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* Correspondence: alamriamar@gmail.com 

Abstract: Based on fairness perspective, this paper combines the social vulnerability assessment of 
natural hazards with multi-objective site selection model to propose a new site selection planning 
model for central refuges. To begin with, the social vulnerability assessment system of regional 
natural disasters is founded through literature analysis, and the social vulnerability index of natural 
disasters is constructed; and based on the exponential differentiation of index to depict regional 
refuge demand, design vulnerability coverage function quantitive site selection fairness; then taking 
the shortest weighted evacuation distance, maximum vulnerability coverage and construction cost, 
the coverage population and refuge quantity as constraint conditions to construct multi-objective 
optimization model; finally, taking Zigong City, Sichuan Province as the object of empirical 
research, adapting NSGA-II algorithm to get the Pareto optimal solution set, and using TOPSIS 
method to get the optimal location scheme. The research results can provide a new method for the 
location layout of central refuge. 

Keywords: emergency refuge; social vulnerability to natural disasters; site selection method 
 

1. Background 

Under the inevitable trend of the increasing severe natural disasters and deepening urbanization 
process, the impact scope and damage degree brought by natural disasters become larger constantly, 
posing more and more serious threats to people's life and property safety [1]. Emergency shelter has 
the dual functions of undertaking the relocation of population to avoid secondary damage and 
facilitate the effective implementation of rescue operations by first aid personnels, and is an 
important guarantee project for people's life safety when natural disasters occur [2]. Planning 
documents such as the "14th Five-Year National Comprehensive Disaster Prevention and Reduction 
Plan" of the National Commission for Disaster Reduction and the "14th Five-Year National 
Emergency Response System Plan" of The State Council point out that the construction of emergency 
shelters should be scientifically planned and distributed, and on the basis of making full use of 
existing facilities, cities and counties in natural disaster-prone areas should be targeted. Building a 
comprehensive emergency shelter with multiple functions such as emergency command, material 
storage, and personnel placement. 

Wise and reasonable decisions on Emergency shelter site selection scheme strongly improve the 
efficiency of personnel placement after emergencies as well as Minimizing the impact of natural 
disasters and ensure the safety of people's lives and property, which has been widely concerned by 
scholars at home and abroad [3]. Zhang et al. took the balance between the capacity of asylum 
population and the demand and supply of asylum population as the starting point and built a multi-
level site selection model aiming at maximizing the number of people accommodated and 
minimizing the number of sites [4]. Ma et al constructed a multi-target earthquake shelter location 
model to minimize the total evacuation distance and the total area of all shelters under the limitation 
of the capacity and service radius of the refuge [5]. Zhao et al. established a multi-objective site 
selection model for shelters by considering the objectives of minimizing the number of shelters, 
maximizing the distance between shelters and landslide points, and minimizing the distance between 
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shelters and disaster-affected areas [6]. Shi et al. built the optimal layout of mountain urban shelters 
under the multi-objective conditions with the shortest evacuation time, the fewest facility points, and 
the largest population coverage [7]. With the deepening of research, scholars have also paid attention 
to the behavior or dynamic changes of disaster victims in specific shelter situations. He et al. 
considered the reverse flow of personnel and used the earliest arriving flow model to describe the 
optimal evacuation traffic flow pattern [8]; Chen et al. considered the decision-making for the location 
of emergency shelters based on the limited rational choice behavior of residents after emergencies 
[3]; Zhao et al. proposed a method for predicting the temporal shelter demand after a disaster and an 
integrated location allocation model [1]; Yin et al. established a model for the allocation of large-scale 
evacuation shelters, considering congestion issues during large-scale evacuations in addition to 
minimizing the total evacuation distance [9]. 

