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Abstract: Since late 2019, the explosive outbreak of Coronavirus Disease 19 (COVID-19) has emerged
as a global threat, necessitating a worldwide overhaul of public health systems. One critical strategy
to prevent virus transmission and safeguard public health, involves deploying Nucleic Acid Testing
(NAT) sites. Nevertheless, determining the optimal locations for public NAT sites presents a signifi-
cant challenge, due to the varying number of sites required in different regions, and the substantial
influences of population, the population heterogeneity, and daily dynamics, on the effectiveness of
fixed location schemes. To address this issue, this study proposes a data-driven framework based on
classical location-allocation models and bi-objective optimization models. The framework optimizes
the number and location of NAT sites, while balancing various cost constraints and adapting to pop-
ulation dynamics during different periods of the day. The bi-objective optimization process utilizes
the Knee point identification (KPI) algorithm, which is computationally efficient and does not require
prior knowledge. A case study conducted in Shenzhen, China, demonstrates that the proposed
framework provides a broader service coverage area and better accommodates residents’ demands
during different periods, compared to the actual layout of NAT sites in the city. The study’s findings
can facilitate the rapid planning of primary healthcare facilities, and promote the development of
sustainable healthy cities.

Keywords: Corona Virus Disease 19 (COVID-19); Location-Allocation; Nucleic Acid Testing (NAT);
Multi-Objective Optimisation Problem (MOOP)

1. Introduction

Infectious diseases pose a serious threat to global health security [1]. According to
the World Health Organization (WHO), infectious diseases caused the deaths of nearly
20 million people in 2019, making up 36% of all fatalities worldwide [2]. Since the Corona
Virus Disease 19 (COVID-19) first emerged at the end of 2019, it has caused a global
epidemic that has led to more than 6.5 million fatalities thus far, and caused a significant
depression in economic activity worldwide [2]. Despite the fact that COVID-19 is now less
deadly, the virus remains a great risk to the public health system, given its high genetic
variability and infectivity, which might cause a squeeze on medical resources, especially in
densely populated areas.

Nucleic Acid Testing (NAT), as a gold standard means of virus diagnostic testing, is
widely used worldwide to identify and take timely actions in respect of infectious people
suffering from COVID-19 [3]. Compared to self-reported testing methods used in Western
countries, city-wide NAT sites have been set up in China in order to provide flexible public
testing services. However, because of China’s massive and unevenly distributed population,
the demand for NAT services could significantly vary within a specific region [4]. Existing
healthcare facilities, including hospitals and clinics, cannot provide enough NAT service
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to cover the entire population. To that end, additional NAT sites are commonly deployed
in other public facilities, such as community centres, to increase service coverage. These
public NAT sites were believed to primarily relieve the stress of the healthcare system and
increase the coverage of the tested population, at a relatively low cost [4,5]. However, due
to the enormous sizes of Chinese cities and unequal population distribution, determining
the appropriate locations of NAT sites has emerged as a critical challenge in public health
management [6].

The difficulty of siting public health facilities has been extensively studied in previous
research. Existing methods can be roughly classified into two categories, that is, scoring-
based and model-based methods. Scoring-based methods generally evaluate the suitability
of each alternative facility from selected criteria, by incorporating environmental context
and perceptions from experts or the public [7–9]. The main issues in scoring-based methods
include the integration of each criterion score, and the identification of the optimization
solution. For example, Ali et al. [7] selected 12 environmental and economic criteria to
evaluate the alternative locations for sanitary landfill sites in Memari Municipality, India,
in which the analytic hierarchy process (AHP) and fuzzy technique for order of preference
by similarity to ideal solution (FTOPSIS), are subsequentially applied to weight the selected
criteria and identify the optimal solution. Similarly, Ajaj et al. [8] adopted six criteria to
score alternative hospital sites, and applied AHP to produce a suitability map for guiding
new hospital site selection. Although scoring-based methods can comprehensively evaluate
the suitability of alternative sites, the effectiveness would highly rely on the selection of
criteria, which might suffer from the subjectivity issue. Also, the criteria in score-based
methods are usually designed for a specific case and region, limiting their transferability
in practice.

In contrast, model-based methods generally solve the siting problem by breaking
the problem into simpler sub-problems and trying to find the optimal solution under
certain constraints, with the Location-Allocation (LA) approach being one of the most
representative model-based methods in practice [10,11]. Different LA algorithms have been
designed to solve the optimization of facility locations under varying constraints, such as
travel cost or the number of facilities. For example, Devi et al. [12] developed an LA model
for determining influenza testing laboratories in Maharashtra, India, using a bi-objective
mixed integer programming method, in which a suitable siting solution was expected to
ensure that: (1) people reached the facility as soon as possible; and (2) the total cost for
running the clinics was minimal. Similar practices could be also observed in determining
the running of isolated wards during the control of the 2009 H1N1 outbreak in China [13].

