workers’ attention allocation is closely associated with their hazard recognition and safety behaviors. The recent emergence of eye-tracking techniques allows researchers in construction safety to further investigate construction workers’ visual attention allocation during hazard recognition. The existing eye-tracking studies in construction safety need to be comprehensively understood, to provide practical suggestions for future research and on-site safety management. This study aims to summarize previous studies on the application of eye-tracking techniques to the construction safety context through a systematic literature review. The literature search and study selection process included 22 eligible studies. Content analysis was then carried out from participant selection, device selection, task design, area of interest determination, feature extraction, data analysis, and main findings. Major limitations of the existing studies are identified, and recommendations for future research in theoretical development, experiment improvement, and data analysis method advancement are proposed to address these limitations. Even though the application of eye-tracking techniques in construction safety research is still in its early stage, it is worth future continuous attention because relevant discoveries would be of great significance to hazard control and safety management in the construction industry.

Keywords: eye-tracking, construction safety, hazard recognition, review, neuromanagement in engineering


INTRODUCTION

The construction industry is considered one of the most hazardous industries because of its complex and dynamic workplaces. The International Labor Organization (ILO) estimated that at least 60,000 people lose their lives in construction safety accidents each year, equating to one fatality every 10 min. In industrialized countries, the construction industry accounts for as many as 25–40% of workplace fatalities despite the sector employing only 6–10% of the workplace (International Labour Organization, 2005). Construction workers suffered a 3–4 times higher workplace fatality rate than workers in other sectors (International Labour Organization, 2015). In Hong Kong, of the 25 fatal workplace fatalities in 2014, 20 accidents (accounting for 80%) occurred in the construction industry (Hong Kong OSHC, 2015). According to Safe Work Australia (SWA), the construction industry recorded 12% of workplace fatalities in Australia (Safe Work Australia, 2015). The annual workplace fatalities in the construction industry accounted for about 21% of all workplace fatalities in 2020, according to the United States Bureau of Labor Statistics (BLS) (U.S. Bureau Of Labor Statistics, 2020). In the mainland, China, there are 734 cases of safety accidents occurred in the construction industry occurred in 2021, with 840 workers lost their lives. Therefore, construction safety has become a global concern. Enhancing hazard control and safety management has been a top priority in the construction industry worldwide.

Safety management has attracted wide attention from scholars worldwide. Heinrich (1941) indicated that hazardous working conditions in the workplace and unsafe behaviors are two direct causes of safety accidents in the construction industry. Therefore, successfully identifying these environmental conditions and unsafe behaviors, i.e., hazard recognition, is the foundation of improving construction safety (Haslam et al., 2005). Unfortunately, about 57% of hazards in construction sites remain unrecognized (Perlman et al., 2014). Some studies applied survey-based methods including site surveys, questionaries, and expert interviews, to investigate hazard recognition and related factors (Gürcanlı et al., 2015; Pandit et al., 2019; Ma et al., 2021). However, these methods are likely to cause subjective bias and memory bias. To overcome shortcomings of pure survey-based studies, some studies combined some simple hazard-recognition tasks in experiments (Perlman et al., 2014; Albert et al., 2020; Han et al., 2021; Wolf et al., 2022). Participants are asked to identify potential hazards based on photos or immersive virtual environments of construction sites. These studies provide an objective tool to assess the construction workers’ hazard recognition performance. However, in-time hazard recognition and responses form a complicated and multifaceted cognitive process. These studies failed to understand the mechanism of construction workers’ hazard recognition from the cognitive level.

Neuromanagement in engineering, which integrates research approaches in neuroscience into engineering management (Yu et al., 2022), provide a powerful and advanced tool for human cognition and behavior research besides hazard recognition of construction workers. Emerging neuroscience techniques including eye-tracking, electroencephalogram (EEG) (Cheng et al., 2022; Saedi et al., 2022), functional near-infrared spectroscopy (fNIRS) (Zhou et al., 2021). EEG is a diagnostic imaging technique used to obtain information about brain activities by detecting the voltage variations induced by neurons on the scalp cortical surface (Jeon and Cai, 2021; Ke et al., 2021; Peng et al., 2022). fNIRS is an optical brain monitoring technique which uses near-infrared spectroscopy to estimate cortical hemodynamic activity which occur in response to neural activities (Sun and Liao, 2019; Liao et al., 2021). These two methods can both capture rich cognitive information in brain activities (Fan et al., 2021). Therefore, they have been applied to explore the cognitive process of construction workers during hazard recognition. Although EEG and fNIRS provide researchers deep insight into construction workers’ cognitive process, they cannot capture visual attention, which is essential for hazard recognition of construction workers (Zhang et al., 2019). Eye-tracking is a technique for monitoring the point of fixation (where one is looking) or the motion of an eye in relation to the head (Klaib et al., 2021). It enables to capture the individual visual attention (Günther et al., 2021) and has been widely used in research in the fields of marketing (Rusnak, 2021; Guo et al., 2022), transportation (Topolšek et al., 2016; Ahlström et al., 2021), medicine (Tien et al., 2014), criminalistics (Gehrer et al., 2021), professional education (Salehi et al., 2018), advertisements (Yen and Chiang, 2021), etc. In the construction industry, eye-tracking also allows researchers and safety managers to deeply understand the process and mechanism of construction workers’ hazard recognition and responses by observing and analyzing their visual patterns under different circumstances, and then take positive measures to improve construction safety management (Hasanzadeh et al., 2019; Chong et al., 2021). Therefore, eye-tracking has emerged as one of the most rapid-developing technologies in construction safety studies.

Despite the potential of applying eye-tracking techniques in construction safety management, the body of knowledge lacks a systematic review in this field. With an increasing number of studies on this subject, such a systematic review enables organizing their research topics, methodologies, and findings. It also aids in identifying the research gaps and thus develops an actionable reference to pathways for future research. In addition, the examination of the scholarly works sheds light on the researchers and professionals engaged in the implementation of eye-tracking in construction safety, paving the way for future cooperation to share knowledge and extend the application of eye-tracking techniques in construction safety management. Therefore, the present review summarized existing studies on the application of eye-tracking techniques to the construction safety context. By conducting a comprehensive search and evaluation of involved studies, we aimed to provide recommendations for future research and safety management practices in the construction industry.



RESEARCH METHODOLOGY

The systematic review refers to a type of review that applies repeatable analytical methods to collect secondary data from existing literature and analyze it. These reviews are usually conducted to offer an exhaustive summary of current evidence related to a research question (Armstrong et al., 2011). In this study, a systematic review enables comprehensively evaluating the existing eye-tracking studies of construction safety. Therefore, it is adopted. The research methodology is developed based on the earlier guidance on the conduct of systematic reviews articulated by de Araújo et al. (2017). As shown in Figure 1, the methodology of the review comprises three steps: literature search, study selection, and content analysis.
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FIGURE 1. Overview of review methodology.



Literature Search

An exhaustive search of published literature was conducted according to the titles, abstracts, and keywords in two of the most reputable academic databases, Web of Science Core Collection (WoS), and Scopus. These two databases are among the largest online academic sources that cover more journals and recent publications, and all covered journals are reviewed for sufficiently high quality each year. Because the present review focused on eye-tracking and its application in construction safety, the search scope considered two aspects: construction safety and eye-tracking. In addition, this review only considered research papers published in peer-reviewed journals written in English. The review papers, book chapters, conference papers, and papers in other languages were excluded. No time limitations have been set during the literature search. Therefore, the retrieval codes for WoS and Scopus were “(((TS = (construction safety)) AND TS = (eye tracking)) AND DT = (Article)) AND LA = (English)” and “(TITLE-ABS-KEY (construction AND safety) AND TITLE-ABS-KEY (eye tracking)) AND (LIMIT-TO (DOCTYPE, “ar”)) AND (LIMIT-TO (LANGUAGE, “English”)) AND (LIMIT-TO (SRCTYPE, “j”)),” respectively. As a result, 28 and 23 articles were retrieved from WoS and Scopus. All identified literature from two databases was imported into Endnote software to eliminate duplicates, resulting in 32 articles.



Study Selection

This review was scoped on the application of eye-tracking in construction safety. Even though the appreciate structural retrieval codes have been used, original results still included some literature that matches the retrieval codes but is not closely related to the topic. A two-round screening process was used to further select papers for inclusion. The first round excluded irrelevant papers based on their titles, abstracts, and keywords. The remaining papers were then subjected to a full-text examination in the second round to determine their viability. Some papers cited by the papers in the second round may fit into the present review’s interest but were not found in the original database search. These papers would also be added for full-text examination.

Of the 32 articles identified in the initial literature search, nine irrelevant papers were excluded in the first round of screening because seven papers were not related to construction safety, and two papers did not use an eye-tracking system. Through the second round of screening, we found a paper that used an eye-tracking sensor in its experiment but did not analyze the eye-tracking data (Kim et al., 2021b). Therefore, this paper was also excluded. No references from the biographies were added through snowball search. The screening process finally retained 22 papers for the content analysis.



Content Analysis

Study characteristics, such as publication information, participants, device, experimental tasks, eye-tracking indicators, data analysis methods, and main findings of identified studies, were summarized to provide basic details of the included papers. Hazard recognition is the foundation to ensure construction safety. Therefore, one major issue in the present review was to find out how hazard recognition performance can be evaluated with eye-tracking data. Another important concern of the present review was the changes in eye-tracking indicators and hazard recognition performances in relation to the work environment, worker personalities, and other factors. A summary of findings related to the second issue can provide valuable information for construction safety management practice. The limitations of current studies were also summarized to provide recommendations for future studies.




