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In the event of pandemic, it is essential for government authority to implement responses to control the pandemic and protect people's health with rapidity and efficicency. In this study, we first develop an evaluation framework consisting of the entropy weight method (EWM) and the technique for order preference by similarity to ideal solution (TOPSIS) to identify the preliminary selection of Fangcang shelter hospitals; next, we consider the timeliness of isolation and treatment of patients with different degrees of severity of the infectious disease, with the referral to and triage in Fangcang shelter hospitals characterized and two optimization models developed. The computational results of Model 1 and Model 2 are compared and analyzed. A case study in Xuzhou, Jiangsu Province, China, is used to demonstrate the real-life applicability of the proposed models. The two-stage localization method gives decision-makers more options in case of emergencies and can effectively designate the location. This article may give recommendations of and new insights into parameter settings in isolation hospital for governments and public health managers.
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INTRODUCTION

Pandemic outbreaks have posed a threat to humanity and economic progress (1). In 2020, the coronavirus disease 2019 (COVID-19) pandemic broke out. By February 15, 2022, ~409.21 million cumulative cases have been diagnosed worldwide, with an approximate of 71.35 million existent confirmed cases and 5.81 million cumulative deaths. COVID-19 has led to substantial loss and threat to economies (2) and people's lives and health (3).

As of the onset of the COVID-19 pandemic worldwide, conventional methods of response have been invalid and inffeicient, as countries are generally encountered with uneven distribution of healthcare resources, operational inefficiencies, lack of flexibility, and shortages of hospital beds (4). To minize the transmission of COVID-19, the World Health Organization and the majority of governments have recommended “stay-at-home” (5). Due to the absence of a prophylactic vaccine, official control measures have been implemented to reduce the spread of COVID-19, such as staying at home (6). People who may have been exposed to COVID-19 are instructed to subject themselves to household quarantine for at least 14 days, which effectively prevents them from close contact with others as well as from going to school and workplace or any public venue. Arguably, self-isolation could be effective in retarding the spread of this contagious disease, as was the case with SARS in 2003 (7). China has implemented some drastic control measures that substantially mitigated the spread of the disease (8). Western mitigation interventions have been less effective and multiple measures of social distancing and self-isolation may be required to adequately control COVID-19 (9). Self-isolation at home has been demonstrably one of the most effective public health interventions and measures (10). Dickens et al. (11) described the effectiveness of isolation measures, which simulated and compared two kinds of isolation profiles: institution-based isolation and home-based isolation, both can reduce the spread of infectious diseases and decrease mortality, with institutional isolation providing better containment of COVID-19.

Meanwhile, home-based isolation may pose two problems. (i) Homebound patients can lead to the spread of infectious diseases in the community. Homebound patients will be in close contact with their families, with their family members being a potential source of the pandemic spread. Moreover, patients restricted to home-based isolation may still move around and contact others in the community, ultimatel\ leading to the spread of infectious disease in the community and further increased number of infectious cases (12). (ii) Isolation of patients at home may delay the best time for life-saving of infectious disease, with patients susceptible to deterioration from mild-to-moderate or severe disease (13). Patients under home-based isolation do not have access to monitoring of appropriate symptom and necessary and timely hospital referrals. Without access to appropriate medical care, patients with rapidly progressing diseases will further burden the healthcare system. These factors will continue to lead to a shortage of medical resources and beds, resulting in many cases exceeding the local medical capacity, as is currently the case in several parts of the world. Therefore, pandemic outbreak challenges response and control capacity, which must include timely isolation of infected individuals and timely admission of various types of patients to preclude new sources of infection and protect people's health (14).

The successful renovation of Fangcang shelter hospitals in Wuhan has demonstrated the unique role of Fangcang shelter hospitals in responding to a pandemic outbreak, especially in the case of the pandemic widespread. When there are many patients with mild-to-moderate disease, Fangcang shelter hospitals can effectively cope with the problems of isolation of infectious patients and solution to hospital bed shortages. This is the most effective means to control the virus spread and reduce mortality. Such shelter hospitals will rapidly improve the function of the community health care system and improve local medical capacity during a pandemic, providing a good schema for future pandemic prevention and other regional responses to public health emergencies.

Now, COVID-19 prevalence has been worldwide, particularly in areas such as New Delhi and Mumbai in India. However, local governments did not establish medical facilities like Fangcang shelter hospitals promptly and effectively, which was responsible for the increasing cases of COVID-19 infection and the death toll. By February 15, 2022, there were ~0.42 million existent cases of COVID-19 in India, with a cumulative approximate of 42.69 million cases and around 0.5 million deaths. Had timely measures been taken earlier in the outbreak, such as the establishment of Fangcang shelter hospitals, the current serious situation could have been prevented or at least mitigated. However, the localization of shelter hospitals is not arbitrary. On the one hand, unlike conventional hospitals, Fangcang shelter hospitals are unique in location requirements on the grounds of exclusive admission and treatment of patients with infectious diseases. In decision-making of location option, some relevant factors are prerequisite. Moreover, the localization and establishment of Fangcang shelter hospital must ensure the rapid isolation of infected individuals, prevention from infection, provision of healthcare and protection of the population at large. On the other hand, Fangcang shelter hospitals have admission criteria distinct from designated higher-level hospitals with respect to severity of infectious diseases, with Fangcang shelter hospitals targeting acute and mild-to-moderate cases. The questions in research are thus proposed.