The above-mentioned research on the location of emergency shelters mainly focuses on the 
efficiency and economy of emergency shelters from the perspectives of evacuation efficiency and 
cost, and less on the research of balanced layout from the perspective of fairness. According to the 
IPCC framework, different regions have different vulnerabilities, and these differences should be 
considered in disaster response to improve fairness [reference]. Social vulnerability differences affect 
the demand for shelter resources. For social systems with higher sensitivity or weaker coping 
capacity, more shelter resources need to be allocated to ensure the safety of personnel, which in turn 
affects local emergency management planning. Considering the fairness of social vulnerability to 
natural disasters helps to respond to local needs and allocate limited shelter resources efficiently. 
Some studies have proposed methods for allocating shelter facilities considering regional attributes. 
Hansuwa et al. considered the changes in distances between supply and demand points before and 
after disasters and defined the efficiency index of topology to determine network vulnerability [10]. 
Song et al. constructed an urban flood risk assessment system and proposed an optimization model 
for emergency shelter location that introduces comprehensive risk weights for flood disasters [11]. 
Sritart et al. argued that emergency shelters have an impact on disaster vulnerability. They 
comprehensively assessed the vulnerability of the local area by evaluating the distribution of shelters, 
population heterogeneity, and accessibility [12]. Although these studies also consider regional 
differences, they are relatively limited in their exploration of the inherent attributes of regions' 
responses or damages under natural disasters, understanding them only as coefficients of changes in 
distances between supply and demand points or levels of disaster risk. 

Therefore, this study constructs an evaluation index system for social vulnerability to natural 
disasters from the perspective of social vulnerability to natural disasters. The AHP-CRITIC method 
is used to conduct a comprehensive evaluation to obtain the index of social vulnerability to natural 
disasters. The social vulnerability to natural disasters is then introduced to construct a multi-objective 
central shelter location model with the objectives of minimizing weighted evacuation distance, 
maximizing overall vulnerability coverage, and minimizing construction costs. Lastly, this study 
selects Zigong City for a case analysis, uses the NSGA-II algorithm to find the Pareto optimal solution 
set, and obtains the optimal solution using the TOPSIS method. The optimal location scheme is 
provided to verify the scientificity and effectiveness of the model. 

2. Assessment of Social Vulnerability to Natural Disasters 

2.1. Construction of Assessment System on Social Vulnerability for Natural Disasters 

Vulnerability is defined as the potential for loss due to environmental disasters. It includes three 
main elements: exposure, sensitivity, and adaptive capacity, and is the result of the interaction 
between natural and social aspects of disasters [13]. Social vulnerability to natural disasters is the 
study of the vulnerability of specific regions to natural disasters from a social perspective. It refers to 
the sensitivity of social systems to disasters and their ability to cope with and recover from them, 
which varies based on population characteristics and socio-economic conditions, reflecting social 
inequality [14]. 
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The evaluation of regional social vulnerability to natural disasters involves multiple dimensions 
such as nature, economy, and population, and the evaluation index system has characteristics of 
systematization and consistency [15]. Firstly, through literature analysis, dimensions and indicators 
are collected from the China National Knowledge Infrastructure (CNKI) database and the Web of 
Science database, and the frequency of indicators is calculated. An initial set of indicators is then 
compiled. Secondly, the HOP theory model [16] is borrowed to decompose the elements of regional 
vulnerability, and dimensions and indicators are further selected based on research objectives and 
scope. Lastly, the indicator system is further adjusted by 7 domain experts to obtain the final indicator 
system as shown in Table 1. 

Table 1. Assessment system on social vulnerability for natural disasters. 

Target layer Criterion layer Index layer property 
Reaction ability infrastructure C1 Road density positive 

  C2 Average number of beds in health facilities per 10,000 
people 

positive 

  C3 Mobile phone penetration rate positive 

 
economic 
characteristic C4 GDP per citizen positive 

  C5 Disposable income per citizen of urban and rural 
residents 

positive 

 Social popularity C6 Proportion of population with tertiary education level 
or above 

positive 

 
ecological 
environment 

C7 Natural disaster prevention and control investment 
density positive 

sensitivity Social popularity S1 Population density positive 
  S2 Ratio of population under 15 and over 65 years old positive 

  
S3 Ratio of population below the minimum subsistence 
level positive 

 ecological 
environment 

S4 Forest cover ratio negative 

  S5 Cultivated land area per citizen positive 

Coping capacity is the ability of people to change the characteristics and conditions of elements 
in a system to make the system more capable of responding to an actual or impending disaster [17]. 
In the criterion layer: the construction of infrastructure improves the structure of the social system, 
economic characteristics measure the degree of economic development of the region, all of which can 
respond in time to mitigate the impact of a disaster after it occurs, and there are also characteristics 
in the demographic and ecological environments that respond to the coping capacity. Therefore, four 
types of dimensions are developed from infrastructure, economic characteristics, demographics, and 
ecology, which contain seven specific indicators. 