RESULTS


Descriptive Analysis

A total of 22 papers about the application of eye-tracking in construction safety are identified through literature search and further study selection. Further information regarding the features of the included studies can be found in Table 1. The number in brackets in the participant row means valid samples. As for their annual distribution, it can be found that the first related paper was published in 2016, and after that, the annual number of eye-tracking studies of construction safety increased generally. In 2021, the annual publication number reached seven. This suggests that applying eye-tracking in construction safety management is an emerging topic that attracts attention from researchers. In addition, almost all the papers are published in civil engineering journals such as Journal of Construction Engineering and Management (seven papers, accounting for 32%), Automation in Construction (two papers, accounting for 9%), KSCE Journal of Civil Engineering (one paper, accounting for 4%), and Journal of Management in Engineering (one paper, accounting for 4%). There are also some papers published in journals in computer science, operational research and management science, and public, environmental, and occupational health. This indicated that the application of eye-tracking in construction safety management is cross-disciplinary research.



Participant Selection

Sufficient and representative participants are essential to get high-quality eye-tracking data. A sufficiently large participant size reduces the accident errors caused by individual variations of participants and strengthens the dependability of conclusions. The valid participant size in eye-tracking studies of construction safety ranges from 6 to 55, with an average value of 31 and a median value of 30. Since eye-tracking studies are experimental research, the participant size is challenging to be as large as survey-based research. Previous studies suggested that 30 is an ideal participant size in eye-tracking studies (Pernice and Nielsen, 2009), proving that participant sizes in most reviewed studies are rational. It should be noted that eight studies (accounting for 36%) excluded some participants, and the average rejection rate is about 22%. Invalid participants are rejected for a variety of reasons such as unacceptable levels of calibration on the eye tracker (Hasanzadeh et al., 2017a, b, 2018; Hasanzadeh et al., 2019), univariate outliers (Hasanzadeh et al., 2017a), interruptions during eye-tracking experiments (Hasanzadeh et al., 2017a), abnormal or incorrectible-to-normal vision (Park et al., 2022), failures in pre-experiments (Liao et al., 2019; Sun et al., 2020), and uncooperative participants (Cheng et al., 2021; Park et al., 2022). This indicates that to ensure the sufficient experiment size of participants, the researchers should recruit more participants as appropriate. In addition, pre-experiment is effective in preventing invalid participants’ influence on the results.

Of the 22 eye-tracking studies of construction safety, only 11 studies (accounting for 50%) selected construction workers as all participants, and others partially or totally selected students instead. Hazards recognition and safety behaviors of construction workers are significantly affected by human factors like age, work experience, personality, etc. (Siu et al., 2003; Dzeng et al., 2016; Liang et al., 2022). Selecting students as participants instead of construction workers help to control irrelevant variables during experiments. For example, Han et al. (2020) investigated how site conditions affect construction workers’ hazard recognition performance. Personal characteristics like experience should be consistent among participants rather than acting as an additional independent variable. Therefore, they recruited students with similar backgrounds for the hazard recognition experiment. In addition, Dzeng et al. (2016) found that it is more difficult to recruit construction worker participants than student participants. However, it should be noted that construction workers have apparent differences in group characteristics with students. Therefore, whether the findings and conclusions drawn by students suit construction workers needs more evaluation.


TABLE 1. Summary information of existing eye-tracking studies in construction safety.
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Device Selection

Various eye trackers have been applied in construction safety studies to measure the visual attention allocation of construction workers. The sampling rate (in Hz), the number of eye images acquired in a second (Leube et al., 2017), is one of the most critical performance parameters of eye trackers (Špakov et al., 2019). A high sampling rate enables the eye trackers to identify and monitor microsaccades, post-saccadic oscillations, and other micro details of eye movement behaviors. However, higher sampling rates often require better eye-tracking sensors and more infrared light sources, increasing experimental cost, and generating more data to be processed (Wierts et al., 2008). Therefore, the researchers should select the sampling rate of the eye trackers according to the specific needs of the study. In eye-tracking studies in construction safety, the sampling rates of selected eye trackers range from 30 to 500 Hz, and most studies selected sampling rates of 50 and 100 Hz. Most of these studies used fixation time and fixation count as the fixation indicators. Eye trackers with a minimum sampling rate of 50 Hz can properly detect the participants’ fixation behavior. Devices used in most eye-tracking studies of construction safety meet the requirements. However, it should also be noted that the low sampling rate tends to create additional variations in the data.

Eye-trackers used in construction safety studies can be categorized into desktop devices and wearable devices. With desktop devices, participants do not need to wear any instrument on the head to capture eye movement data. Participants are asked to sit in front of a monitor and interact with screen-based content. These desktop devices are widely applied in construction safety studies with screen-based stimulus material like images and videos in a laboratory setting (Hasanzadeh et al., 2017a; Jeelani et al., 2017a). These devices facilities to develop AOI compared with wearable devices, which is beneficial to control variables. However, the desktop devices greatly limit the participants’ mobilities, failing to measure construction workers’ eye movements during daily construction activities on an actual construction site (Chong et al., 2021). Wearable devices can address these limitations. Eye-tracking sensors are installed on the glasses and allow participants to walk freely while recording the eye movement data, meeting the requirements of on-site experiments (Cheng et al., 2021; Liao et al., 2021). Some wearable eye trackers can also be integrated with Virtual Reality (VR) headsets and measure eye movement in immersive virtual environments (Kim et al., 2021b; Noghabaei et al., 2021). Because researchers usually cannot expose participants to actual hazards to protect their safety, the ability to integrate with VR significantly extends the application of eye-tracking in construction safety studies (Kim et al., 2021a). However, excessive movements of participants during construction activities tend to cause shifts of glasses and affect the data quality during eye movement data measurement.



Experiment Task Design

Experiment tasks in eye-tracking studies of construction safety are almost hazard recognition-related ones, in which participants are asked to identify potential hazards from given stimulus material or surrounding environments. Those hazards cover the most common ones at construction sites, such as fall hazards, struck-by hazards, housekeeping hazards, ladder-related hazards, and electrical hazards. Some studies focus on a specific hazard (Li et al., 2019; Kim et al., 2021b), while more studies included multiple hazards (Dzeng et al., 2016; Hasanzadeh et al., 2017b; Han et al., 2020). However, construction workers cannot totally devote themselves to hazard recognition during actual construction activities because their daily work also requires much attention and effort (Chen et al., 2016). To better fit the actual situation in engineering practice, some studies tried to test participants’ hazard recognition performance during simple construction tasks such as walking along a path at a construction site (Hasanzadeh et al., 2018), operating an excavator (Li et al., 2019), and cleaning the road (Kim et al., 2021b). Stimulus materials are the key to experiment design in eye-tracking studies. Various stimulus materials have been adopted in eye-tracking studies of construction safety. Images are the most widely used stimulus materials, which are relatively easy to obtain and carry out experiments under laboratory conditions (Cheng et al., 2021; Liu et al., 2021; Park et al., 2022). However, hazard recognition in images is different from construction workers’ daily work, and therefore hazard recognition performance in images may not be the same as in actual construction sites. In addition, when selecting images, the researchers should pay attention to the irrelevant variables introduced by image factors such as clarity, resolution, and brightness (Han et al., 2020). Some studies directly asked participants to identify potential hazards in actual construction sites (Chong et al., 2021; Liao et al., 2021). This can address the inconsistency between images and actual construction site environments. Selecting construction site environments as stimulus materials enables to test construction workers’ hazard recognition performance during their daily work. However, this will expose construction workers to actual hazards (Hasanzadeh et al., 2018; Jeelani et al., 2018). Experiments at construction sites must ensure the safety of participants. With the development of computer technologies, wearable eye trackers integrated with VR headsets can measure eye movement in immersive virtual environments (Kim et al., 2021b). Therefore, some studies tried conducted experiments in immersive virtual environments, in which participants can realistically and safely perceive and interact with involved objects (Noghabaei et al., 2021). However, the development of realistic VR scenarios, including various hazards, becomes another challenge.