Question 1: How do we develop the evaluation framework of the preliminary selection of Fangcang shelter hospitals according to the actual situation and requirements of pandemic control?

Question 2: How do we determine the final optimal location of Fangcang shelter hospitals to ensure that infectious patients with different severities are quickly and timely allocated to appropriate hospitals early in the outbreak?

Due to the limitation of data sources and operational feasibility, we designated Xuzhou to exemplify and verify the validity of the two-stage location method in this study and provide recommendation and reference for local authorities as well as the institutions abroad.



LITERATURE REVIEW

More and more attention is being paid to healthcare management to make informed decisions (15). This study is closely related to the literature on the location of field hospitals and temporary medical centers. These hospitals are usually used for support after disasters and epidemics (16). Salman et al. adopted a multi-period mixed integer programming model to optimize capacity allocation and casualty transportation decisions. The model was intended to minimize the total time for travel and waiting of casualties during search and rescue and the total cost of establishing new field hospitals (17). Aydin et al. developed a two-stage stochastic p-median model to identify the number, location, and size of field hospitals and the distribution of victims. The objective function minimizes the expected total travel distance of victims (18). Fereiduni et al. addressed the location problem of temporary medical centers and hospitals, considering both distribution and evacuation issues. The objective was to minimize total transportation costs, inventory costs, and facility setup costs (19). Oksuz et al. aimed to identify the location and number of temporary medical centers. They considered the locations of existing hospitals, patient capacities of existing hospitals and temporary medical centers, the setup costs of temporary medical centers, the costs of casualty transportation, and the expected numbers of casualties in the affected areas. The objective was to minimize the total transportation costs and total setup costs of medical centers (20).

Healthcare management in the context of past epidemic or pandemic outbreaks has received considerable scholarly attention. Scholars have addressed many problems to ensure the safety and health of people's lives. Lee et al. modeled the location of point-of-dispensing facilities within cities during an anthrax outbreak for the orderly, rapid, and safe distribution of prophylactic drugs to populations. The proposed model aimed to minimize the average travel distance for all households (21). Araz et al. considered the location of Point of Dispensing sites and the allocation of staff to the selected locations. They formulated a p-median facility location model with a queuing approximation to minimize individuals' average transportation and waiting duration to receive the required service (22). Büyüktahtakin et al. developed an epidemiological mixed integer planning model, considering the spatial transmission dynamics of infectious diseases. They identified the location of Ebola treatment centers and optimized logistics for controlling infectious disease outbreaks. The model objective was to minimize the total number of infections and deaths over multiple planning periods with a limited budget (23). Liu et al. modified Büyüktahtakin's model (23) by changing the capacity constraints and applied it to control the 2009 H1N1 pandemic in China. They developed a mixed integer non-linear programming model to determine when to open isolation wards and close unused isolation wards (1). Anparasan et al. modeled the location of cholera treatment facilities based on the 2010 cholera outbreak in Haiti. The objective was to maximize the movement of severely diseased patients from the triage node to treatment facilities, reducing morbidity and mortality and decreasing the total number of deaths from cholera (24).

COVID-19 is a typical pandemic, with arising studies focused on the facility location in the context of COVID-19 (25). Devi et al. proposed a mixed integer linear programming model to identify the location of temporary testing laboratories for COVID-19. The first objective rests on minimizing the total cost, whereas the second objective minimizes the maximum travel time between a temporary testing laboratory and a demand node (26). Risanger et al. cited the distance-determined willingness to travel function of residents and set pharmacies as testing facilities. They developed a model to maximize the number of people going to the nearest selected pharmacy (27). Liu et al. proposed a two-phase framework consisting of pre-and post-pandemic decisions to locate testing facilities and adjust capacity during large-scale emergencies. The framework can meet the dynamic and varying demands caused by pandemics (28). Çakir et al. addressed the allocation problem of mobile vaccination clinics set up in larger cities in Turkey. They employed a spherical bipolar fuzzy multiple-criteria decision-making (MCDM) method to calculate weight and minimized demand allocation and facility setup costs (29). Bertsimas et al. addressed the vaccination facility location problem with a new data-driven approach, where they first improved the DELPHI epidemiological model to capture the impact of vaccination and the variation of mortality by stratified age groups. The predictive model was then integrated into a location-allocation model to optimize the location of vaccination facilities and vaccine distribution. The proposed model aims to minimize the number of deaths, the number of susceptible contacts, and the distance to a facility (30).