Sensitivity is the potential for disaster events to lead to systemic vulnerability and the magnitude 
of losses suffered by the social system in the event of a disaster, encompassing both favorable and 
unfavorable impacts, as well as direct and indirect impacts [17]. Population is an important subject 
under the impact of natural hazards, and ecology is the geographic space that withstands disasters, 
and both are directly and adversely affected when faced with disasters. Population structure as a 
comprehensive concept can in turn be divided into indicators in terms of overall, age, and social 
security. Therefore, demographic characteristics and ecological environment are considered as the 
two main elements of sensitivity. Five indicators are specifically included. 

2.2. Assessment Model of Social Vulnerability to Natural Disasters 

Social vulnerability to natural disasters as a function of adaptive capacity and sensitivity yields 
the following SoVI model [18]. 
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𝑆𝑜𝑉𝐼 = 𝑆𝐼𝐶𝐼 (1)

𝑆𝐼 = ෍ 𝑤௜𝑆௜௡
௜ୀଵ  (2)

𝐶𝐼 = ෍ 𝑤௝𝐶௝௠
௝ୀଵ  (3)

where SoVI denotes the Social Vulnerability Index of Natural Disasters in the Statistical Period, SI 
denotes the Sensitivity Index, and CI denotes the Coping ability Index. 𝑆௜ denotes the standardized 
value of the 𝑖th sensitivity index, with a value range between 0 and 1; 𝑤௜ denotes the weight of the 𝑖th sensitivity index. 𝐶௝ denotes the standardized value of the jth sensitivity index, with a value range 
between 0 and 1; 𝑤௜ denotes the weight of the jth sensitivity index. j denotes the standardized value 
of the jth sensitivity indicator, with a value range between 0 and 1; 𝑤௝ denotes the weight of the jth 
sensitivity indicator. 

In the confirmation of the weights of the secondary indicators, they are determined through the 
combination of subjective and objective assignment. Adopting the index calculation method based 
on AHP-CRITIC-SoVI, the subjective weight 𝑣௝  is obtained by AHP method [19], the objective 
weight 𝑢௝  is obtained by CRITIC method [20], and then the combined assignment function is 
constructed by the principle of minimizing relative information entropy, and the set of combined 
weight values obtained by applying Lagrange multiplier solving [21] is shown in equation (4). 𝑤௝ = ඥ𝑢௝𝑣௝∑ ඥ𝑢௝𝑣௝௡௝ୀଵ (𝑗 = 1,2, … , 𝑛) (4)

 The obtained subjective and objective combination of weights will be substituted into the 
sensitivity and coping capacity index formula 𝑤௜、𝑤௝, and then this sensitivity index formula, coping 
capacity index formula were substituted into the function model (1), and ultimately get the 
vulnerability index calculation comprehensive model as equation (5). 

𝑆𝑜𝑉𝐼 = ∑ 𝑆௜ ඥ𝑢௜𝑣௜∑ ඥ𝑢௜𝑣௜௡௜ୀଵ௡௜ୀଵ
∑ 𝐶௝ ඥ𝑢௝𝑣௝∑ ඥ𝑢௝𝑣௝௠௝ୀଵ௠௝ୀଵ  (5)

3. Vulnerability Index-Based Model for Siting of Central Shelters 

3.1. Problem Description and Assumptions 

The higher the degree of vulnerability in the city, the higher the degree of coverage of emergency 
shelter should be, and the level of disaster prevention and resilience of the central shelter is improved 
by maximizing the degree of coverage. Therefore, based on the median P model and the maximum 
coverage model, the natural disaster social vulnerability index is introduced, and the multi-objective 
planning function is established with the objectives of the highest evacuation efficiency, the highest 
degree of total vulnerability coverage and the minimum total construction cost. 

Model assumptions: 1) the central refuge site selection in this paper is discrete spatial site 
selection, refuge alternative points and demand points are known and discrete; 2) demand points are 
clustered by streets, and residents within a street are considered as a whole; 3) the refuge capacity of 
each alternative point is projected by the effective refuge area, and the alternative points provide 
homogeneous services; 4) a demand point can only be evacuated to an alternative point to receive 
services and an alternative point provides services for several demand points; 5) the evacuation 
distance is a known quantity when the evacuated population travels from a demand point to the 
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corresponding alternative point, using the spherical distance instead of calculating the evacuation 
distance; and 6) the discrete two-dimensional space of the evacuation scenario is shown in Figure 1. 

 

Figure 1. Schematic diagram of discrete two-dimensional spatial site selection. 