Area of Interest Determination

The first step in eye movement feature extraction and data analysis is to define the area of interest (AOI). AOIs, defined by the research team, represent items, and locations of interest inside a scene. Many eye-tracking indicators are calculated based on AOIs, and the robustness of AOI-based indicators is vulnerable to the AOI definitions’ accuracy (Bonikowski et al., 2021). In eye-tracking studies of construction safety, AOIs are usually various hazards included in the stimulus materials (Han et al., 2020; Comu et al., 2021). Determination of AOIs usually needs experienced specialists in the subject matter to examine a scene and identify which regions reflect potential hazards to which participants should allocate attention, to maintain situational awareness throughout the scenario (Jeelani et al., 2019; Cheng et al., 2021; Park et al., 2022). It is not difficult to define AOIs when using images as stimulus materials in a controlled laboratory setting since elements in image stimulus materials are static. Nevertheless, AOIs definition will become challenging in an actual construction site or an immersive virtual environment because certain environmental cues such as moving construction machines and workers are dynamic. Even if the stimulus is static, it may be seen differently from different angles by different participants (Cheng et al., 2021). To address these problems, Hasanzadeh et al. (2018) indicated that in eye-tracking studies of construction safety with dynamic stimulus materials such as actual construction sites and immersive virtual environments, AOIs should be defined according to multiple snapshots of participants’ eye movements captured by eye trackers. Selected scenarios should cover all path perspectives seen by most participants and include potential hazards. Most studies just labeled AOIs on the basis of subjective judgements of experts, thus eroding the indicators’ reliability and validity. Data-driven AOI definition methods like fixation clustering help to overcome the lack of subjectivity in conventional AOI pre-definition methods. For example, Xu et al. (2019) developed data-driven AOIs using the output fixation data of Tobii Pro Lab. Specifically speaking, the mean shift approach was applied to cluster all the participants’ fixations for each hazard scenario for each hazard scene. When using this method, the distant threshold in the algorithm should be adjusted to confine the number of clusters. The final number of AOIs within each hazard scenario should be determined based on the principle that the AOIs had clear boundaries and practical meanings. Even so, the data-driven AOIs may be influenced by factors like participants’ cryptic recognition ability and time-varying attention, resulting in the accumulation of potentially unpredictable errors, casting doubt on the blurring of AOI boundaries and the robustness of associated indicators.



Feature Extraction

Feature extraction is critical to eye-tracking studies of construction safety since appropriate indicators help to decode eye movement information, thus enabling researchers to explore the attention allocation of construction workers during hazard recognition. The eye-tracking indicators in the reviewed studies can be classified into three categories: fixation-derived indicators, saccade-derived indicators, and other indicators. Fixation-derived indicators are the most widely used indicators in eye-tracking studies of construction safety, including fixation time, fixation time ratio, search duration, time to the first fixation, fixation count, fixation count ratio, run count, mean fixation duration, visual attentions index, fixation special density, the accuracy rate of the first fixation, fixation sequence, and intersection coefficient. The major saccade-derived indicator in construction safety research is saccade velocity. Other used eye-tracking indicators include pupil diameter, blink count, and duration. Those major indicators will be discussed as follows.


(1) Fixation time and fixation time ratio

Fixation refers to a relatively stationary eye position with a relatively short minimum duration (usually 100–200 ms) (Larsson et al., 2015). Longer fixations indicate a function of participants’ processing objectives. Fixation-derived indicators have been widely used in eye-tracking studies of construction safety to assess the depth of cognitive processing and attention allocation.

Fixation time (FT), also known as dwell time (Hasanzadeh et al., 2018) or fixation duration (Sun et al., 2020), is defined as the total amount of time spent fixating on a particular location, stimulus, or object during a visual search activity (Jeelani et al., 2019). The fixation time for each AOI can thus be calculated as the sum of time of each participant fixating on that AOI, as shown in Equation (1).
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in which FTj is the fixation time for the jth AOI, E(fij) and S(fij) are the end time and start time for ith fixation on the jth AOI (Jeelani et al., 2018). The fixation time highlights the speed of information processing and decision-making (Sun et al., 2020). It indicates the concentration level for an AOI and the difficulty degree of tasks (Comu et al., 2021). Therefore, a long fixation time demonstrates that the participant is either attracted to a hazard or confronted by an obstruction in a certain area. This may cause an unclear relationship between participants’ hazard recognition performance and fixation time because researchers cannot ensure whether participants are focusing on a hazard or coming across difficulties during search tasks (Sun and Liao, 2019). For example, Hasanzadeh et al. (2016) reported that decreasing fixation time means higher levels of situation awareness and better hazard recognition performance. However, Jeelani et al. (2019) indicated that participants with better recognition performance spent more time on each hazard. Liao et al. (2019) believed that there is no clear correlation between hazard recognition accuracy and fixation time. Conclusions from these studies are different and even conflicting.

Fixation time ratio (FTR), also referring to dwell percentage, fixation time percentage, and the ratio of on-target, is the percentage of attention allocated to the AOIs rather than to the background (Isaacowitz et al., 2006). It can be calculated by the ratio of the sum of fixation times on AOIs to the total durations of all fixations within the scenario (Area of Glance, AOG). It indicates the amount of visual attention devoted to the hazards relative to the total attention devoted to the scenario in eye-tracking studies of construction safety as shown in Equation (2) (Jeelani et al., 2019).
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where E and S represent the end and start time for the fixation on the ith AOI or the jth AOG. The higher fixation time ratio means the participant allocates more attention to potential hazards instead of other distracting items, which represents better hazard recognition performance (Liao et al., 2019). Hasanzadeh et al. (2017a) proposed different views. They believed construction workers with high hazard recognition performance should allocate their attention throughout the entire scenario to maintain high situational awareness in a dynamic construction workplace. Therefore, they think that a lower fixation time ratio is associated with better hazard recognition performance.



(2) Search duration

Search duration is defined as the amount of time a participant spends scanning the workplace to identify potential hazards (Maltz and Shinar, 1999). It represents the attention resource paid by the participants in a scenario (Jeelani et al., 2018). Construction workplaces are usually complicated and involve several hazards. Construction workers are expected to identify all hazards. Still, previous studies have indicated that many workers prematurely end their visual search process after recognizing a few typical hazards, such as trips, falls, and trapped in or between objects, even though some additional hazards may remain unrecognized (Jeelani et al., 2017b; Namian et al., 2018). A longer search duration usually means more effort spent on hazard recognition. Jeelani et al. (2019) reported that construction workers who recognized more hazards spent more time scanning and evaluating the workplace. In other words, a longer search duration usually reflects better hazard recognition performance. Han et al. (2020) used search duration to measure cognitive load for hazard recognition of construction workers. Higher search duration indicates a more complicated scenario for participants, in which they have to spend more attention resources with a higher cognitive load.



(3) Time to first fixation

Time to first fixation is another important time-related indicator in eye-tracking studies of construction safety to describe workers’ hazard recognition performance (Sun and Liao, 2019). It refers to the amount of time that passes following the scenario’s first appearance until the participant first fixates on an AOI. It describes how quickly the AOI is fixated. It can be used to reveal which hazards captured workers’ attention more quickly than others (Hasanzadeh et al., 2017b,2018). Comu et al. (2021) compared two types of construction safety training methods. In their studies, time to first fixation is applied to assess the adaptation of the participants to the training contents.



(4) Fixation count and fixation count ratio

Fixation count is defined as the number of fixations. It is indicative of the importance of the noticeability of areas or objects (Jeelani et al., 2018). A larger fixation count is believed to be associated with superior hazard recognition performance (Hasanzadeh et al., 2017a; Jeelani et al., 2019). More fixation counts also mean participants spend more attention resources during hazard recognition with a higher cognitive load (Han et al., 2020).

Fixation count ratio (FCR) is calculated as the ratio between the number of fixations on a particular object or area and the total number of fixations. In other words, fixation count ratio describes the relative number of fixations within and outside the AOIs as shown in Equation (3) (Jeelani et al., 2019):
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The fixation ratio is found to be predictive of hazard recognition performance (Jeelani et al., 2018). They concluded that construction workers who selectively focus on hazardous areas over other nonhazardous areas demonstrate superior hazard recognition performance. Liu et al. (2021) also indicated that a higher fixation count ratio is usually corresponding to lower distraction and improved search strategy in hazard recognition tasks. However, similar to the fixation time ratio, a high fixation ratio may mean that construction workers have low situation awareness and cannot respond to dynamic changes at construction sites in time (Hasanzadeh et al., 2017a).



(5) Run count

Different from fixation count, the run count refers to the number of times a participant’s attention is drawn back to an AOI (Hasanzadeh et al., 2019). Construction workers who have higher run counts return their attention to hazards more frequently (Hasanzadeh et al., 2017b), reflecting better situation awareness and hazard recognition performance (Hasanzadeh et al., 2018). Hasanzadeh et al. (2017a) indicate that this indicator represents the extent to which workers perceived the AOI to be hazardous.



(6) Mean fixation duration

Mean fixation duration (MFD), also known as average fixation duration (Liao et al., 2019), refers to the average fixation time of each fixation during a visual search task (Jeelani et al., 2019). It can be calculated by the fixation time divided by the fixation count, as shown in Equation (4) (Jeelani et al., 2018; Noghabaei et al., 2021):
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During a visual search task, a longer mean fixation duration is related to increased levels of attention, visual processing, and cognitive efforts (Jeelani et al., 2019). Jeelani et al. (2018) reported that the longer mean fixation duration represents confusion and difficulty in obtaining information, which could be one of the reasons for low hazard recognition accuracy. However, Jeelani et al. (2019) did not support that the mean fixation duration is predictive of hazard recognition performance of construction workers.



(7) Visual attention index

The visual attention index (VAI) quantifies the amount of time spent collecting information from the scene in comparison to the amount of time spent in saccades. It can be calculated by the ratio of fixation time to search duration as shown in Equation (5):
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Because saccades contain little valuable information, a larger visual attention index suggests that the participant spent less time searching and more time processing and comprehending targets (Jeelani et al., 2018).