While the constraints differ in existing LA algorithms, the P-median, P-center, maxi-
mum coverage location problem (MCLP), and location set covering problem (LSCP) models,
could be summarized as the four basic LA algorithms most commonly used in healthcare
services planning [14–17]. The P-median, P-center, and MCLP models are all suitable for
problems with a fixed facility number, whilst their optimisation objectives differ. The objec-
tive of the P-center model is to minimise the maximum travel distance between a single
demand point and a facility point. In contrast, the P-median model aims to minimise the
total travel cost between the demand point and the facility point [18]. The MCLP model is
used to maximise the service area [19,20]. When the number of facilities points to deploy is
unknown, the LSCP model can determine the minimum number of facilities, such that all
demands within a designated service time or distance, would be met [16,21,22]. However,
most LA model concerns in previous research of public health services have centred on the
planning of new facilities based on the locations of existing service sites [23–25], while in
the case of deploying NAT sites, none of the models mentioned above can solely deal with
this problem, since both the number and distribution of NAT sites are unknown.

In this study, our primary goal is to design a set of candidate plans that simultaneously
determine the number and distribution of NAT sites. In principle, the NAT service should
be as equitably accessible to the public as possible [26]. Therefore, the candidate plans
should minimize the total distance between demand points and facilities, ensuring the
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highest level of overall accessibility within the area. For this purpose, we believe that the
P-median model is more suitable for NAT site deployment than the P-center model and the
MCLP model [27–29]. As the number of facilities is unknown, we apply the LSCP model to
determine the number of NAT sites for each candidate plan under different tolerances of
travel cost, before implementing the P-median model.

The second goal of our study is to select the optimal candidate plan. When deploying
NAT sites, numerous factors need to be taken into consideration [30]. The cost of public
travel to access NAT services generally decreases with the increasing number of sites.
However, when new sites are required to improve the NAT service, construction costs must
be carefully considered in order to minimize financial expenses [31]. Thus, the deployment
of NAT sites can be viewed as a multi-objective optimization problem (MOOP) [32,33],
where the accessibility and construction costs of NAT sites need to be strategically balanced.

MOOP algorithms, such as the weighted linear combination method and the analytic
hierarchy process, have been used as a posteriori decision algorithm for LA models to de-
termine the optimal number and location of distributions under multiple objectives [34–37].
However, these algorithms require the decision-maker to provide precise preferences,
which is difficult in the NAT site location problems. Knee point identification (KPI) is
a geometric-based tool for resolving the MOOP issue by finding the optimal option without
prior knowledge [38,39], which would significantly reduce the subjectivity issue in solving
MOOPs [40,41]. Traditional KPI methods include the convex hull of individual minima
(CHIM) [42], minimum Manhattan distance (MMD) [43], and reflex angle [44]. CHIM
determines the knee point as the point on the curve with the greatest distance to the plane
of the extreme value, which has the disadvantage of limited applicability to convex curves,
and neglecting Pareto-front edges [45]. MMD identifies knee point(s) by the minimum
Manhattan distance from the hyperplane formed by the minimum [43]. Given that the
abovementioned methods both operate on the same concept, the performance of CHIM
is equivalent to that of MMD when there is just one knee point [46,47]. The angle-based
reflex angle method is simple to calculate but concentrates on local information, which
may lead to less accurate results [48]. To improve the accuracy of angle-based methods,
Satopaa et al. proposed a general algorithm for discrete data called Kneedle, in conjunc-
tion with a mathematical definition based on the curvature of continuous functions [44].
Compared with other evolutionary algorithms, Kneedle not only maintains preference-free
features, but also has high robustness, wide applicability, computational convenience, and
intuitive results.

In summary, this study aims to develop a data-driven framework for the deployment
of NAT sites that balances the accessibility of NAT services with construction costs. The
framework integrates two Location-Allocation models, with a bi-objective multi-objective
optimisation model to iteratively determine the optimal number and location of NAT sites.
Firstly, the LSCP model is used to determine the possible numbers of NAT sites for each
subdistrict based on population distribution and POI data. Then, the P-median model is
used to generate alternative siting solutions for NAT sites with different numbers. Finally,
a bi-objective cost optimisation model considering travel costs and construction costs is
proposed, with the Kneedle algorithm used to select the optimal solution. A case study in
Shenzhen, China, demonstrates the feasibility and effectiveness of the proposed method at
the subdistrict level, with considerations for the daily mobility of residents, and resilient
opening of NAT sites for adaptation to population dynamics.

Although the impact of COVID-19 is currently declining, its rapid mutations and
repeated outbreaks on a global scale make it still an important threat to the global public
health system. Studying the deployment scheme of public NAT services is not only an
effective preventive measure for future risks of COVID-19, but also provides a reference for
preventing other infectious diseases, and establishing rapid public health responses.