3.2. Description of Symbols 𝐼 : Collection of demand points, 𝐼 = (1,2,3, … , 𝑖, … , 𝑛) , n denotes number of refuge demand 
points; 𝐽 : Set of alternative point compositions, 𝐽 = (1,2,3, … , 𝑗, … , 𝑚) , m denotes number of 
alternative central shelters; 𝑌: The set of refuge paths(𝑖, 𝑗), (𝑖, 𝑗) denotes form point 𝑖 to point 𝑗, 𝑖 ∈𝐼，𝑗 ∈ 𝐽; 𝑑௜௝: Spherical distance between demand point i and alternative point j; 𝑅௜: Total population 
at demand point i; 𝛾௜: Normalized natural disaster social vulnerability index for demand point i; 𝜔௜: 

The proportion of refuge at demand point i is determined by dividing 𝛾௜  into three groups 
according to the mean with a doubling of the standard deviation [11]; ℎௗ: Regional minimum disaster 
evacuation ratio, determined by historical data, known; ℎ௚: Regional maximum disaster evacuation 
ratio, determined by historical data, is known; 𝑆௝: Effective area of refuge at alternative point j; 𝐿: 
Effective refuge area per person; 𝐶௜௝: Coverage level of demand point i by alternative point j; 𝐷௜௅: Critical maximum coverage radius of demand point I; 𝐷௜ௌ: Critical minimum coverage radius for demand point I; 𝑅଴: Spacing of critical maximum and minimum coverage radius, known; 𝑥௝: 0-1 variable, 𝑥௝ = 1 when alternative point j is selected as the central refuge, otherwise 𝑥௝ = 0; 𝑦௜௝ : 0-1 variable, 𝑦௜௝ =1 when alternative point j serves demand point i, otherwise, 𝑦௜௝ = 0. 
3.3. Siting Model for Centers of Refuge Based on Vulnerability Index 

Under the prerequisites of covering asylum seekers comprehensively, develop a model for siting 
multi-objective centralized shelters that minimizes evacuation distances, maximizes total 
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vulnerability coverage, and minimizes construction costs, and this paper characterizes the cost 
volume in terms of effective refuge area [22]. The objective function expression is as follows. 𝑀𝑖𝑛𝑍ଵ = ∑ ∑ (𝜔௜𝑅௜௜∈ூ ⋅ 𝑑௜௝𝑦௜௝))௝∈௃   (6)

𝑀𝑎𝑥𝑍ଶ = ෍ ෍ 𝐶௜௝𝛾௜𝑦௜௝௜∈ூ௝∈௃  (7)

𝑀𝑖𝑛𝑍ଷ = ∑ 𝑥௝𝑆௝௝∈௃   (8)

where: equation (6) represents the shortest weighted evacuation path, and 𝑍ଵ  represents the 
weighted total distance between the points of need and alternative points for all evacuated 
populations; equation (7) represents the maximum degree of total vulnerability coverage, and 𝑍ଶ 
represents the sum of the degree of coverage of the central evacuation site for each of the different 
vulnerability points of need; and equation (8) represents the minimization of the effective evacuation 
area of the evacuation facility, and the text characterizes the cost quantity in terms of the effective 
evacuation area. 

𝐶௜௝ = ⎩⎪⎨
⎪⎧ 1, 𝑑௜௝ ≤ 𝐷௜ௌ1 − 𝑑௜௝ − 𝐷௜ௌ𝐷௜௅ − 𝐷௜ௌ , 𝐷௜ௌ < 𝑑௜௝ < 𝐷௜௅0, 𝐷௜௅ ≤ 𝑑௜௝

 (9)

𝛾௜ = 𝑆𝑜𝑉𝐼௜∑ 𝑆𝑜𝑉𝐼௜௜∈ூ , ∀𝑖 ∈ 𝐼 (10)

𝐷௜ௌ = 𝑅଴ 𝛾௜௠௜௡𝛾௜  (11)