(8) Fixation special density

The construction site usually includes many hazards that are distributed across different locations in the entire workplace. Therefore, the participants are required to scan multiple locations within the workplace to efficiently identify as many hazards as possible. Selective attention to a limited number of locations during hazard recognition may cause poor performance. Fixation special density (FSD) can describe the distribution of attention across the given scenario (Sharafi et al., 2015). Jeelani et al. (2019) proposed a calculation method of fixation special density in eye-tracking studies of construction safety. The work area is divided into subareas using a grid system. The fixation special density can be then calculated by the ratio of the number of cells that received at least one fixation and the total number of cells in the entire work area, as shown in Equation (6):
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(9) Accuracy rate of first fixation

The given scenarios of construction sites usually contain both hazards and other background information. Sometimes construction workers cannot pay their attention to hazards firstly. Instead, they are attracted by background information. Accuracy rate of first fixation is defined as the proportion of participants that successfully placed their first fixation in the AOI (i.e., hazards). This indicator describes the distinctness of a hazard or a search target (Han et al., 2020). A larger proportion of participants with their first fixation on the hazard indicates that the hazard can be recognized precisely. Additionally, it indicates that the hazard is more obvious for participants to detect, implying that participants spend fewer attention resources and are under a lower cognitive workload. It is also associated with better hazard recognition performance of construction workers.



(10) Fixation sequence

To better describe the visual search pattern and strategy of construction workers, it is necessary to investigate the sequence of where the workers focus on. Fixation sequence is a string that indicates the locations of the fixations generated by a participant in chronological order during the visual search task. Each fixation in the sequence is labeled with the posterior AOI with which it falls. Successful hazard recognition usually follows similar visual search strategies (Xu et al., 2019), and the fixation sequence describes the visual search strategy of construction workers during hazard recognition (Dzeng et al., 2016). There are two forms of fixation sequences to suit different research objectives (West et al., 2006). The extended sequence depicts each fixation point as a letter to construct a string, whereas the collapsed sequence substitutes successive strings made of the same letters with a single letter. For example, the extended sequence “AAABB” can be collapsed to “AB.” The extended sequence shows the full visual search process, while the collapsed sequence emphasizes transitions between AOIs (Liu et al., 2021).



(11) Intersection coefficient

Intersection coefficient in the search track is defined as the level of intersection measured by different scan paths crossing each other during the search process (Han et al., 2020). It quantifies the detection complexity in a given scenario. A larger intersection coefficient indicates that the hazards are more complicated or varied. As a result, it becomes more difficult for participants to recognize hazards appropriately. They have to pay more attention resources with a greater cognitive workload.



(12) Saccade velocity

Fixations and saccades are two different typical behaviors of eye movements. Saccades, defined as rapid eye movements from one spot to another, vary in duration but typically last for 25–150 ms, depending on the saccade amplitude (Hasanzadeh et al., 2017b). Most of the eye-tracking studies of construction safety remove saccades in eye movement analysis because they think saccades include little valuable cognitive information. However, some studies believe that saccades are necessary for bringing areas outside the focal area into focus or attention, and therefore are critical for visual world navigation. Saccade velocity, usually measured as the average number of pixels traversed by the eyes per unit time during a visual search task, is the most widely used saccade-derived indicator in eye-tracking studies of construction safety (Jeelani et al., 2019). During a visual search activity, a rapid saccade velocity is associated with low levels of arousal and engagement. Additionally, it is related to fatigue and lethargy (Noghabaei et al., 2021).



(13) Pupil diameter

Besides fixation-derived indicators and saccade-derived indicators, pupil diameter is another important indicator in eye-tracking studies of construction safety. Changes in pupil diameter indicate emotional arousal and alertness induced by visual detection of sensory stimuli, and pupil diameter rises as a participant processes emotionally engaging stimulus. Kim et al. (2021b) concluded that pupil dilation reflects the increase in cognitive processing information or cognitive load. Liao et al. (2021) also found that hazards can induce pupillary activation of participants. In addition, Li et al. (2019) found that pupil diameter can also be used for assessing mental fatigue. When participants experience mental fatigue, their pupil sizes decrease. They also calculated the percent change in pupil diameter and indicated that participants’ pupil diameter reduction is relatively stable when experiencing mental fatigue.



(14) Blink count and duration

Blink count (the number of times eyes blink in the visual search task) and duration (the time of each blink) are also applied in eye-tracking studies of construction safety. Li et al. (2019) found blink behaviors are related to participants’ mental fatigue. Specifically, increased mental fatigue induces an increase in blink count and duration of participants. In other words, blink count and duration may be used to determine whether construction workers are entering the phase of severe mental fatigue.




Data Analysis Methods

Eye movement data contains rich cognitive information of construction workers, closely related to their safety behaviors. Various data analysis methods have been widely adopted to encode secrets behind eye movement data. Parametric tests such as t-test, analysis of variance, are used to compare whether there are significant differences between experimental and control groups (Sun and Liao, 2019). Specifically, using these parametric test methods, researchers examined whether significant differences exist in the eye movement data and hazard recognition performance of construction workers under different conditions, which helps identify the key eye movement indicators or influence factors in construction safety management (Li et al., 2019). For example, Liu et al. (2021) used a t-test to assess the differences in hazard recognition performance between the construction workers with and without semantic cues. Comu et al. (2021) used analysis of variance to investigate the interaction between construction worker group type and safety training methods. However, these parametric tests usually have strict testing criteria for the sample data, such as normal distribution, a random sample from a population, and quality of variances. The experimental eye movement data are usually small samples and cannot satisfy these criteria (Anderson, 2001). Non-parametric tests can deal with data that do not meet the assumption of normal distribution (Park et al., 2022). For example, Kim et al. (2021b) used the Mann-Whitney U test to assess the significant differences in pupil diameter changes between two kinds of behavioral responses. Furthermore, the random permutation test, using the actual data instead of ranking it in other non-parametric tests, is considered an alternative technique to address these problems (Hasanzadeh et al., 2018). Its basic idea is to construct a reference distribution by recalculating data statistics through resampling (Berger, 2000). In other words, the permutation tests calculate the probability of reaching a value equal to or greater than the observed value of a test statistic after randomly shuffling data several times (Ernst, 2004). This method can offer higher power despite the non- and mixed-normality of the distributions across groups and the limited sample size (Hasanzadeh et al., 2017b). Additionally, it aids in getting more robust results when outliers and missing data are present. Thus, the permutation test technique has been adopted in many eye-tracking studies of construction safety (Hasanzadeh et al., 2019; Liao et al., 2021). Analysis of variance does not consider the relationships between variables, either (Hasanzadeh et al., 2017a). Discriminant analysis can address this limitation since the analysis is carried out on the basis of the variable interactions. The derived function can also be used to predict the hazard recognition performance of construction workers based on eye movement data (Sun and Liao, 2019). Correlation analysis is another widely used multivariate statistical analysis method in data analysis in eye-tracking studies of construction safety. Correlation analysis is often used to investigate correlations between variables, such as correlations between eye-tracking indicators and hazard recognition performance (Li et al., 2019), neural activity (Liao et al., 2021), and worker personalities (Hasanzadeh et al., 2019).

Investigating the relationship between eye-tracking indicators and hazard recognition performance of construction workers is a typical pattern recognition task, aiming at mining the rich cognitive information contained in eye movement data. The hazard recognition performance prediction based on eye movement data can be regarded as supervised learning tasks, in which various machine learning models can be applied to develop accurate classifiers. Regression analysis is the simplest and most widely used machine learning model in eye-tracking studies of construction safety to predict hazard recognition performance of construction workers based on eye movement (Jeelani et al., 2017a; Jeelani et al., 2019; Liao et al., 2019). In addition, eye movement data can also be used to develop various other machine learning-based classifiers. For example, Noghabaei et al. (2021) combined EEG data and eye movement data and developed two different machine learning classifiers, the k-nearest neighbor model and support vector machine model, to predict the hazard recognition performance of construction workers. They indicate that the support vector machine model can reach an accuracy of around 93% and has better performance. Kim et al. (2021b) developed a support vector machine model for inattentiveness to struck-by hazards of construction workers based on ECG and eye-tracking indicators.

In addition to traditional statistical methods and machine learning models, it can be seen that qualitative comparative analysis (QCA) is also used in eye-tracking studies of construction safety. This method combines the advantages of qualitative and quantitative research methods to allow systematic comparison of a limited number of samples (Chong et al., 2021), which is highly applicable in revealing the influence of complex relationships among multiple antecedents on the results. This method can identify the common visual patterns of successful hazard recognition (Cheng et al., 2021).



Main Findings

Eye-tracking techniques provide a powerful tool to explore visual attention allocation of construction workers during hazard recognition (Jeelani et al., 2017a). Previous studies proved that construction workers’ hazard recognition performance is closely related to both workplace conditions (Liao et al., 2019) and construction workers’ personal attributes. As for workplace conditions, brightness, distinctiveness, and tidiness of construction sites all affect the hazard recognition performance of workers (Han et al., 2020). More distinct hazards and a tidy site reduce construction workers’ cognitive loads and improve their performance in hazard recognition, while site brightness has positive and negative effects. Construction workers’ personal attributes, such as work experience (Dzeng et al., 2016; Comu et al., 2021), personalities (Hasanzadeh et al., 2019), fatigue level (Li et al., 2019), safety knowledge (Park et al., 2022), etc., also significant affect their hazard recognition performance. In addition, it is found that successful hazard recognitions have similar visual search patterns (Xu et al., 2019). For example, electricity-related hazards should be recognized based on object identification, while struck-by hazards should be identified based on the objects and their pivot points or probable movement trajectories (Chong et al., 2021). Navigated visual pattern help to improve hazards recognition effectiveness (Liu et al., 2021). Main findings from previous studies provide valuable references for construction safety training and on-site management.