The rest of this paper is organised as follows: Section 2 introduces the study area and
datasets used in this study; Section 3 describes the methodology; Section 4 presents and
analyzes the results of the case study; and Section 5 concludes this study.
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2. Study Area and Data
2.1. Study Area

Shenzhen is one of the largest cities in China, covering an area of 1997.47 km2. Accord-
ing to the results of the Seventh National Population Census, the permanent population of
Shenzhen was about 17.56 million in 2021, and the average population density is 8791 peo-
ple per square kilometre [49]. As shown in Figure 1, population density varies significantly
across subdistricts. Given the population heterogeneity and large coverage of Shenzhen,
selecting it as the study area is beneficial for testing the effectiveness of the proposed
method in a challenging context, which can serve as a valuable reference for determining
the location scheme of NAT sites in other cities.
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2.2. Data Collection and Processing

This study retrieved four datasets for solving the location scheme: (1) POIs, (2) road
vector data, (3) administrative boundary vector, and (4) population raster in Shenzhen.

• POI data

As discussed in Section 1, public NAT sites are typically located in or near public
facilities such as parks, schools, and hospitals. To reduce the potential transmission, NAT
sites are also recommended to be set-up in open, well-ventilated spaces. Therefore, we
adopted POI data to extract these public facilities as the primary alternatives to NAT
sites. POI data in Shenzhen were obtained from the web service provided by Amap API
(https://lbs.amap.com/, accessed on 15 January 2023). In this study, we retrieved more
than 130,000 POIs belonging to six categories, as listed in Table 1.

Table 1. Description of POI data.

ID Categories Typical Facilities

1 Scenic spots Tourist attraction, park square, park, zoo, botanical garden,
aquarium, city square, etc.

2 Shopping mall Store, supermarket, shopping centre, general mall, etc.
3 Transportation facility Airport, railway station, port terminal, passenger station, etc.

4 Educational and
cultural venue

Higher education institutions, secondary schools, elementary
schools, museums, etc.

5 Business house Residential areas, business office buildings, industrial parks,
villas, etc.

6 Sports and
leisure place Fitness centre, cinema, KTV, tennis court, gymnasium, etc.

7 Medical institution Hospital, clinic, health centre, specialised hospital, etc.

https://lbs.amap.com/
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• Road vector data

As movable NAT stations are popular in China due to their flexibility, we also added
road intersections as a part of the alternatives for placing NAT sites. The road vector
data were retrieved from Amap. Compared to other open sources of road data, this road
vector dataset presents higher completeness and consistency in China. After topological
inspection of the road vector data, we can obtain the error-free road network in Shenzhen.
The network is used to extract road intersections which are consequently added to the
candidate set.

• Administrative boundary vector

The administrative boundary data were retrieved from the OpenStreetMap project.
Considering the central role of the administrative boundary in public health management
in China, we took the administrative subdistrict as the basic unit in our siting problem.
In that way, the NAT siting problem for Shenzhen would be divided into independent
sub-problems for each subdistrict, which would make the results more compatible with
the regional characteristics, and promote better management. In this study, we obtained
75 Shenzhen subdistricts (polygons), as shown in Figure 1.

• Population data

Population information of Shenzhen was retrieved from a commercial dataset pro-
vided by Merit Interactive Co., Ltd., which was collected on 1 June 2020, through the
Software Development Kit (SDK) installed in residents’ mobile phones. This SDK dataset
provides the population distribution in Shenzhen, with a spatial resolution of 150 m.

As one of the most economically developed cities in China, Shenzhen experiences
significant population dynamics, making it crucial to adjust the layout of NAT sites for
different periods in order to enhance efficiency and minimize resource waste. Therefore,
this study assumes a working period of 8:00 a.m. to 6:00 p.m., and an off-work period of
6:00 p.m. to 8:00 a.m. on the following day. The hourly average population distributions
for the two periods are presented in Figure 2. The figure demonstrates that the population
distributions during the two periods differ considerably, indicating the necessity of adapting
NAT site placement to population dynamics. These distributions were further utilized to
showcase the adaptability of our proposed method in addressing such dynamics.
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3. Methods

Figure 3 presents the workflow of our proposed framework for siting NATs, which
consists of 3 main steps. Firstly, the number plans of NAT sites are determined using
the LSCP model, which generates multiple plans, with varying numbers of NAT sites
under coverage constraints and distance thresholds. In the second step, alternative siting
plans for NAT sites are determined for each number plan using the P-median model, with
a constraint on minimizing the total travel cost. This step aims to improve the distribution
of NAT sites for each number plan. Finally, the optimal siting solution is selected using
a bi-objective optimization model that balances the construction costs and travel costs.
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3.1. Determining the Number Plans of NAT Sites

The number of new facilities is critical for solving siting problems. However, the
prior number is undetermined in our case. To that end, a distance range [smin, smax] is
introduced in this study, to calculate the number range of NAT sites under different
distance thresholds. For a given value s ∈ [smin, smax], we could adopt the LSCP model to
determine the minimum number Ns of NAT sites, such that people from any demand point
can reach a NAT site along the road network within the distance threshold s. The objective
function of the LSCP model could be expressed as [50]:

Min ∑
i∈I

Xi

s.t. ∑
i∈Ni

Xi ≥ 1, all i ∈ I

Xi ∈ {0, 1}

(1)

The objective function (1) minimises the total number of facilities that would need to
be sited in order to cover each and every demand node by at least one facility. I is the set of
points where the facilities could be set. When point I is determined as the facility point, Xi
is set to 1; otherwise, it is 0.