There is arising literature on the location of hospitals in the context of COVID-19: Hashemkhani et al. identified the locations of isolation hospitals during the COVID-19 outbreak through a gray-based decision support framework (31). Aydin et al. proposed a DELPHI-based multicriteria decision-making (MCDM) framework, an integrated framework consisting of the DELPHI, Best Worst, and interval type-2 fuzzy logic TOPSIS methods. Better and safer infectious disease services for patients with mild-to-moderate symptoms can be provided by screening the best locations for isolation hospitals (32). Akpinar et al. (33) applied the fuzzy Choquet integral multicriteria decision-making technique to determine the most suitable location for a COVID-19 field hospital to be constructed in Izmir, Turkey. Hassan et al. (34) proposed a variant of the maximal coverage location model to establish field hospitals for the COVID-19 problem, and the objective was to maximize the number of patients covered by the field hospitals.

The main functions of Fangcang shelter hospital include isolation, triage, basic medical services, symptom monitoring, rapid referral, and accommodation and shelter for patients with infectious diseases (35). In Wuhan, China, there were many patients with mild-to-moderate diseases, which led to a shortage of hospital beds at the onset of the pandemic. Accordingly, more than 20 Fangcang shelter hospitals were built to increase capacity. Fang et al. described the success of Wuhan in combating COVID-19 and indicated that Fangcang shelter hospitals, which are usually converted from large public places and monolithic buildings, such as gymnasiums and exhibition centers, are an effective solution to the spread of infectious disease and mortality reduction. Moreover, by establishing Fangcang shelter hospitals, the medical treatment capacity can be increased with less cost (4).

Despite these advantages, there are several challenges with the use of Fangcang shelter hospitals. First, some individuals were unaccustomed to the activity restriction and the reduced interpersonal interactions (36). Also, the physical inactivity caused by isolation interventions has some negative effects (37). Consequently, they were reluctant to be isolated in Fangcang shelter hospital. Second, there is an increased level of worry and nervousness among the isolated people (38). There are emotional and psychological problems associated with these periods of quarantine (39). Facility-based isolation leaves negative psychological effects on people, including post-traumatic stress symptoms, confusion, and anger (40). Third, it may be culturally unacceptable and legally unenforceable, with many people being cohorted in Fangcang shelter hospitals (41). People fear that they will not receive income and financial compensation during isolation (6). Appropriate communication and awareness need to be enhanced for communities to better accept facility-based isolation. Public acceptance may increase if people are aware of the benefits of institutional isolation and understand that such isolation will result in better protection for their families, associated with better health care, including easier access to practical support.

A comprehensive literature review reveals the advantages and challenges of application of Fangcang shelter hospitals, whereas no literature is available regarding the localization of Fangcang shelter hospital. Also, no research combines the EWM-TOPSIS method with the optimization model to determine the localization.

Thus, the contributions of this study are as follows.

Contribution 1: The referral to and triage in Fangcang shelter hospitals are characterized and the localization is discussed. We fill the research gap.

Contribution 2: An evaluation framework consisting of the EWM and the TOPSIS is proposed. The framework and variants of the p-median model are integrated to determine the localization of Fangcang shelter hospitals.

Contribution 3: The time-risk function is introduced; variants of the p-median model consider the deterministic and uncertain situations, respectively.

Contribution 4: A number of realistic situations such as capacity constraints, deterioration ratios, and service use rates are considered. Thus, the proposed models are generalizable.

In this paper, we first integrate the EWM and the TOPSIS to develop an evaluation framework to identify preliminary selections of Fangcang shelter hospitals; second, we consider the timeliness of isolating and treating patients with different severities of infectious disease. We characterize the referral to and triage in Fangcang shelter hospitals and consider the capacity constraints of Fangcang shelter hospitals and designated higher-level hospitals. The p-median problem is a typical class of combinatorial optimization problems, which pertain to the non-deterministic polynomial-time (NP)-hard problems and is more commonly applied in the fields of logistics and facility location (42). Model 1 and Model 2 developed in this paper are variants of the p-median model, and both are two-level facility location models with capacity limitations.



PRELIMINARY SELECTION METHODS

The preliminary location selection of candidate Fangcang shelter hospital is not arbitrary. Fangcang shelter hospitals are distinct from conventional hospitals in location requirements on the grounds of exclusive admission and treatment of patients with infectious diseases. In decision-making of location option, the relevant factors are prerequisites: (1) The risk of pandemic spread and locations in marginal and remote areas far away from densely populated areas and city centers; (2) The number of expected patients to be accommodated in candidate Fangcang shelter hospital locations, and the capacity of each Fangcang shelter hospital to meet the medical needs of a certain number of patients; (3) Optimal location relatively close to the designated hospitals, convenience for the transportation of severely diseased patients and the supply of medical materials.