DISCUSSION


Implications

The construction sites are hazardous and dynamic, and construction workers are exposed to various potential hazards during their daily work. Safety management has become the most critical concern in the construction industry. In the realm of construction safety research, visual attention is important since hazards recognition is a complicated and multidimensional cognitive process that requires proper attention allocation of construction workers. Eye-tracking has been flourishing in recent studies of construction safety because it serves as the most direct measure of visual attention of construction workers. In addition, eye-tracking is a high temporal-resolution technique, which is suitable for capturing the fast-changing cognitive information of construction workers in a dynamic workplace.

When designing an eye-tracking experiment, the researchers should recruit participants with enough size and representativeness. These participants are usually asked to identify potential hazards from given screen-based stimulus materials, construction sites, or even immersive virtual environments. The device selection should consider the stimulus materials used. Desktop eye trackers are suitable for screen-based materials such as videos and images, while wearable eye trackers are suitable for actual construction sites. Some eye trackers can be integrated with VR headsets. AOI determination is important for eye-tracking data analysis. AOIs are usually determined by the judgment of experts or data-driven algorithms. Fixation-derived indicators, saccade-derived indicators, and some other indicators are usually used in eye-tracking studies of construction safety. Traditional statistics models, machine learning models, and QCA have good performance in eye movement data analysis in eye-tracking studies of constriction safety.

Eye-tracking techniques provide a powerful tool for investigating construction workers’ attention allocation, laying the foundation for incorporating neuroscience into construction safety management. Firstly, eye-tracking studies can identify better visual patterns during hazard recognition, which helps construction workers to improve their visual search strategies and hazard recognition performance. It can also provide objective feedback on construction workers’ performance and training effects during construction safety training. This information aids in developing more effective and intelligent safety training systems. In addition, previous studies identified key influence factors in construction workers’ hazard recognition performance. They indicated that construction workers’ hazard recognition performance is closely related to their own characteristics, environmental conditions, and visual search strategies, which provides construction managers valuable references for enhancing safety management.



Limitations and Recommendations

Because the application of eye-tracking techniques in construction safety is still in the initial stage, there are some limitations in existing studies, including imperfect experiment design, unavailability to authoritative open-access datasets, unclear relationship between visual attention and brain activities, imperfect data analysis models, and unavailability to research at the group level. Recommendations for future research are also proposed as follows.

Firstly, the experiment design still has many shortcomings. For example, most studies selected students as participants instead of construction workers but they cannot validate whether the drawn results and conclusions also suit construction workers. In addition, most of these studies failed to assess construction workers’ hazard recognition performance during their daily work. The authors need to further improve their experiment design to make it reveals the real construction activities as much as possible. For example, researchers should try to recruit construction workers as participants and not just students.

Secondly, an authoritative open-access eye-tracking dataset of construction workers is not available. Although there have many studies measuring and recording the eye movement of construction workers during hazard recognition, the researchers all did not publish and share their data. The unavailability of authoritative open-access datasets makes it difficult to objectively compare the accuracy and efficiency of various data analysis models because their experimental conditions and datasets are not the same. This hinders the further improvement and development of related algorithms. There are many internet platforms for researchers to share their datasets, and many academic journals can also publish papers along with the accompanying datasets. In fact, we can find many famous open-access eye-tracking datasets in other research fields. Therefore, the researchers are suggested to share parts of their data in future research to develop an authoritative open-access eye-tracking dataset of construction workers, which facilitate researcher to further improve data analysis tools.

Thirdly, the relationship between visual attention and brain activities of construction workers during hazard recognition is unclear. Although there have been some studies integrating eye-tracking techniques with other techniques that capture brain activities during the recognition process, such as EEG and fNIRS, these studies failed to explain the relationship between visual attention and brain activities. In fact, the visual attention of construction workers is affected and even controlled by their brain activities. The researchers are suggested to clarify the relationship between visual attention and brain activities, which allows the mechanism of individual attention allocation to be better understood.

Fourthly, the data analysis tools are either not perfect. Although machine learning models are good at processing abundant data but not yet fully applied in eye-tracking studies of construction safety. Traditional machine learning models are not capable of learning on their own because their performance is largely dependent on hand-designed features. Thus, deep learning models that can learn features and perform classification have emerged. Deep neural networks may obtain excellent results on many tasks such as classification, regression, and generation by using manually derived features as model inputs or simply using raw data as inputs. Nevertheless, deep learning models have not been applied in eye-tracking studies of construction safety. Future studies can consider using mainstream deep learning models to improve the model performance in eye-tracking studies of construction safety (Klaib et al., 2021). In addition, data analysis in existing eye-tracking studies of construction safety is conducted offline. In other words, the researchers firstly record the eye movement data and then download it for further analysis. Existing data analysis tool may not be capable to handle the large amount of real-time eye movement data. Therefore, it is of great significance to develop a model that can monitor attention allocation of construction workers real-time in future research, which can identify unsafe individuals and behaviors, thus issuing an early warning in time.

Lastly, the existing studies failed to investigate construction workers’ behaviors at the group level. It is noted that all exiting eye-tracking studies of construction safety investigated construction workers’ behaviors at the individual level. However, construction activities are usually organized by groups. Factors at the group level such as safety climate and relationships among group members also influence their behaviors. Researchers are recommended to further investigate the key factors in construction safety at the group level with eye-tracking techniques in the future.




CONCLUSION

The eye-tracking technique serves as a promising tool for enhancing construction safety management from the perspective of neuroscience. This manuscript systematically reviewed eye-tracking studies of construction safety, including studies that validated the potential of eye-tracking techniques as a measure of attention allocation of construction workers during hazard recognition. It summarized the major issues in eye-tracking studies of construction safety, including participant selection, device selection, task design, feature extraction, and data analysis. Researchers, particularly those who are new to the discipline, may utilize it as a systematic guide to learn how to conduct eye-tracking research of construction safety. Findings summarized in this review provide construction managers valuable references for enhancing safety management. The present review highlighted the limitations in previous studies, including imperfect experiment design, unavailability to authoritative open-access datasets, unclear relationship between visual attention and brain activities, imperfect data analysis models, and unavailability to research at the group level. Therefore, future studies are needed to expand further the current knowledge based on the relationship between visual attention and hazard recognition, allowing practitioners to improve construction worker performance while keeping on-site hazards under control.



AUTHOR CONTRIBUTIONS

BC: conceptualization, methodology, data analysis, writing−original draft, and funding acquisition. XL: conceptualization, data analysis, writing−review and editing, funding acquisition, and supervision. XM: methodology, data analysis, and writing−original draft. HC: data analysis, writing−original draft, and funding acquisition. JH: conceptualization, methodology, writing−review and editing, funding acquisition, and supervision. All authors contributed to this article significantly during its preparation.



FUNDING

This work was supported by the National Key Research and Development Program of China (Grant No. 2301802), Research Grant Council (Grant No. 11214518), and Fundamental Funds for the Central Universities of Central South University (Grant No. 2021zzts0245).



REFERENCES

Ahlström, C., Kircher, K., Nyström, M., and Wolfe, B. (2021). Eye tracking in driver attention research—how gaze data interpretations influence what we learn. Front. Neuroergonom. 2021:2.

Albert, A., Pandit, B., and Patil, Y. (2020). Focus on the fatal-four: Implications for construction hazard recognition. Saf. Sci. 128:104774. doi: 10.1016/j.ssci.2020.104774

Anderson, M. J. (2001). Permutation tests for univariate or multivariate analysis of variance and regression. Can. J. Fish. Aquat. Sci. 58, 626–639. doi: 10.1139/f01-004

Armstrong, R., Hall, B. J., Doyle, J., and Waters, E. (2011). ‘Scoping the scope’ of a cochrane review. J. Public Health 33, 147–150. doi: 10.1093/pubmed/fdr015

Berger, V. W. (2000). Pros and cons of permutation tests in clinical trials. Stat. Med. 19, 1319–1328. doi: 10.1002/(sici)1097-0258(20000530)19:10<1319::aid-sim490>3.0.co;2-0

Bonikowski, L., Gruszczyński, D., and Matulewski, J. (2021). Open-source software for determining the dynamic areas of interest for eye tracking data analysis. Proc. Comp. Sci. 192, 2568–2575. doi: 10.1016/j.procs.2021.09.026

Chen, J., Song, X., and Lin, Z. (2016). Revealing the “Invisible Gorilla” in construction: estimating construction safety through mental workload assessment. Automat. Const. 63, 173–183. doi: 10.1016/j.autcon.2015.12.018

Cheng, B., Fan, C., Fu, H., Huang, J., Chen, H., and Luo, X. (2022). Measuring and Computing Cognitive Statuses of Construction Workers Based on Electroencephalogram: A Critical Review. Piscataway: IEEE Transactions on Computational Social Systems.