𝐷௜௅ = 𝑅଴ + 𝐷௜ௌ, ∀𝑖 ∈ 𝐼 (12)∑ 𝑦௜௝ ≥ 1௝∈௃ , ∀𝑖 ∈ 𝐼  (13)∑ 𝐿𝜔௜𝑅௜𝑦௜௝௜∈ூ − 𝑥௝𝑆௝ ≤ 0, ∀𝑗 ∈ 𝐽  (14)𝜔௜ = 𝑓൫𝛾௜, 𝑛, ℎ௚, ℎௗ൯, ∀𝑖 ∈ 𝐼 (15)𝑦௜௝ − 𝑥௝ ≤ 0, ∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽 (16)𝑥௝ ∈ ሼ0,1ሽ, ∀𝑗 ∈ 𝐽 (17)0 ≤ 𝜔௜ ≤ 1, ∀𝑖 ∈ 𝐼 (18)𝑑௜௝𝑦௜௝ ≤ 𝐷௜௅, ∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽 (19)

where: equation (9) represents the coverage function between alternative and demand points, 
expressing the equation constraints of coverage levels 𝐶௜௝  and 𝑑௜௝ . Equation (10) represents the 
vulnerability index 𝛾௜  is the result of normalizing the social vulnerability index SoVI for the ith 
demand point, the larger the SoVI the larger 𝛾௜. Equations (11) and (12) represent the quantitative 
relationship between the critical minimum and maximum coverage radius 𝐷௜ௌ , 𝐷௜௅  and the 
vulnerability index 𝛾௜, and the weighted service radius of the emergency shelter is set [23] , if 𝛾௜ is 
larger, 𝐷௜ௌ  is smaller, and then 𝐷௜௅  is smaller. Equation (13) indicates that each demand point is 
served by at least one center shelter. Equation (14) represents the refuge area constraint for alternative 
point j. It is guaranteed that the refuge area of each alternative point meets the area needs of the 
population that comes there for refuge. Where L is taken at the long-term refuge level, 4.5 m2 /person. 
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Equation (15) represents the relationship between the sheltering ratio and vulnerability at demand 
point i. To reflect the difference in sheltering ratios at different vulnerabilities, it is determined using 
a doubling of the standard deviation divided into n groups. Equation (16) indicates that sheltering 
for demand point i is only available if alternative point j is selected. Equations (17)(18) represent the 
domain of values of decision variables and parameters. Equation (19) indicates that the distance 
between demand point i and the corresponding alternative point j should be within the critical 
maximum coverage radius of demand point i, which guarantees that each demand point has a shelter 
within the reachable range to provide service with its counterpart. 

4. Application of Site Selection Model 

4.1. Overview of the Study Area 

The city of Zigong in Sichuan Province is selected as an example research object. Zigong City 
belongs to the urban straight-down medium-strength seismic activity zone, and most earthquakes 
occur in the urban area, with high seismic activity intensity, heavy disasters, and high probability of 
earthquake repetition. In addition, Zigong City has historically been frequently affected by a variety 
of natural disasters such as heavy rainfall, mudslides, and high temperatures. The construction of an 
emergency evacuation system has been included in Zigong's 2035 territorial spatial planning 
objectives. 

4.2. Evaluation of Social Vulnerability to Natural Disasters 

The social vulnerability evaluation of natural disasters was launched in six districts and counties 
of Zigong City, namely Gongjing District, Ziliujing District, Da'an District, Yantan District, Rong 
County and Fushun County. Through the public official website and statistical data, the data of 12 
vulnerability evaluation indicators in 2021 were selected, and the raw data of vulnerability evaluation 
were obtained as shown in Table 2. 
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Table 2. Vulnerability assessment raw data. 

Target layer Criterion layer Unit Gongjing district Ziliujing districtDaan district Yantan district Rong county Fushun county 
         

response 
capability C1 Road density Kilometers/square kilometers 2.18 2.31 2.67 2.50 1.81 2.40 

 
C2 Average number of beds in 
health facilities per 10,000 persons Sheets per 10,000 persons 243.92 94.95 110.66 45.00 79.14 70.38 

 C3 Cell phone penetration rate ministry /Hundred Households 280 243 237 271 247 235 
 C4 GDP per person Yuan per person 70483 82724 63808 85289 54996 49722 

 C5 Per citizen disposable income 
of urban and rural residents Yuan per person 3.12 4.21 3.13 2.84 2.78 2.28 

 
C6 Proportion of population with 
post-secondary education % 7 23 6 8 6 6 

 C7 Investment intensity in natural 
disaster prevention and control 

Million yuan/ square kilometers 1.81 10.25 1.81 1.70 1.73 1.78 

sensitivity S1 population density Personsper square kilometer 680 2451 1016 837 408 787 

 S2 Ratio of population under 15 
and over 65 

% 38 31 37 37 40 40 

 S3 Percentage of population below 
the minimum subsistence level % 6 2 5 5 10 8 

 S4 forest cover rate % 32.42 36.23 24.87 22.25 43 32.08 
 S5 Cultivated land area per person Acreage per person 2.78 0.67 0.63 0.69 1.70 2.30 
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The results of the coping ability weights and sensitivity indicator weights obtained through the 
AHP-CRITIC combination assignment method are shown in Table 3. 