In this study, the distance range of [smin, smax] was determined by the average walking
speed V and predefined time thresholds tmin and tmax. The speed V was empirically
estimated as 1 m/s, whilst tmin and tmax were set to 5 min and 15 min, respectively. Hence,
smin and smax were set to 300 m and 900 m in this study, respectively. It should be noted
that, the travel cost was commonly estimated by using the car as the main transportation
mode in traditional location-allocation studies. However, in our case, people who seek
NAT testing are likely to have been infected, and they are usually encouraged to access
nearby NAT sites by walking, in order to reduce the risk of viral transmission. Therefore,
we reasonably chose the walking mode, and used 5–15 min as the time interval to evaluate
the travel cost, which is also consistent with the “15-min life circle” policy in China.
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As a result, we could obtain a range of number plans Q = {N|N ∈ [Nsmin , Nsmax ], N ∈ Z}
for planning NAT sites. However, the coverage constraints focused on the ‘reachability’
of NAT sites, while it would underestimate the spatial heterogeneity of the population
and the average travel cost made by the residents. Therefore, to reduce the travel cost per
capita, we further adapted the P-median model to obtain the distribution of NAT sites
under different number plans.

3.2. Determining the Alternative Siting Plans of NAT Sites under Different Number Plans

For a given number plan, we used the P-median model to determine the distribution
of NAT sites to minimise the travel cost for all residents within the designated service
distance. The objective function of the P-median model is shown as follows [49]:

Min∑
i∈I

∑
j∈J

ajdijYij, (2)

where I is the set of points where the facilities could be located; J is the set of demand
points; aj is the number of people from demand point j; and dij is travel cost from demand
point j to facility point i. If demand point j is served by facility i, Yij = 1; otherwise, Yij = 0.

3.3. Choosing the Optimal Siting Solution

After the above step, we can obtain a set of alternative siting plans W = {wN |N ∈ Q}.
Intuitively, the number of sites and the travel cost per capital would present a contrary
tendency, that is, the average travel cost would decrease with the increment of site number,
and vice versa. To balance the travel cost and site number, a bi-objective optimisation
model based on travel cost and construction cost is introduced in this study.

The optimal solution is expected to reduce, as much as possible, the costs of residents’
travelling to access NAT sites, and their construction costs. For the travel costs, we con-
sidered the time it took for the population to reach the nearest NAT site, and proceed to
describe it by the following equation:

MinST = ∑
i∈I

∑
j∈J

Pj ×
Dij

v
(3)

MinSC = ∑
i∈I

(
a× Hi

b
+ f

)
(4)

where the cost of expression (4) includes total medical staff expenditure and fixed total
construction expenditure, and a, b and f are three constants—a is the expenditure for
medical staff, b refers to the number of patients that one medical staff can treat, and f
indicates the basic cost of setting up a NAT site. The number of medical staff at site i is
estimated by dividing the number of people covered by the site’s service area Hi by b. In
this study, we set a = 1000, b = 360, and f = 2000, which are determined according to the
relevant regulations issued by the Chinese government [51,52].

Figure 4 shows the cost curve under time thresholds. It can be seen that the curve is
a convex curve. Consequently, we used the python package Kneed [44] to find the knee
point on the curve, which corresponds to the optimal solution in this study.



ISPRS Int. J. Geo-Inf. 2023, 12, 152 8 of 19

ISPRS Int. J. Geo-Inf. 2023, 12, x FOR PEER REVIEW 8 of 19 
 

 

this study, we set 𝑎 = 1000, 𝑏 = 360, and 𝑓 = 2000, which are determined according to 
the relevant regulations issued by the Chinese government [51,52]. 

Figure 4 shows the cost curve under time thresholds. It can be seen that the curve is 
a convex curve. Consequently, we used the python package Kneed [44] to find the knee 
point on the curve, which corresponds to the optimal solution in this study. 

 
Figure 4. Geometric expression of the knee point. 

4. Results 
4.1. Example of the Determination of Siting Plans at the Subdistrict Level 

We took the subdistrict of Nanyuan as an example to demonstrate the outcomes of 
each step in our proposed method. As shown in Figure 5, Nanyuan is a typical subdistrict 
with a dense and heterogeneous population. Significant population dynamics can be ob-
served in Nanyuan during the working and off-work periods of the day. These properties 
of Nanyuan make it suitable to demonstrate the adaptability of our method. 

  
(a) Working period (b) Off-work period 

Figure 5. Population distribution of Nanyuan. 