Cheng, R., Wang, J., and Liao, P.-C. (2021). Temporal visual patterns of construction hazard recognition strategies. Int. J. Environ. Res. Public Health 18:8779. doi: 10.3390/ijerph18168779

Chong, H.-Y., Liang, M., and Liao, P.-C. (2021). Normative visual patterns for hazard recognition: a crisp-set qualitative comparative analysis approach. Ksce J. Civil Eng. 25, 1545–1554. doi: 10.1007/s12205-021-1362-5

Comu, S., Kazar, G., and Marwa, Z. (2021). Evaluating the attitudes of different trainee groups towards eye tracking enhanced safety training methods. Adv. Eng. Inform. 49:101353. doi: 10.1016/j.aei.2021.101353

de Araújo, M. C. B., Alencar, L. H., and De Miranda Mota, C. M. (2017). Project procurement management: a structured literature review. Int. J. Proj. Manag. 35, 353–377. doi: 10.1016/j.ijproman.2017.01.008

Dzeng, R.-J., Lin, C.-T., and Fang, Y.-C. (2016). Using eye-tracker to compare search patterns between experienced and novice workers for site hazard identification. Safety Sci. 82, 56–67. doi: 10.1016/j.ssci.2015.08.008

Ernst, M. D. (2004). Permutation methods: a basis for exact inference. Stat. Sci. 19, 676–685.

Fan, C., Peng, Y., Peng, S., Zhang, H., Wu, Y., and Kwong, S. (2021). Detection of Train Driver Fatigue and Distraction Based on Forehead EEG: A Time-Series Ensemble Learning Method. Piscataway: IEEE Transactions on Intelligent Transportation Systems. 1–11.

Gehrer, N. A., Zajenkowska, A., Bodecka, M., and Schönenberg, M. (2021). Attention orienting to the eyes in violent female and male offenders: An eye-tracking study. Biol. Psychol. 163:108136. doi: 10.1016/j.biopsycho.2021.108136

Günther, V., Kropidlowski, A., Schmidt, F. M., Koelkebeck, K., Kersting, A., and Suslow, T. (2021). Attentional processes during emotional face perception in social anxiety disorder: A systematic review and meta-analysis of eye-tracking findings. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 111:110353. doi: 10.1016/j.pnpbp.2021.110353

Guo, X., Fan, Z., Zhu, H., Chen, X., Wang, M., and Fu, H. (2022). Willingness to pay for healthy housing during the COVID-19 pandemic in china: evidence from eye tracking experiment. Front. Public Health 489:671. doi: 10.3389/fpubh.2022.855671

Gürcanlı, G. E., Baradan, S., and Uzun, M. (2015). Risk perception of construction equipment operators on construction sites of Turkey. Int. J. Indust. Ergon, 46, 59–68. doi: 10.1016/j.ergon.2014.12.004

Han, Y., Diao, Y., Yin, Z., Jin, R., Kangwa, J., and Ebohon, O. J. (2021). Immersive technology-driven investigations on influence factors of cognitive load incurred in construction site hazard recognition, analysis and decision making. Adv. Eng. Inform. 48:101298. doi: 10.1016/j.aei.2021.101298

Han, Y., Yin, Z., Zhang, J., Jin, R., and Yang, T. (2020). Eye-tracking experimental study investigating the influence factors of construction safety hazard recognition. J. Const. Eng. Manag. 146:1884.

Hasanzadeh, S., Dao, B., Esmaeili, B., and Dodd, M. D. (2019). Role of personality in construction safety: investigating the relationships between personality, attentional failure, and hazard identification under fall-hazard conditions. J. Const. Eng. Manag. 145:52.

Hasanzadeh, S., Esmaeili, B., and Dodd, M. D. (2016). “Measuring Construction Workers 2019; Real-Time Situation Awareness Using Mobile Eye-Tracking,” in Construction Research Congress 2016. J. L. Perdomo-Rivera, C. LopezdelPuerto, A. Gonzalez-Quevedo, F. Maldonado-Fortunet (Eds) Reston: American Society of Civil Engineers. 2894–2904.

Hasanzadeh, S., Esmaeili, B., and Dodd, M. D. (2017a). Impact of construction workers’ hazard identification skills on their visual attention. J. Const. Eng. Manag. 143:1373.

Hasanzadeh, S., Esmaeili, B., and Dodd, M. D. (2017b). Measuring the impacts of safety knowledge on construction workers’ attentional allocation and hazard detection using remote eye-tracking technology. J. Manag. Eng. 33:526.

Hasanzadeh, S., Esmaeili, B., and Dodd, M. D. (2018). Examining the relationship between construction workers’ visual attention and situation awareness under fall and tripping hazard conditions: using mobile eye tracking. J. Const. Eng. Manag. 144:1546.

Haslam, R. A., Hide, S. A., Gibb, A. G. F., Gyi, D. E., Pavitt, T., Atkinson, S., et al. (2005). Contributing factors in construction accidents. Appl. Ergon. 36, 401–415. doi: 10.1016/j.apergo.2004.12.002

Heinrich, H. W. (1941). Industrial Accident Prevention. A Scientific Approach. New York, NY: McGraw Hill

Hong Kong OSHC (2015). Survey Report on the Effectiveness of the Hong Kong Construction Industry Occupational Safety and Health Promotion Programme. North Point Hong Kong: OSHC.

International Labour Organization (2005). Facts on Safety at Work. Geneva: International Labour Organization.

International Labour Organization (2015). Construction: a hazardous work. Geneva: International Labour Organization.

Isaacowitz, D. M., Wadlinger, H. A., Goren, D., and Wilson, H. R. (2006). Selective preference in visual fixation away from negative images in old age? An eye-tracking study. Psychol. Aging 21, 40–48. doi: 10.1037/0882-7974.21.1.40

Jeelani, I., Albert, A., and Gambatese John, A. (2017b). Why do construction hazards remain unrecognized at the work interface? J. Const. Eng. Manag. 143:04016128. doi: 10.1061/(asce)co.1943-7862.0001274

Jeelani, I., Albert, A., Azevedo, R., and Jaselskis, E. J. (2017a). Development and testing of a personalized hazard-recognition training intervention. J. Const. Eng. Manag. 143:1256. doi: 10.1093/occmed/kqt178

Jeelani, I., Albert, A., Han, K., and Azevedo, R. (2019). Are visual search patterns predictive of hazard recognition performance? empirical investigation using eye-tracking technology. J. Const. Eng. Manag. 145:1589.

Jeelani, I., Han, K., and Albert, A. (2018). Automating and scaling personalized safety training using eye-tracking data. Autom. Const. 93, 63–77. doi: 10.1016/j.autcon.2018.05.006

Jeon, J., and Cai, H. (2021). Classification of construction hazard-related perceptions using: Wearable electroencephalogram and virtual reality. Autom. Const. 132:103975. doi: 10.1016/j.autcon.2021.103975

Ke, J., Zhang, M., Luo, X., and Chen, J. (2021). Monitoring distraction of construction workers caused by noise using a wearable Electroencephalography (EEG) device. Autom. Const. 125:103598. doi: 10.1016/j.autcon.2021.103598

Kim, N., Anderson, B. A., and Ahn, C. R. (2021a). Reducing risk habituation to struck-by hazards in a road construction environment using virtual reality behavioral intervention. J. Const. Eng. Manag. 147:11.

Kim, N., Kim, J., and Ahn, C. R. (2021b). Predicting workers’ inattentiveness to struck-by hazards by monitoring biosignals during a construction task: a virtual reality experiment. Adv. Eng. Inform. 49:101359. doi: 10.1016/j.aei.2021.101359

Klaib, A. F., Alsrehin, N. O., Melhem, W. Y., Bashtawi, H. O., and Magableh, A. A. (2021). Eye tracking algorithms, techniques, tools, and applications with an emphasis on machine learning and Internet of Things technologies. Exp. Syst. Appl. 166:114037. doi: 10.1016/j.eswa.2020.114037

Larsson, L., Nyström, M., Andersson, R., and Stridh, M. (2015). Detection of fixations and smooth pursuit movements in high-speed eye-tracking data. Biomed. Sign. Proc. Cont. 18, 145–152. doi: 10.1109/EMBC.2014.6944450

Leube, A., Rifai, K., and Rifai, K. (2017). Sampling rate influences saccade detection in mobile eye tracking of a reading task. J. Eye Movem. Res. 10:3. doi: 10.16910/jemr.10.3.3

Li, J., Li, H., Wang, H., Umer, W., Fu, H., and Xing, X. (2019). Evaluating the impact of mental fatigue on construction equipment operators’ ability to detect hazards using wearable eye-tracking technology. Autom. Const. 105:2835.

Liang, Q., Zhou, Z., Ye, G., and Shen, L. (2022). Unveiling the mechanism of construction workers’ unsafe behaviors from an occupational stress perspective: A qualitative and quantitative examination of a stress–cognition–safety model. Safe. Sci. 145:105486. doi: 10.1016/j.ssci.2021.105486

Liao, P.-C., Sun, X., and Zhang, D. (2021). A multimodal study to measure the cognitive demands of hazard recognition in construction workplaces. Safe. Sci. 133:105010.

Liao, P.-C., Sun, X., Liu, M., and Shih, Y.-N. (2019). Influence of visual clutter on the effect of navigated safety inspection: a case study on elevator installation. Int. J. Occup. Safe. Ergon. 25, 495–509. doi: 10.1080/10803548.2017.1389464

Liu, M., Liao, P.-C., Wang, X.-Y., Li, S., and Rau, P.-L. P. (2021). Influence of semantic cues on hazard-inspection performance: a case in construction safety. Int. J. Occup. Safe. Ergon. 27, 14–28. doi: 10.1080/10803548.2018.1541648

Ma, H., Wu, Z., and Chang, P. (2021). Social impacts on hazard perception of construction workers: a system dynamics model analysis. Safe. Sci. 138:105240. doi: 10.1016/j.ssci.2021.105240

Maltz, M., and Shinar, D. (1999). Eye movements of younger and older drivers. Human Fact. 41, 15–25. doi: 10.1518/001872099779577282

Namian, M., Albert, A., and Feng, J. (2018). Effect of distraction on hazard recognition and safety risk perception. J. Const. Eng. Manag. 144:18008.