Entropy weight method is a commonly adopted weighting method to measure the structural complexity. It can characterize the size of information in decision-making (43). TOPSIS is a multicriteria decision-making approach. It sorts the evaluation objects according to their consistency to the ideal solution and evaluates the relative merits among the existing evaluation objects (44). TOPSIS accredits equal weights to each criterion, whereby various criteria would play the different roles during the procedure are ignored (45). In this study, EWM is adopted to calculate the weight of each criterion and reduce the disadvantages of TOPSIS, which adopts equal weights. This method addresses the issue of inaccurate assessment and avoids the single-sided effects of using a single criterion. In summary, the EWM-TOPSIS method has the significant advantages in the comprehensive evaluation of the aspects of actual problems (46), as in selection of candidate Fangcang shelter hospital locations.


Entropy Weight Method—Calculate the Objective Weight of Each Index
 
Initialize the Original Matrix

Assuming that there are m candidate locations and n evaluation indexes in the evaluation index system, yij is the jth index's value in the ith candidate location, (i = 1, 2,…, m; j = 1, 2,…, n).

[image: image]
 

Standardization of Original Data

The greater the index values in the index system, the better will be the candidate location. These indexes are called positive indexes; other indexes present the opposite trend and are thus called negative indexes.

To ensure that all indexes are positive, convert the negative indexes to positive indexes:

[image: image]

where xij is the index value (i = 1, 2, …, m; j = 1, 2, …, n) after conversion.

[image: image]

To eliminate the effect of the index dimension and its variation range on evaluation results, standardizing the matrix X is necessary to ensure that all the attributes are equivalent and in the same format (non-dimensionalization method).

Then derive the standardized matrix Z:
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wherein:
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Calculation of the Index's Entropy

For the comparative analysis between different indexes, we normalize indexes into numerical values within (0,1) to eliminate the influence of dimensions between indexes. The non-dimensionalized formula is presented as follows:
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wherein:
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Derive the entropy value of the jth index by (8).
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Calculation of the Index's Entropy Weight

Derive the entropy weight of the jth index by (9).

[image: image]

In information theory, the entropy weight represents the useful information value of the evaluation index. The bigger the entropy weight of the index is, the more useful information of the index is. It is the same in reverse.




Technique for Order Preference by Similarity to Ideal Solution
 
Determination of the Weighted Decision Matrix

Multiplying the columns of the standardized matrix by the corresponding weights yields the weighted matrix, which can be expressed as

[image: image]

ωj is the weight of the jth index and

[image: image]

vij are the weighted normalized values.



Determination of the Ideal Solution

The ideal solution comprises the optimal value of every attribute from the weighted decision matrix, as shown by (11), and the negative ideal solution comprises the worst value of every attribute from the weighted decision matrix, as shown by (12).

[image: image]
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Calculation of the Distances Between Solutions

The distances of every feasible solution from the ideal and negative solutions are calculated by (15) and (16), respectively.

[image: image]
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Calculation of the Relative Degree of Approximation

The relative degree of approximation is determined by (15).

[image: image]

The candidate locations are ranked according to the value of the relative degree of approximation. The bigger the value, the better is the candidate location. By comparing the numerical values of Si, the set J of candidate Fangcang shelter hospital locations after preliminary selection is determined.





PROBLEM DESCRIPTION AND FORMULATIONS

In the event of pandemic outbreaks, the top priority should be prompt isolation of the infected individuals and protection of the broad masses. The longer the delay, the greater is the risk, and the more elusive is the pandemic control. In China, Fangcang shelter hospital provides a good example in this respect. Figure 1 shows the referral to and triage in a Fangcang shelter hospital.


[image: Figure 1]
FIGURE 1. Referral to and triage in a Fangcang shelter hospital.


After a pandemic outbreak, it is essential to promptly transfer mild-to-moderate patients to Fangcang shelter hospitals for isolation and medical care and severe patients to designated higher-level hospitals for professional medical treatment and recovery to avoid the continuous spread of the infectious agents and thus effectively control the pandemic. The proposed models consider the following realistic and essential situations: A portion of the mildly-to-moderately diseased patients in Fangcang shelter hospitals deteriorated, and they were transferred to designated higher-level hospitals. In addition to this, without loss of generality, the mathematical models are based on the following assumptions:

1. Resident demand nodes are represented by the set I of discrete variable population distribution nodes, and each street is used as a resident demand node.

2. The set of optimal locations exists in the set J of candidate Fangcang shelter hospital locations after preliminary selection.