For simplicity, in this subsection we focus on the siting plans in Nanyuan during the 
working period. Using the Location-Allocation tool in the Network Analysis module in-
tegrated within ArcGIS 10.7, the LSCP and P-median models were applied sequentially to 
the Nanyuan subdistrict. Within the given interval of walking distance (i.e., 300 m to 900 
m), we could obtain 17 alternative siting plans of Nanyuan, in which the number of sites 
ranged from 6 to 22. The distribution of the NAT sites under each plan is plotted in Figure 
6. It can be seen that, with the increment of 𝑁, more sites tend to be placed, which resulted 
in lower average travel costs for residents, but higher construction costs.  

 

Figure 6. Alternative siting plans of NAT sites under different values of 𝑁. 

Figure 4. Geometric expression of the knee point.

4. Results
4.1. Example of the Determination of Siting Plans at the Subdistrict Level

We took the subdistrict of Nanyuan as an example to demonstrate the outcomes of each
step in our proposed method. As shown in Figure 5, Nanyuan is a typical subdistrict with
a dense and heterogeneous population. Significant population dynamics can be observed
in Nanyuan during the working and off-work periods of the day. These properties of
Nanyuan make it suitable to demonstrate the adaptability of our method.
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Figure 5. Population distribution of Nanyuan.

For simplicity, in this subsection we focus on the siting plans in Nanyuan during
the working period. Using the Location-Allocation tool in the Network Analysis module
integrated within ArcGIS 10.7, the LSCP and P-median models were applied sequentially
to the Nanyuan subdistrict. Within the given interval of walking distance (i.e., 300 m to
900 m), we could obtain 17 alternative siting plans of Nanyuan, in which the number of
sites ranged from 6 to 22. The distribution of the NAT sites under each plan is plotted in
Figure 6. It can be seen that, with the increment of N, more sites tend to be placed, which
resulted in lower average travel costs for residents, but higher construction costs.

Accordingly, the curve between travel cost and construction cost is depicted in Figure 7.
It is generally a convex curve, which could satisfy the premise for using the Kneedle
algorithm. Finally, we selected the alternative siting plan with N = 7 corresponding to
Figure 6b based on the Kneedle algorithm.
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Figure 6. Alternative siting plans of NAT sites under different values of N.
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4.2. Comparison of NAT Sites in Two Time Periods

Following the same steps described in Section 4.1, we further obtained the optimal
siting solution for the off-work period in Nanyuan. The distribution of NAT sites during
2 periods is compared in Figure 8. It can be found that the spatial layout of siting solutions
has a strong connection with population density. The optimal plan for the working period
sets fewer NAT sites than that during the off-work period. This could be explained by
people being clustered in workplaces, so setting fewer sites at the centre of people’s
workplaces would be sufficient. However, as the population disperses after work, more
NAT sites are required in order to accommodate people in remote regions.
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Figure 8. Service coverage of Nanyuan subdistrict.

We further extended the experiments to the whole city, and the statistical results are
listed in Table 2. It can be seen that the NAT siting solutions for both time periods have
superior population coverage for the population in their respective time periods, and both
are above 99%, indicating that it is required and appropriate to plan the NAT sites during
two time periods.

Table 2. Population coverage of Shenzhen.

Plan
Population Coverage (%)

Working Period Off-Work Period

Optimal plan for working period 99.53 98.75
Optimal plan for off-work period 99.63 99.48

As shown in Figure 9, most subdistricts have a close number of NAT sites during
working and off-work periods. However, there are a few subdistricts that have a higher
number of NAT sites during the off-work period than during the working period. For
example, the Baolong subdistrict (ID = 2) is intended to be a high-tech industrial gathering
centre, and the land is mostly used for industrial production. Figure 9 demonstrates that



ISPRS Int. J. Geo-Inf. 2023, 12, 152 11 of 19

there are 78 NAT sites in Baolong during the working period, and only 64 during the off-
work period. On the contrary, the subdistrict Longcheng (ID = 33) has a resident population
of roughly 500,000. During the off-work period, there are 10 more NAT sites than there are
during the working period.
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4.3. Performance Analysis in Regions with Varying Population Amount

We selected three typical subdistricts in Shenzhen, to further investigate the effective-
ness of our method in different population densities and distributions. We chose Lianhua
subdistrict as an example of a densely populated region, Dalang subdistrict as an example
of a moderately populated region, and Longgang subdistrict as an example of a sparsely
populated region. The locations of these 3 subdistricts are shown in Figure 10.
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Figure 10. Distribution and population dynamics of Lianhua, Dalang, and Longgang subdistrict. The
number within the subdistrict indicates the people’s average travel time to reach the nearest NAT site
based on our scheme.