Noghabaei, M., Han, K., and Albert, A. (2021). Feasibility study to identify brain activity and eye-tracking features for assessing hazard recognition using consumer-grade wearables in an immersive virtual environment. J. Const. Eng. Manag. 147:1104.

Pandit, B., Albert, A., Patil, Y., and Al-Bayati, A. J. (2019). Impact of safety climate on hazard recognition and safety risk perception. Safe. Sci. 113, 44–53. doi: 10.1016/j.ssci.2018.11.020

Park, S., Park, C. Y., Lee, C., Han, S. H., Yun, S., and Lee, D.-E. (2022). Exploring inattentional blindness in failure of safety risk perception: focusing on safety knowledge in construction industry. Safe. Sci. 145:5518.

Peng, Y., Lin, Y., Fan, C., Xu, Q., Xu, D., Yi, S., et al. (2022). Passenger overall comfort in high-speed railway environments based on EEG: assessment and degradation mechanism. Build. Environ. 210:108711. doi: 10.1016/j.buildenv.2021.108711

Perlman, A., Sacks, R., and Barak, R. (2014). Hazard recognition and risk perception in construction. Safe. Sci. 64, 22–31. doi: 10.1016/j.ssci.2013.11.019

Pernice, K., and Nielsen, J. (2009). How to conduct eyetracking studies. California: Nielsen Norman Group.

Rusnak, M. (2021). Applicability of eye trackers in marketing activities related to historical monuments. Comparison of experts’ predictions and visual reactions of non-professionals. J. Cult. Herit. 49, 152–163. doi: 10.1016/j.culher.2021.02.004

Saedi, S., Fini, A. A. F., Khanzadi, M., Wong, J., Sheikhkhoshkar, M., and Banaei, M. (2022). Applications of electroencephalography in construction. Autom. Const. 133:103985. doi: 10.1016/j.autcon.2021.103985

Safe Work Australia (2015). Construction industry profile. Canberra: Safe Work Australia.

Salehi, S., Kiran, R., Jeon, J., Kang, Z., Cokely, E. T., and Ybarra, V. (2018). Developing a cross-disciplinary, scenario-based training approach integrated with eye tracking data collection to enhance situational awareness in offshore oil and gas operations. J. Loss Prev. Proc. Indust. 56, 78–94. doi: 10.1016/j.jlp.2018.08.009

Sharafi, Z., Shaffer, T., Sharif, B., and Gueheneuc, Y. (2015). “Eye-Tracking Metrics in Software Engineering,” in 2015 Asia-Pacific Software Engineering Conference (APSEC), Delhi: IEEE. 96–103.

Siu, O.-L., Phillips, D. R., and Leung, T.-W. (2003). Age differences in safety attitudes and safety performance in Hong Kong construction workers. J. Safe. Res. 34, 199–205. doi: 10.1016/s0022-4375(02)00072-5

Špakov, O., Istance, H., Hyrskykari, A., Siirtola, H., and Räihä, K.-J. (2019). Improving the performance of eye trackers with limited spatial accuracy and low sampling rates for reading analysis by heuristic fixation-to-word mapping. Behav. Res. Methods 51, 2661–2687. doi: 10.3758/s13428-018-1120-x

Sun, X., and Liao, P.-C. (2019). Re-assessing hazard recognition ability in occupational environment with microvascular function in the brain. Safe. Sci. 120, 67–78. doi: 10.1016/j.ssci.2019.06.040

Sun, X., Chong, H.-Y., and Liao, P.-C. (2020). Efficiency improvement by navigated safety inspection involving visual clutter based on the random search model. Int. J. Occup. Safe. Ergon. 26, 740–752. doi: 10.1080/10803548.2018.1486528

Tien, T., Pucher, P. H., Sodergren, M. H., Sriskandarajah, K., Yang, G.-Z., and Darzi, A. (2014). Eye tracking for skills assessment and training: a systematic review. J. Surg. Res. 191, 169–178. doi: 10.1016/j.jss.2014.04.032

Topolšek, D., Areh, I., and Cvahte, T. (2016). Examination of driver detection of roadside traffic signs and advertisements using eye tracking. Transp. Res. Part F: Traff. Psychol. Behav. 43, 212–224. doi: 10.1016/j.trf.2016.10.002

U.S. Bureau Of Labor Statistics (2020). Census of Fatal Occupational Injuries (CFOI). Available online at: http://www.bls.gov/iif/oshcfoi1.htm [accessed Jan 11, 2022]

West, J. M., Haake, A. R., Rozanski, E. P., and Karn, K. S. (2006). “eyePatterns: software for identifying patterns and similarities across fixation sequences,” in Proceedings of the 2006 symposium on Eye tracking research & applications, (San Diego: Association for Computing Machinery).

Wierts, R., Janssen, M. J. A., and Kingma, H. (2008). Measuring saccade peak velocity using a low-frequency sampling rate of 50 Hz. IEEE Trans. Biomed. Eng. 55, 2840–2842. doi: 10.1109/TBME.2008.925290

Wolf, M., Teizer, J., Wolf, B., Bükrü, S., and Solberg, A. (2022). Investigating hazard recognition in augmented virtuality for personalized feedback in construction safety education and training. Adv. Eng. Inform. 51:101469. doi: 10.1016/j.aei.2021.101469

Xu, Q., Chong, H.-Y., and Liao, P.-C. (2019). Exploring eye-tracking searching strategies for construction hazard recognition in a laboratory scene. Safe. Sci. 120, 824–832. doi: 10.1016/j.ssci.2019.08.012

Yen, C., and Chiang, M.-C. (2021). Examining the effect of online advertisement cues on human responses using eye-tracking, EEG, and MRI. Behav. Brain Res. 402:113128. doi: 10.1016/j.bbr.2021.113128

Yu, X., Liu, T., He, L., and Li, Y. (2022). Micro-foundations of strategic decision-making in family business organisations: a cognitive neuroscience perspective. Long Range Plan. 2022:102198. doi: 10.1016/j.lrp.2022.102198

Zhang, Y., Zhang, M., and Fang, Q. (2019). Scoping review of EEG studies in construction safety. Int. J. Environ. Res. Public Health 16:4146. doi: 10.3390/ijerph16214146

Zhou, X., Hu, Y., Liao, P.-C., and Zhang, D. (2021). Hazard differentiation embedded in the brain: a near-infrared spectroscopy-based study. Autom. Const. 122:103473. doi: 10.1016/j.autcon.2020.103473


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 Cheng, Luo, Mei, Chen and Huang. 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.

OPS/images/fnins-16-891725-t001a.jpg
Jeelani etal.
(2019)

Lietal. (2019)

Liao et al.
(2019)

Sunand Liao
(2019)

Xuetal. (2019)

Han etal.
(2020)

Sunetal.
(2020)

Cheng et al
(2021)

Joural of Construction
Engineering and
Management

Automation in
construction

Iternational Journal of
‘Occupational Salety
and Ergonomics

Safety Science

Safety Science

Journal of Construction
Engineering and
Management

International Jourmal of
Occupational Safety
‘and Ergonomics,

International Joumal of
Environmental
Research and Public
Health

23 construction

12 construction
workers

42 construction
workers (32)

48 students.

47 students.

55 students

42construction workers.
(@0)

85 construction
workers (65)

EyeTech VT3

Pupil Lab.

SMI View X

Tobi Pro
Glasses 2

Tobi Pro
Glasses 2
Tobi T60XL

SMI View X

Tobbi Pro
Fusion

Visually search hazards in 12
givenimages of site scenes

Operate an excavator whie
recogrizing and responding to
potential hazards that may
cause colisions in a simulation
system

Visually search hazards in eight
givenimages of site scenes

Visually search hazards ina.
structurallaboratory

Visually search hazards ina.
structurallaboratory

Visually search hazards in 20
givenimages of site scenes

Visually search hazards in 15
givenimages of site soenes

Visually search hazards in 120
givenimages of site scenes

Search duration, fixation count,
fixation time, mean fxation
duration, fxation spatial density,
fixation count ratio, fixation time
ratio, and saccade velocity.

Blink count, bink duration,
pupil diameter, percent change
in pupil diameter, fixation time,
and fixation count

Fixation time ratio, and mean
fixation duration

Time to the first fixation

Foxation sequence

‘The accuracy rate of the first
fixation, fixation count,
intersection coefficient, search
duation, and fixation count in
the attention center zone.
Fiation time

Fixation sequence

Rogression analysis

Analysis of variance
and spearman
‘correlation analysis

Logistic regression
analysis

Analysis of variance
‘and discriminant
analysis

Hierarchical clustering

Descriptive statistical
‘comparisons

Logistic regression
analysis

Temporal quatative
analysis

Visual search pattems are precictive of
hazard recognition performance of
‘construction workers, and personalized
safety taining intervention can enhance
their hazard recogrition abilty by
roving thei visual search patterns.
‘The hazard recogrition abiity of
‘construction workers decreases with
the menta fatigue level increasing, and
itis associated with the changes i the
distrbution of construction workers”
visual patterns.