Table 3. Table of weighting factors. 

Response capacity indicators C1 C2 C3 C4 C5 C6 C7 
Weighting 0.14 0.2 0.13 0.09 0.09 0.12 0.23 

Sensitivity Indicators S1 S2 S3 S4 S5   
Weights 0.24 0.19 0.23 0.18 0.15   

Then the sensitivity index can be SoVI by comparing the sensitivity index to the coping capacity 
index by the function model, and the SoVI index of each region is obtained as shown in Table 4. 

Table 4. Descriptive statistical analysis of social vulnerability index to natural disasters. 

counties and cities 
Fushun 
county 

Rong 
county 

Daan 
district 

Yantan 
district 

Gongjing 
district 

Ziliujing 
district 𝑆𝑜𝑉𝐼 4.77 4.55 1.52 1.30 1.09 0.45 

Average𝑆𝑜𝑉𝐼 2.28 
variance 𝑉𝑎𝑟 3.53 

standard deviation 𝑆𝑡𝑑 1.88 

Using the method of doubling the standard deviation to categorize the six samples, the grading 
results of each area in Zigong City were obtained as shown in Table 5. 

Table 5. Vulnerability index rating scale. 

categories district 
Heavy vulnerability Fushun county Rong county 

Moderate vulnerability Daan district 
Slight vulnerability Yantan district Gongjing district Ziliujing district 

Based on the results of vulnerability grading, the percentage of sheltered population in the areas 
with heavy, moderate, and slight vulnerability is set to be set to 10%, 15%, and 20%, respectively [4]. 

4.3. Demand Points and Refuge Requirements 

For Fushun and Rong counties are close to mountainous areas with complex terrain, it is difficult 
to assess the accessibility and safety at the closest distance. Therefore, this paper considers that the 
sites of refuge places in the two counties can be constructed locally, and the central refuge places with 
command function can be constructed in local township government institutions, junior and senior 
high schools, and other public open spaces. The four urban areas of Zigong City are included in the 
planning scope, which are refined into demand points on the scale of streets, and the demand points 
are discretized to participate in the site selection, and the points where the street offices and township 
people's governments are located with more concentrated populations are used as the discrete 
demand points, so that we get the demographic and geographic information of a total of 49 
streets/townships in the four urban areas. 

Two rounds of screening were conducted to select alternative sites for centralized shelters. In 
the first round, the preliminary selection of points was made in conjunction with the land layout of 
the urban master plan. Priority was given to public facilities with relatively flat topography, high 
ground, smooth drainage, air circulation, and certain infrastructure, as well as reliable transportation 
connections to the outside of the town, such as district parks, large stadiums, school playgrounds, 
large plazas, and university grounds. In the second round, the points were screened according to the 
design indicators. Effective evacuation area was estimated from the footprint, and sites with more 
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than 5 hectares of effective evacuation area were retained. Finally, 6 constructed sites and 39 new 
alternative sites were retained. 

Combining the locations of demand points and alternative points, their geospatial distribution 
can be obtained as in Figure 2. 

 

Figure 2. Spatial Distribution of Alternative Demand Points in Zigong Four Districts. 

The spherical distance between the candidate point and the demand point is used as the distance 
data. The latitude and longitude data are converted into radians, and the spherical distance is 
obtained by using the spherical distance formula. The value is verified by the measured distance of 
Baidu map. A total of 2205 distance values are obtained through calculation. Some values are shown 
in Table 6. 

Table 6. Distance table of alternative points (part). 