Lianhua subdistrict has a balanced distribution of its population, with about 200,000 total
residents, and the average time for residents to reach the nearest NAT site is 4 min and
2 s. More than 300,000 people live in Longgang subdistrict, with the majority of them
residing in the south, and the average time spent by residents to reach the nearest NAT site
is 4 min and 13 s. The population of Dalang subdistrict is linearly distributed along the
northwest-southeast trend, with a total population of 400,000, and an average travel time
to reach the nearest NAT of, of 3 min and 57 s. Despite the differences in total population
and population density, the differences in travel costs between these three subdistricts are
almost negligible, which reflects the equity of public health services.
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We conducted a further investigation into the Shatoujiao subdistrict (ID = 54), which
exhibited the lowest service coverage based on our siting scheme. As detailed in Ap-
pendix A, only 86.30% of the population in Shatoujiao is served during the working period,
with this number dropping to 79.66% at the end of the working period. In addition, the
travel time per person in Shatoujiao is significantly longer compared to other subdistricts.
Our investigation has revealed that this reduction in service coverage can be primarily at-
tributed to the unique population distribution and geometry within Shatoujiao subdistrict.
As illustrated in Figure 11, the population in Shatoujiao is highly dispersed. Consequently,
to minimize the total weighted distance, the P-median model prioritizes placing the facility
sites in densely populated areas, and disregards the transportation costs for distant demand
points. As a result, the NAT sites in Shatoujiao are unevenly distributed, potentially failing
to meet the demand points within the given travel distance tolerance. However, we regard
this outcome as reasonable since only a small number of people are outside the scope of
the NAT service. Moreover, the increased travel costs for these underserved individuals
would result in a reduction in construction costs for the new NAT site.
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4.4. Practice with Period Transition and the Relief of Prevention Policy

Through the implementation of our methodology across all subdistricts in Shenzhen,
we have generated a comprehensive distribution of NAT sites at the city level. Our cal-
culations reveal that a total of 2919 NAT sites were deployed in Shenzhen during the
working period, with service coverage reaching 99.53% of the city’s residents. During the
off-work period, 2899 NAT sites were deployed, with a maximum service distance of 900 m,
effectively covering 99.48% of the population.

To optimize the utilization of resources and accommodate the varying NAT needs of
residents, we defined common sites as fixed NAT sites that operate during both working
and off-work periods. To identify common sites, we paired NAT sites during working
periods with the nearest sites during off-work periods, provided that their spatial distance
was within 100 m. We then merged each pair by replacing the two sites with the midpoint
between them, which we used as the common sites in this study. Through this process,
we identified 1475 common sites in Shenzhen. To ensure the resilience of NAT resources,
an additional 1444 NAT sites are needed during the working period, and 1431 during the
off-work period. The locations of the different types of NAT sites are shown in Figure 12.

4.5. Comparison with the Actual NAT Sites in Shenzhen

With the relaxation of China’s current COVID-19 prevention policy, the density of NAT
sites deployed will gradually decrease. To aid decision-makers in their decision-making
process, we conducted a study on the deployment plan for NAT sites, by examining the
average time it takes for residents to reach the closest NAT site after sampling. Table 3
presents the average time required for inhabitants to access the closest NAT site, given the
maintenance of 100%, 50%, 25%, and 12.5% of NAT sites in the Lianhua, Longgang, and
Dalang subdistricts, respectively. We observed that the average time required increases
as the number of reservations declines, while remaining at an acceptable level of approxi-
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mately 15 min. Depending on the specific circumstances, city officials can select a proper
retention rate to satisfy the decreased demand.
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Table 3. Data statistics of the population covered by NAT sites service area.

Subdistrict Name
Proportion of Remained

NAT Sites (%)
Working Period Off-Work Period

# of NAT Sites Avg Time (min) # of NAT Sites Avg Time (min)

Dalang

100 52 4.64 41 4.05
50 26 6.35 21 7.11
25 13 9.83 10 11.56

12.5 7 14.46 5 17.78

Lianhua

100 18 4.43 25 3.54
50 9 6.72 13 5.17
25 5 10.11 6 9.10

12.5 2 17.77 3 13.05

Longgang

100 53 4.67 53 5.28
50 27 7.63 27 6.44
25 13 11.49 13 10.41

12.5 7 16.63 7 15.80

To study the rationality and applicability of this study, we collected the actual de-
ployment of NAT sites in Shenzhen in November 2022. The Guangming and Pingshan
subdistricts were selected to compare the actual scheme to the scheme evaluated by our
method. Notably, the full scheme for the rest of the subdistricts in Shenzhen can be found
in Appendix A.

Figure 13 shows the spatial distribution and coverage of the actual, and our deploy-
ment of, NAT sites, during different periods of the day. The south of Pingshan and the
northwest of Guangming were not adequately covered in the actual deployment of NAT
sites, and our plan was able to address this issue. As indicated in Table 4, our plan would
substantially improve the population coverage of the NAT site deployment plan that was
actually implemented. Specifically, under the actual plan, the average time was generally
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longer than 15 min, and the population coverage in Guangming was less than 90%, while
in Pingshan it was only 76%. In contrast, our plan would reduce the average time to
approximately 5 min, and improve the population coverage up to 98% in Guangming and
100% in Pingshan. However, in Pingshan, the number of NAT sites in our scheme differs
from that of the actual scheme. To make a fair comparison, we conducted a simulation
experiment in which we randomly sampled the same number of NAT sites as in the actual
plan, using our solution, multiple times. As shown in the last row in Table 4, our plan, after
sampling, could still achieve significantly higher population coverage and lower travel
times than did the actual plan used in Pingshan, indicating the superiority of our methods.
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Table 4. Comparison of the actual scheme and our scheme, in two selected subdistricts.