3. Designated higher-level hospitals only receive and treat severely diseased patients.

4. Each candidate Fangcang shelter hospital location and each designated higher-level hospital has the maximum capacity.

5. The transfer, treatment and triage of patients within cities are only considered.


The Mathematical Model 1

Model 1 is a variant of the p-median model. We introduce in this section the notation used throughout the article and present the objective functions and the constraints.

Sets
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Parameters
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Decision Variables


[image: image]



Model 1 is developed as follows.
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Objective function (18) minimizes the total population-weighted travel duration of severely diseased patients from resident demand nodes to designated higher-level hospitals, the total population-weighted travel duration of mildly-to-moderately diseased patients from resident demand nodes to Fangcang shelter hospitals, and the total population-weighted travel duration of deteriorated severely diseased patients from Fangcang shelter hospitals to designated higher-level hospitals. Constraint (17) represents that the number of Fangcang shelter hospitals to be established is Q; Constraint (18) ensures that patients with mild-to-moderate disease in the resident demand node i are assigned to only one Fangcang shelter hospital; Constraint (19) ensures that at the beginning of the pandemic, the severely diseased patients in the resident demand node i are assigned to only one designated higher-level hospital; Constraint (20) indicates that candidate location j treat patients with mild-to-moderate disease only when a Fangcang shelter hospital is built at a candidate location j; Constraint (21) indicates that each Fangcang shelter hospital needs to serve at least e resident demand nodes to ensure that the load degree of each Fangcang shelter hospital is relatively balanced, thus avoiding resource waste and reducing the probability of pandemic spread caused by secondary transfer of patients; Constraint (22) indicates that candidate location j transfer severely diseased patients to the designated higher-level hospitals only when a Fangcang shelter hospital is built at a candidate location j; Constraint (23) ensures that deteriorated severely diseased patients in each Fangcang shelter hospital are assigned to only one designated higher-level hospital; and Constraint (24) indicates the capacity constraints of the candidate Fangcang shelter hospital locations, which ensures that the total of patients with mild-to-moderate disease assigned to the candidate location j is less than or equal to the capacity of candidate location j. Constraint (25) indicates the capacity constraints of the designated higher-level hospitals, ensuring that the total of patients with severe disease assigned to the designated higher-level hospital k is less than or equal to the capacity of the designated higher-level hospital k. Constraints (26–29) are 0–1 decision variables. Constraint (30) indicates that some variables are positive integers.



The Mathematical Model 2

In Model 1, the average travel duration between any two places is a deterministic value. We consider the uncertainty of travel duration and develop Model 2, which is also a variant of the p-median model.

According to Chen et al. (47), the time-risk function from demand node i to candidate Fangcang shelter hospital location j is expressed as:

[image: image]

In this function, the travel duration of resident demand node i to candidate Fangcang shelter hospital location j is uncertain, and the duration value is in the interval [lij –uij].

Supposing the time limit of resident demand node i to reach the candidate Fangcang shelter hospital location j is T. When T < lij, reaching the candidate Fangcang shelter hospital location j from the resident demand node i in T is impossible; therefore, the risk value is equal to 1. When T > uij, the candidate Fangcang shelter hospital location j can be reached from the resident demand node i in T; therefore, the time-risk value is equal to 0. When lij ≤ T ≤ uij, a linear function is adopted to represent the corresponding risk value.

Similarly, the time-risk function for the resident demand node i to the designated higher-level hospital k is

[image: image]

The time-risk function from the candidate Fangcang shelter hospital location j to the designated higher-level hospital k is

[image: image]

Model 2 reads as follows, with the same Constraints (17–30).
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CASE STUDY AND RESULTS

Xuzhou, Jiangsu Province, China served as an example. As per the administrative distribution of Xuzhou, a total of 30 resident demand nodes are identified for all streets, with 15 candidate Fangcang shelter hospital locations, and 4 designated higher-level hospitals for the treatment of infectious disease.


Data Resource

The population numbers wi of each community are derived from the data of Xuzhou Statistical Yearbook 2020, and the population of each demand node was used as weights. In this work, relevant actual data at the time of the pandemic outbreak in Wuhan were used, such as the floor area of Wuhan Gymnasium and its capacity. The capacity Gj of Xuzhou candidate Fangcang shelter hospital locations was estimated based on the floor area of Wuhan Gymnasium in the following way. The capacity of the candidate Fangcang shelter hospital location Gj = (number of beds in Wuhan Gymnasium)/(Wuhan Gymnasium footprint) × (the footprint of candidate location j). The identification of designated higher-level hospitals and their capacities Lk were derived from the official websites of these hospitals.

Proportion of the total sick population ai, proportion of severe disease among all patients bi and proportion of mildly-to-moderately diseased patients deteriorating to severely diseased in Fangcang shelter hospitals cj were based on actual data of Wuhan during COVID-19 pandemic.