The effect of strengthened working
‘memory on the detection rate through
increased search efficiency is more
apparent in high visual cutter.

Hazard recognition abiity can be better
assessed by comprehensively
considering eye-tracking and
nearinfrared spectroscopy (NIRS)
indicators.

Successtul hazard recognitions have:
simiar visual search pattems.

More distinct hazards and atidy site
reduce construction workers' cognitive
loads in hazard recognition, while site
brightness has posiive and negative
effects.

Navigated safety inspection can
improve hazards recogrition
effectiveness, and eficency n scenes
with high and medium visual cltters.
Arandom search model can describe
the visual patters of construction
workers in hazard recognition tasks,
Inthe potentia electrical contact
hazards, the intersection of the
energy-releasing source and wire is the
cognitively diven visual area that
construction workers are fikely to
pricrtize. And as for PPE-related
hazards, scene-related, and
nom-guided are two diferent visual
strategies generalized according to the
workers' visual cognitive logic.






OPS/images/fnins-16-891725-t001b.jpg
Chong etal
(2021)

Comuetal,
(2021)

Kim et al,
(2021b)

Liao otal
(2021)

Liu et al (2021)

Noghabaei
etal. (2021)

Parketal,
(2022)

KSCE Journal of Civil
Engineering

Advanced Engineering
Informatics

Advanced Engineering
Informatics

Safety Science

International Joumal of
Ocoupational Safety and
Ergonomics.

Journal of Construction
Engineering and Management

‘Safety Science

47 students.

Five engineers, five
laborers workers, and
five students

32 students.

48 students.

30 construction
workers

30 students.

59 construction
workers (supervisors)
9

Tobi Pro
Glasses 2

“Tobi Pro
X2-30 Hz

Tobi Pro
Glasses 2

SMI Miew X

HTC Vive Pro
VA headset

Tobi Pro
Glassos 2

Visually search hazardsina  Fixation sequence
structurallaboratory

Receive two different forms of  Time o first ixaion, and
salety training (.e., a tradiional fixation time

presentation with 11 sides and

a construction task level serious

game)

Clean the road while Pupildiameter and saccadic
recognizing andavoiding  velocity

struck-by hazards caused by

surounding consruction

equipment in an immersive

virtual construction site

Visually search hazardsina  Pupil diameter
structural laboratory

Visually search hazards in eight Fixation time, fixation count,

given images of site scenes  fixation count ratio, fixation time
ratio, and mean fixation
duration

Visually search hazardsinan  Fixation count, fixation time,
immersive virtual construction  mean fixation duration, saccade
site velocity, and pupil diameter

Visually search hazardsin 20 Fixation count
given images of site scenes

Crisp-set qualitative
analysis

Analysis of variance

Analysis of variance
and support vector
machine

Analysis of variance,
permutation analysis,
and correlation analysis

Paired t-test

K-nearest neighbor
(eNN) and support
‘vector machine (SVM)

Nonparametric ttest

Electiicity-rolated hazards shouid
be recognized based on object
identifcation, whie struck-by
hazards should be idenified based
on the obiects and their pivot points.
or probable movement trajectories.
“The effect of safety training is
sigrificantly affected by the.
background of trainee construction
workers and training methods.

There exist significant differences in
electrocardiogram (ECG) and
eye-tracking indicators of
‘construction workers between
recognizing and ignoring hazards,
‘and thus these biosignals can be
applied for inattentiveness
dentiication.

Construction worksites with
iferent hazard types and levels of
scene complexity induce diferent
‘cognitive patterns and cognitive
‘demands and should thus be
treated individualy.

‘Semantic cues drive construction
workers' selective attention toward
‘goakrelevant information more
effoctivel, thus improving their
hazard recogtion performance.
Itis feasible to combine
ye-tracking with EEG 1o detect
construction workers’ abilty to
recognize hazards.

Inattentional bindness is
responsible for about 50% of the
safety hazard perception of
construction workers, and safety.
Knowledge nearty does not affect
inattentional bindness.





OPS/images/fnins-16-891725-e005.jpg
Number of cells with at least one fixation

FSD = ©)

Total number of cells





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Systematic Review of Eye-Tracking Studies of Construction Safety



		INTRODUCTION



		RESEARCH METHODOLOGY



		Literature Search



		Study Selection



		Content Analysis







		RESULTS



		Descriptive Analysis



		Participant Selection



		Device Selection



		Experiment Task Design



		Area of Interest Determination



		Feature Extraction



		(1) Fixation time and fixation time ratio



		(2) Search duration



		(3) Time to first fixation



		(4) Fixation count and fixation count ratio



		(5) Run count



		(6) Mean fixation duration



		(7) Visual attention index



		(8) Fixation special density



		(9) Accuracy rate of first fixation



		(10) Fixation sequence



		(11) Intersection coefficient



		(12) Saccade velocity



		(13) Pupil diameter



		(14) Blink count and duration







		Data Analysis Methods



		Main Findings







		DISCUSSION



		Implications



		Limitations and Recommendations







		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fnins-16-891725-e003.jpg
MFD =

Fixation time
™ Fixation count

@)





OPS/images/fnins-16-891725-e004.jpg
VAI

Fixation time
= Search duration

5)





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

A Systematic Review
of Eye-Tracking Studies
of Construction Safety







OPS/images/fnins-16-891725-e001.jpg
FIR =

Zi(E(f) =S (f) inaor
>, (E(f) = S(fy) in A0G

@)






OPS/images/fnins-16-891725-e002.jpg
FCR=

Fixation count in AOI
" Fixation count in AOG

3)






OPS/images/fnins-16-891725-g001.jpg
(IITLE-A’Bs-KEY‘(' onstruction
AND safety) AND “TITLE- A;Bs- -
khwoeyemekmsa) AND
(pmn;umf(nocwm Yar’))
(L. AgupAémTI&h, ))
@@mﬁ?ﬁmnrmmpﬁg;nwné

A

7

Device selection ]‘*

AQI determinati

Limitations and
recommendation

Feature extracﬁon]'— :
. ‘

Data analysis ]'— ;
\_ :

Main findings ]‘7

s

.






OPS/images/fnins-16-891725-e000.jpg
FTy = > (E(fy) — S(fy)





OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





OPS/images/fnins-16-891725-t001.jpg
References

Dzeng et al
(2016)

Hasanzadeh
etal. (2017b)

Hasanzadeh
etal. (2017a)

Jeclani ot al,
(20173)

Hasanzadeh
etal, (2018)

Jeclani et al,
(2018)

Hasanzadeh
etal. (2019)

Journal

‘Safety Science.

Journal of Management in
Engineering

Journal of Construction
Engincering and
Management

Journal of Construction
Engineering and
Management

Journal of Construction
Engineering and
Management

Automation in Construction

Journal of Construction
Engineering and
Management

Participants

Ten construction
workers and 15
students

31 construction
workers (27)

31 construction
workers (21)

Eight construction
workers

14 students (11)

Five students and one.
construction
professional

31 construction
workers (28)

Device

ViewPoint
EyeTracker

SR Research
EyeLink I

SR Research
Eyelink I21ga

EyeTech VT3

Tobi Pro
Glasses 2

Tobi Pro

Glasses 2

SR Research
Eyelink I216a

Experiment task

Visually search hazards in four
virtual construction sites.

Visually search hazards in 35
given images of sie scenes

Visually search hazards in 35
given images of site scenes

Visuall search hazards in 24
given images of site scenes.

Walk along a pathin the:
presence of other workers who
are conducting their nomal
activiies on the job site

Visually search hazards in real
construction sites

Visually search hazards in 35
‘given images of site scenes

Eye-tracking indicator

Fixation count and fixaion
sequence

“Time to first fxation, fixation
time ratio, and run count

Fixation count, fxation time
ratio, and run count

Fixation time

“Time to first fxation, fixation
time, fixation count, and run
count

Fixation time, fixation count,
search duration, mean fixation
duration, visual attention index,
and fixation time ratio

Fixation count and run count

Analysis method

Independent and
paired t-test

Permutation
simulation

Analysis of variance.
and discriminant
analysis

Interupted
longitudinal
regression analysis

Permutation
simulation

Descriptive statistical
‘comparisons

Correlational analysis.
‘and permutation
analysis

Main findings

Wi expertise aided
experienced construction
workers in evaluating visible and
hidden hazards substantially
quicker than fresh workers, it had
it effect on their abilty to
identiy hazards accurately.

Tacit safety knowledge obtained
from work experience and injury
exposure significantly improve
construction workers' hazard
recogtion.

Hazard recognition skills
significanty affect construction
workers' visual search strategies,
and thus eye-tracking indicators.
an be applied to identity
individuals with poor hazard
recognition skils.

The eye-tracking system can
provide feedback for hazard
recognition performance and
develop an efficient personalized
safety training intervention for
construction workers.
Construction workers with higher
situation awareness periodically
looked sown and scanned ahead
o remain fully aware of the
environment and its associated
hazards when walking.
Integrating computer-version and
eye-tracking enables automating
and scaling personalized saety
training.

Extraversion, conscientiousness,
and openness to experience
sigrificantly affect construction
workers' attention alocations and
workers who are less extroverted,
more conscientious and more
open o experience have better
performance in hazard
recognition.