Subdistrict Period
# of NAT site Population Coverage Average Time to Access (min)

Actual Ours Actual Ours Actual Ours

Guangming Working 28 28 81% 98% 9.33 4.97
Off-work 27 27 88% 99% 8.44 4.21

Pingshan Working 17 30 76% 100% 9.41 4.26
Off-work 15 26 76% 100% 8.37 4.21

Pingshan (After sampling) Working 17 17 76% 97 ± 1.66% 9.41 5.31 ± 0.68
Off-work 15 15 76% 99 ± 0.12% 8.37 4.37 ± 0.03

5. Conclusions

Epidemic prevention and control constitute a crucial component of public health
security. The strategic placement and spatial optimization of NAT (nucleic acid testing)
sites are of utmost importance during the fight against COVID-19. In a megacity such
as Shenzhen, functional structure and land use differ significantly across different areas,
posing formidable challenges for city administrators and healthcare workers alike. With the
integration of population and traffic road network data, this study proposed a new analytic
framework that adapted the traditional Location-Allocation models and a bi-objective
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optimisation model, to plan the city-wide NAT site layout scheme. Our study presents
several noteworthy findings based on the case study. Specifically, the results indicate that
our proposed scheme, as compared to the existing NAT site arrangement, yields significant
improvements in the coverage rate, and in the average time required for NAT testing. At
the same time, since our method takes into account the dynamic nature of the population,
we have provided a dynamic plan for NAT sites that is adjustive to population distribution,
thus reducing the potential redundancy or surplus of medical resources in specific areas.

The framework proposed in this study helps to optimize the spatial allocation of
medical resources and provides policymakers with more objective planning guidance,
which is essential for effective control of COVID-19 transmission. Although the global
epidemic prevention strategy for COVID-19 has recently been relaxed, a wealth of evidence
suggests that the potential risk of COVID-19 still exists and threatens the global public
health system [53]. The framework is generally applicable to the instant issue on NAT
siting and siting of other emergency medical stations, especially when the number of new
sites is unknown.

Compared with other methods, the method proposed in this article does not require
additional prior knowledge or cumbersome questionnaire surveys. It can directly integrate
the population distribution and urban facilities provided by multiple data sources to
adaptively formulate the optimal siting plan, improving the efficiency of scheme design,
and reducing the uncertainty caused by subjective cognition. At the same time, this
method can effectively balance the relationship between the number of selected sites
and construction costs, which could be suitable for solving large-scale siting problems
under certain conditions, especially where the number of candidate sites is unknown.
This characteristic can significantly enhance the usability and robustness of our method
in dealing with the complexity and heterogeneity of urban populations, providing new
solutions for similar siting problems.

Limitations also exist in this work. Subdistricts were used as the basic processing unit,
which aligns with administrative boundaries and allows for a better practical application
of our method. However, this operation might introduce some redundant sites at the
intersection of different regions. In addition, only travel and construction costs were
considered in this study, while many other conditions, such as traffic congestion and waiting
time, would also affect the effectiveness of NAT services. Last, but not least, this study
assumes homogenous walking speed during the calculation of travel costs to NAT sites,
whilst vulnerable populations, such as the elderly and the disabled, might have a higher
impedance to access NAT sites, due to their relatively lower mobility. Unfortunately,
in the instant study, we cannot distinguish different populations, as our data do not
contain personal information. However, once personal information is available, future
improvements can be made by increasing the weights of demand points where people are
expected to have lower mobility.
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Appendix A

This appendix includes the number of NAT sites in each subdistrict at different periods,
the time it takes to walk to the nearest NAT site per capita, the population coverage of
NAT in each subdistrict, and the number of identical NAT sites. The population coverage
of NAT in the subdistrict is the percentage of the population in the service area within
a 15-min walking radius from the centre of the NAT site outward, to the total population of
the subdistrict.

Table A1. Statistics of the NAT site scheme evaluated for each subdistrict in Shenzhen. Subdistricts
are labelled by anonymous IDs.