Different travel durations were calculated according to the distance between any two places in the time-risk function, and the upper and lower bound values are derived. Finally, the uncertainty time value interval [lij – uij] between any two places is derived. Assuming that the response time T for isolation and rescue is 15 min.

The data of resident demand nodes, candidate Fangcang shelter hospital locations, and designated higher-level hospitals are given in Tables 1–3.


Table 1. Coordinates and number of residents at resident demand node i.

[image: Table 1]


Table 2. Coordinates and capacity of candidate Fangcang shelter location j.

[image: Table 2]


Table 3. Coordinates and capacity of designated higher-level hospital k.

[image: Table 3]



Computational Results of the Evaluation Framework

The original matrix of indexes for candidate locations for Fangcang shelter hospitals comprises the following factors: risk of spread of the pandemic, number of patients to be accommodated, and accessibility of transport for the transfer of severely diseased patients. The risk of pandemic transmission is determined by the distance between the candidate location and the city center. To reduce the probability of transmission of infectious disease, preference should be given to the urban fringe and remote areas, away from the city center and densely populated areas.

The ease of transport for the transfer of severely diseased patients is determined by the shortest distance from the candidate Fangcang shelter hospital location to each of the designated higher-level hospitals.

The computational results are as follows.

[image: image]

With the EWM, the objective weights of the indexes risk of spread of the pandemic, number of patients that can be accommodated, and accessibility of transport for the transfer of severely diseased patients are 0.3127, 0.4709, and 0.2164, respectively.

The scores of the 15 candidate locations (Table 2) were 0.5519, 0.2944, 0.2766, 0.694, 0.598, 0.3743, 0.3166, 0.6032, 0.52, 0.3465, 0.3874, 0.365, 0.4269, 0.5675, and 0.4405. Based on these scores, the eight candidate Fangcang shelter hospital locations with relatively higher scores are Nos.1, 4, 5, 8, 9, 13, 14, and 15.

Figure 2A shows the geographic locations of all candidate Fangcang shelter hospitals before preliminary selection and all designated higher-level hospitals. Figure 2B shows the geographic locations of the eight candidate Fangcang shelter hospital locations after preliminary selection and all designated higher-level hospitals. The yellow house symbols represent candidate Fangcang shelter hospital locations, and the red H symbols represent designated higher-level hospitals.


[image: Figure 2]
FIGURE 2. Candidate Fangcang shelter hospital locations (A) before preliminary selection (B) after preliminary selection.




Computational Results of Mathematical Model 1

Q is the number of Fangcang shelter hospitals to be established. Figure 3 shows the variation of the objective function value of Model 1 with Q. Q considerably affects the value of the Model 1 objective function. As Q increases, the total population-weighted travel duration gradually decreases, and when Q ≥ 3, the decrease of the Model 1 objective function value slows down. When the number of candidates Fangcang shelter hospital locations is 3, the patients' demand for medical care can be satisfied. Therefore, if Model 1 is used, Q can be set to 3.


[image: Figure 3]
FIGURE 3. Variation of Model 1 objective function value with Q.


e is the number of resident demand nodes served by at least one of the Fangcang shelter hospitals. Figure 4 shows the variation of the objective function value of Model 1 with e. When e = 5, 6, 7, and 8, all Model 1 objective function values are 230,329.9, and when e > 8, the total population-weighted travel duration gradually increases with e. Therefore, if Model 1 is used, e can be set to 8, which can ensure the relative balance of load levels for each Fangcang shelter hospital and minimize the total objective function value.


[image: Figure 4]
FIGURE 4. Variation of Model 1 objective function value with e.


Tables 4, 5 show the computational results according to Model 1, showing that candidate locations No.5, No.8, and No.14 are selected for Fangcang shelter hospitals. Because the capacity constraints of the Fangcang shelter hospitals are considered and the capacity of candidate location No.8 is large, patients with mild-to-moderate disease from 13 resident demand nodes are allocated to candidate location No.8. Meanwhile, the capacity of candidate location No.5 is relatively small; therefore, patients with mild-to-moderate disease from eight resident demand nodes are allocated to candidate location No.5.


Table 4. Location and allocation results according to Model 1.

[image: Table 4]


Table 5. Allocation results according to Model 1.

[image: Table 5]

Moreover, because the capacity constraints of the designated higher-level hospitals are considered, and the capacity of designated higher-level hospital No.1 was relatively small, designated higher-level hospital No.1 could not treat severely diseased patients from Fangcang shelter hospitals. It could only treat severely diseased patients from the No.23, No.36, No.28, and No.29 resident demand nodes.



Computational Results of Mathematical Model 2

Q is the number of Fangcang shelter hospitals to be established. Figure 5 shows the variation of the Model 2 objective function value with Q. When 2 ≤ Q ≤ 6, the total population-weighted time-risk value gradually decreases as Q increases, and when 3 ≤ Q ≤ 6, the Model 2 objective function value decreases slowly and can meet the patients' demand for medical care so that Q can be set to 3.