Distance 𝒅𝒊𝒋/km Demand points 𝒊 = 𝟏, 𝟐, … , 𝒏 
1 2 3 4 5 6 7 8 9 10 

Alternative points𝒋 = 𝟏, 𝟐, … , 𝒎 

14 6.0 5.4 5.3 6.3 4.2 5.0 6.9 1.8 3.7 11.2 
15 9.2 9.8 8.8 7.7 9.9 8.8 8.3 11.7 10.6 11.5 
16 9.3 9.9 9.0 7.9 10.1 9.0 8.6 12.0 10.9 11.7 
17 11.4 12.0 10.9 9.8 11.8 10.7 8.7 13.2 11.6 10.4 
18 19.7 20.1 18.9 17.9 19.6 18.6 15.0 20.4 18.2 13.0 
19 14.2 14.5 13.3 12.3 14.0 12.9 9.2 14.6 12.4 8.0 
20 14.5 14.9 13.6 12.6 14.3 13.3 9.6 15.0 12.8 8.6 
21 30.5 30.8 29.5 28.7 30.2 29.1 24.7 30.3 27.8 20.8 

4.4. Model Solving 

The NSGA-II algorithm [24] was designed and programmed to solve this multi-objective site 
selection model. The crossover probability of NSGA-II algorithm is set to be 0.8, the variance 
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probability to be 0.1, the initial population to be 200, and the upper limit of iteration number to be 
100.After a certain iteration is completed, 82 optimal solutions are obtained among 200 individuals, 
and the Pareto front surface is formed in the three-dimensional space composed of the three 
objectives of the evacuation paths, the level of coverage, and the cost of construction, which is shown 
in Figure 3. The non-inferior solutions are distributed at the great and small values of the three axial 
directions, which are very dispersed, and the optimal solutions do not dominate each other, 
indicating that the solution set is effective and representative. 

 

Figure 3. Pareto front graph of NSGA-II algorithm. 

Based on the equilibrium optimal solution of TOPSIS [25], this paper searches for the optimal 
method from 82 optimal solutions, assuming that the government does not have any special 
preference for the objectives of evacuation distance, vulnerability coverage level, and construction 
cost when implementing the siting decision, and therefore uses the TOPSIS method to rank the 
objectives in the case where the three objectives are equally important, i.e., assigning the objectives a 
weight of w=(0.333,0.333,0.333 ). 

The site allocation table for the optimal solution obtained by the TOPSIS method with balanced 
objectives is shown in Table 7, which corresponds to a minimum evacuation distance of 361,466km, 
a maximum coverage of 3.16, and a minimum evacuation area of 167,682,821𝑚ଶ. A total of 29 facility 
sites were selected for this solution, which are distributed in various districts to provide evacuation 
services for the corresponding 1 to 4 discrete settlements. The total capacity can cover 372,600 people. 
The 2D map distribution of demand points and alternative points in the balanced optimal scheme is 
shown in Figure 4. 

Table 7. Balanced Optimal Program Site Allocation. 

Selected 
alternative points 

Corresponding coverage 
demand points 

Number of settlements 
covered/population 

Evacuation 
capacity / 10,000 

1 1，2，5，25 4 2.00 
2 23，24，26 3 1.27 
3 6 1 1.11 
4 4，27 2 2.32 
5 9，38 2 1.11 
6 13 1 1.11 
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11 3 1 1.66 
12 8 1 3.11 
16 7，15，16 3 1.11 
17 17，19 2 1.11 
18 18 1 1.11 
21 20 1 1.11 
22 21 1 1.11 
23 22 1 1.11 
24 10，11 2 1.11 
25 12，42 2 1.11 
29 29，30，34 3 1.35 
30 31 1 1.11 
32 32，33，48 3 1.11 
34 35 1 1.11 
35 36 1 1.11 
36 37 1 1.11 
39 40 1 1.11 
40 41，43 2 1.11 
41 44 1 1.11 
42 39，45 2 1.11 
43 46 1 1.11 
44 47 1 1.11 
45 49 1 1.11 

aggregate line 29 places of refuge 49 demand points 372,600 people 

 
Figure 4. Geographic distribution of demand alternative points for the balanced optimal solution. 

5. Conclusion 

Under the framework of IPCC, this paper proposes a new methodology for selecting the location 
of centralized evacuation sites that considers the social vulnerability to natural disasters. Taking the 
central evacuation site with integrated functions as the object, it introduces the natural disaster social 
vulnerability and measures the social system's own coping capacity and sensitivity under natural 
disasters. In addition to the objective of optimizing the evacuation efficiency and construction cost, 
the objective of maximizing the vulnerability coverage of the city as a whole is proposed, and a multi-
objective optimization model is constructed with the population coverage and evacuation capacity 
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as the constraints. The new model improves the scientificity of the planning and siting of the central 
evacuation site and strengthens the fairness of the city's overall evacuation and resilience to disasters. 
Of course, the physical sensitivity of the new method needs to be further verified. 
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