ID

Working Period Off-work Period
# of Common

Sites# of NAT Sites Avg Time
(min)

Population
Coverage Rate

# of NAT
Sites

Avg Time
(min)

Population
Coverage Rate

1 52 4.31 99.97% 50 4.5 98.51% 18
2 78 4.56 99.36% 64 4.35 99.65% 27
3 35 4.16 99.57% 31 3.7 99.76% 25
4 26 6.33 96.73% 26 6.27 99.94% 12
5 12 3.14 100.00% 10 5.66 100.00% 3
6 52 4.64 99.71% 41 4.05 99.70% 26
7 44 0.56 95.16% 42 1.09 98.17% 28
8 31 0.59 98.49% 31 1.05 99.16% 21
9 7 4.39 100.00% 9 3.74 100.00% 2
10 15 3.59 100.00% 11 1.4 100.00% 7
11 44 3.77 99.73% 45 3.72 99.90% 31
12 56 3.9 99.59% 60 3.48 99.92% 24
13 58 4.88 99.28% 48 4.52 99.04% 19
14 11 3.88 99.98% 13 3.08 100.00% 4
15 19 5.12 97.84% 24 4.58 100.00% 7
16 53 4.09 99.41% 49 3.81 99.89% 29
17 43 4.04 99.89% 38 3.52 99.91% 24
18 48 4.22 99.90% 52 3.81 99.28% 30
19 66 4.53 99.46% 71 3.95 99.68% 40
20 28 4.97 97.86% 27 4.21 99.12% 18
21 8 4.53 100.00% 11 3.95 100.00% 5
22 16 4.05 99.95% 15 4.1 99.26% 7
23 62 5.16 99.07% 65 4.86 99.43% 35
24 40 4.44 99.60% 42 4.26 98.48% 8
25 17 4.13 99.73% 16 3.64 99.86% 8
26 10 3.33 100.00% 7 4.96 99.99% 4
27 17 4.29 99.36% 17 4.58 99.77% 6
28 41 4.45 99.42% 40 3.86 98.81% 22
29 78 4.79 98.84% 79 4.16 98.14% 40
30 66 4.65 97.86% 66 3.96 98.16% 46
31 18 4.43 99.83% 25 3.54 100.00% 7
32 25 3.63 99.70% 17 4.44 99.81% 10
33 66 5.07 99.30% 76 4.39 99.74% 32
34 53 4.67 99.47% 53 5.28 98.50% 27
35 48 4.68 100.00% 38 5.14 99.36% 20
36 31 3.88 99.88% 29 3.81 99.86% 25
37 29 4.29 98.74% 31 3.26 99.63% 17
38 50 5.02 99.93% 43 4.05 99.03% 17
39 25 4.14 99.84% 28 3.94 99.93% 12
40 29 3.79 98.83% 30 3.15 99.40% 19
41 61 4.3 99.75% 67 4.15 99.93% 26
42 45 0.06 98.35% 39 0.06 98.73% 36
43 9 4.59 100.00% 7 5.67 100.00% 5



ISPRS Int. J. Geo-Inf. 2023, 12, 152 17 of 19

Table A1. Cont.

ID

Working Period Off-work Period
# of Common

Sites# of NAT Sites Avg Time
(min)

Population
Coverage Rate

# of NAT
Sites

Avg Time
(min)

Population
Coverage Rate

44 50 0.44 98.50% 51 0.55 98.27% 27
45 30 4.01 99.81% 30 4.52 99.85% 11
46 56 4.52 99.25% 62 3.64 99.44% 27
47 7 4.93 100.00% 10 3.38 100.00% 5
48 89 5.07 99.63% 80 4.62 99.65% 36
49 64 5.4 97.17% 67 4.72 98.02% 33
50 30 4.26 99.72% 26 4.21 100.00% 14
51 36 1.33 99.89% 22 2.23 98.55% 21
52 33 4.52 99.51% 33 4.61 98.57% 16
53 63 5.57 99.60% 53 5.57 98.55% 23
54 6 15.74 86.30% 5 35.24 79.66% 3
55 27 4.22 99.18% 31 3.99 99.47% 11
56 17 3.64 99.92% 15 3.61 99.95% 12
57 12 2.65 99.36% 11 2.68 99.20% 9
58 98 6.09 99.02% 98 4.52 99.49% 56
59 43 7.27 97.33% 46 6.02 96.61% 23
60 13 4.08 100.00% 13 3.53 100.00% 5
61 58 1.79 99.76% 63 2.07 99.91% 35
62 69 1.63 98.44% 69 1.37 99.34% 36
63 58 1.6 98.55% 78 1.72 99.51% 30
64 23 3.82 100.00% 24 4.54 100.00% 10
65 59 2.74 99.18% 47 4.22 96.33% 20
66 50 3.55 98.94% 40 4.06 98.51% 27
67 60 4.63 99.77% 64 4.19 99.80% 31
68 31 0.21 99.60% 31 0.27 99.52% 19
69 20 4.34 95.80% 17 7.04 95.47% 11
70 44 4.97 99.06% 38 4.43 98.91% 16
71 31 4.14 99.72% 29 3.53 99.75% 18
72 6 6.14 97.02% 10 4.6 100.00% 2
73 56 4.73 99.71% 61 4.22 99.77% 44
74 28 5.13 98.36% 55 2.76 100.00% 4
75 30 0.12 97.30% 37 0.05 98.21% 11
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