[image: Figure 5]
FIGURE 5. Variation of Model 2 objective function value with Q.


When Q = 4, 5, or 6, the Model 2 objective function values are all 434.357. If all objective function values are 434.357, Q is selected to be set to 4 because it can meet the patients' demand for medical treatment and reduce the setup costs of Fangcang shelter hospitals. Furthermore, when Q changes from 6 to 7, the objective function value slightly increases.

In summary, if Model 2 is used, Q can be set to 3 or 4. Both of these options have advantages and disadvantages, and the decision depends on public health managers' preference and priority for the cost of building Fangcang shelter hospitals and controlling the pandemic; if managers focus more on lower costs, Q can be set to 3, and if managers focus more on timely control of the pandemic, Q can be set to 4.

We now study the scenario of Q = 3, and e is the number of resident demand nodes served at least by each Fangcang shelter hospital; e with the value of the Model 2 objective function is shown in Figure 6. When e = 3, 4, or 5, all objective function values are 476.298, and when e ≥ 6, the objective function values rise faster; therefore, according to Model 2, e can be set to 6. Compared with the scenario of e = 7, 8, 9, when e =6, the balance of the load degree of each Fangcang shelter hospital is relatively worse. If managers want to make the load degree of each Fangcang shelter hospital more balanced, the time-risk value of pandemic control can be increased to a certain extent. Thus, the location decision depends on managers' tolerance for total population-weighted time-risk value.


[image: Figure 6]
FIGURE 6. Variation of Model 2 objective function value with e.


Tables 6, 7 show the computational results based on Model 2, in which candidate locations No.5, No.8, and No.13 are selected for the location of Fangcang shelter hospitals. Because the capacity constraints of Fangcang shelter hospitals are considered, and the capacity of candidate location No.8 is larger than those of No.5 and No.13, patients with mild-to-moderate disease from 12 resident demand nodes are allocated to candidate location No.8. In comparison, the capacity of candidate location No.13 is relatively lower; therefore, patients with mild-to-moderate disease from nine resident demand nodes are allocated to candidate location No.13.


Table 6. Location and allocation results according to Model 2.
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Table 7. Allocation results according to Model 2.
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Moreover, because the capacity constraints of designated higher-level hospitals are also considered and the capacity of designated higher-level hospital No.1 is relatively small, designated higher-level hospital No.1 could not treat severely diseased patients from Fangcang shelter hospitals and could only treat severely diseased patients from No.28 and No.30 resident demand nodes.

Figure 7A shows the schematic of the location results based on Model 1. Figure 7B shows a schematic of the location results based on Model 2. The blue dots represent resident demand nodes, the yellow house symbols represent identified candidate Fangcang shelter hospital locations, and the red H symbols represent designated higher-level hospitals.


[image: Figure 7]
FIGURE 7. Location results based on the proposed models (A) based on model 1 (B) based on model 2.





DISCUSSION

Nos.1, 4, 5, 8, 9, 13, 14, and 15 candidate locations were selected after preliminary selection. Their comprehensive evaluation values were relatively high among all candidate locations. It can be observed from Figure 2 that the candidate locations after preliminary identification are at the outskirts of the city, far from the city center and densely populated areas, which can effectively reduce the spread of the pandemic and cross infection. Meanwhile, these candidate locations had a relatively large capacity of 11,089, 21,749, 14,077, 24,322, 16,892, 9,588, 17,205, and 6,691, respectively, to meet the demand of patients for medical treatment. In addition, these selected candidate locations are relatively adjacent to higher-level designated hospitals than other candidate locations so that it will be more convenient to transfer patients with deterioration and transport medical supplies. The evaluation framework can determine the preliminary selection effectively and efficiently. It also embodies the unique location criteria and requirements of Fangcang shelter hospital which are distinct from conventional hospitals.

The computational results of Model 1 and Model 2 share some similarities. First, both results indicate that each Fangcang shelter hospital is covered by the corresponding higher-level designated hospitals, which can ensure the transfer and treatment of severely diseased patients. All the patients in the resident demand nodes can be treated. It can be seen from Figure 7 that Fangcang Shelter Hospital is evenly distributed in Xuzhou, which can well cover the resident demand nodes in each district and reduce the total travel duration and total travel risk of patients. Second, candidate location No.5, with a capacity of 14,077, is in Yunlong District with a population of ~3.5 million. The candidate location No.8, with a capacity of 24,322, is in Quanshan District with a population of approximately 5.6 million. It is in line with the realistic situation of population and demand in Yunlong District and Quanshan District. In addition, the section of the “Case Study and Results” also verifies that the computational results are consistent with the capacity constraints of Fangcang shelter hospitals and higher-level designated hospitals. The computational results validate that both models are reasonable. Third, as e gradually increases, the trend of the objective function values of the two models is similar. As e gradually increases, the objective function values are all equal, and when e increases to a specific value, the objective function value increases accordingly. Managers can set reasonable values of e based on the discussion and suggestions of the “Case Study and Results” section. Fourth, whether using Model 1 or Model 2, the computational results both include candidate locations No.5 and No.8. In other words, the candidate locations No.5 and No.8 are both among the optimal locations, regardless of whether the travel duration is deterministic or uncertain. If an outbreak occurs in Xuzhou like the one that once occurred in Wuhan, the government and public health managers should note that candidate locations No.5 and No.8 cannot be ignored when making localization decisions.

There are also two differences between the models we proposed. The first is the trend of the objective function values with Q for Model 1 and Model 2. For Model 1, Q considerably affects the value of the objective function. While for Model 2, As Q increases, the total population-weighted travel duration gradually decreases. When Q ≥ 3, the decrease slows down. For Model 2, when 2 ≤ Q ≤ 6, the total population-weighted time-risk gradually decreases as Q increases, and when 3 ≤ Q ≤ 6, the Model 2 objective function value decreases slowly. When Q = 4, 5, or 6, the Model 2 objective function values are all 434.357. Furthermore, when Q changes from 6 to 7, the objective function value slightly increases; therefore, according to the computational results of Model 2, a greater number of candidate locations does not necessarily lead to more timely control of the pandemic. But according to the computational results of Model 1, more candidate locations lead to more timely control of the pandemic. Secondly, in identifying the third location, Model 1 selects candidate location No.14, whereas Model 2 selects candidate location No.13.

From analyses of the results of the computational experiments, we identified that Model 1 is superior, with the reason listed as follows. When Q = 4, 5, or 6, the Model 2 objective function values are all 434.357. After the time-risk function is introduced, the resident demand node i is coarsely classified relative to the candidate Fangcang shelter hospital location j. For example, there are several demand nodes closer to a candidate location and their time-risk values relative to that candidate location are all 0, resulting in no difference in the time-risk value. The use of the time-risk function, while capturing the uncertainty of travel time, leads to homogenization of some resident demand nodes relative to the candidate Fangcang shelter hospital location. The differences between the resident demand nodes can't be captured. This may not be realistic. In Model 1, the average travel duration of each resident demand node i to reach the candidate Fangcang shelter hospital location j are different, all objective function values are different in the case of different Q.

In addition, the budget is needed to be considered by managers, because the budget is often limited. Managers usually want to avoid the construction and operation costs of building redundant hospitals. Setting up the right number of hospitals will not only serve the purpose of pandemic control but will also avoid waste. If managers want to prevent and control outbreaks in a timelier manner, there is some additional cost and expense, and if managers want to spend less of budget, there is some additional travel duration and risk. Managers need to weigh preferences and priorities between the cost and objective function values.

In this study, there are three limitations: (i) In the evaluation framework, only three main factors of realistic requirements are considered in the preliminary selection. (ii) The transfer of patients between cities is not considered; the treatment and triage of patients are only considered within cities. (iii) The data in this study are based on the actual data of the Wuhan pandemic, while, the severity of the pandemic situation in different areas is not similar. Firstly, it is understood that many other factors affect the location of Fangcang shelter hospital, such as away from the urban water source, away from key areas related to the urban operation, construction cost, and operation cost. The choice and priority of these factors depend on the actual requirements of pandemic control and the preferences of the government and managers. Secondly, it is possible that cities are not in isolation. On the one hand, people in less developed areas may go to better-developed areas for medical care and treatment. On the other hand, medical staff and resources from other areas may also assist areas with severe pandemic outbreaks. Thirdly, scientific and effective methods are needed to accurately predict the number of infectious disease patients and severely diseased patients. The applicability of the model has yet to be increased.

Future research could focus on considering more location factors, the preliminary selection evaluation framework will be modified, to meet the requirements of pandemic prevention and control more comprehensively. Besides, the number of patients and the number of severely diseased patients can be predicted using infectious disease models such as Susceptible–Exposed–Infectious–Recovered (SEIR), Susceptible–Exposed–Infectious–Quarantined–Recovered (SEIQR), and Susceptible–Exposed–Infectious–Hospitalized–Recovered (SEIHR), and then making optimal location decisions for Fangcang shelter hospitals. Lastly, the location of Fangcang shelter hospitals of different levels, functions, and scales will be further considered in the future.



CONCLUSION

The establishment of Fangcang shelter hospitals can effectively relieve the pressure on the healthcare system. This work fills the research gap of the location of Fangcang shelter hospitals. A novel two-stage location method is proposed, including an evaluation framework and variants of the p-median model. Policy makers can make decisions quickly based on the two-stage location method proposed in this study.
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