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Abstract: Natural disasters can cause serious casualties and economic losses, and emergency shelters
are effective measures to reduce disaster risks and protect lives. At present, the location models of
refuge facilities often ignore the diversion of shelter from the perspective of humanitarian logistics
and the needs of victims. Such models also seldom consider the impact of the pre-storage of relief
materials on the location of shelters. In this study, on the basis of the different needs of disaster
victims, shelters are divided into two types—basic life and psychological medical service guarantees.
While considering the full coverage of shelter needs, capacities, and budget constraints, the shelter
distance, the optimized distribution of refugees, and the pre-stock quantity of goods are optimized.
The facility service quality is optimized on the basis of qualitative factors. This study proposes a
multi-standard constrained site selection model to optimize the pre-disaster shelter site-allocation
problem. The model is helpful for decision makers to influence shelter siting and victims’ allocating
process through their expertise and to obtain a solution that compromises multiple objectives. In this
study, several basic cases are generated from the actual data of certain areas in Sichuan Province,
a disaster-prone region in China, to verify the effectiveness of the model.

Keywords: fuzzy numbers; multi-standard decision optimization; shelter location; material storage;
humanitarian logistics

1. Introduction

The International Federation of Red Cross and Red Crescent Societies defines a disaster as a sudden,
catastrophic event that severely undermines the function of a community or society and causes human,
material, economic, or environmental damage beyond the capacity of the community or society to use
its own resources [1]. Every year, many people are made homeless by natural disasters. The mitigation
of the damage caused by these disasters requires planning and measures [2]. Humanitarian logistics
focuses on the problem of supply and demand matching following disasters [3]. The degree of supply
and demand matching affects the whole relief operation up to 80% [4]. Optimizing the location
and quantity of relief materials to meet the urgent needs of victims with the shortest time and the
least resources to reduce the vulnerability of groups is imperative. Emergency shelters, as “life
shelters,” are important infrastructures to ensure public safety. They can provide food, accommodation,
or medical care for the affected people, reduce the harm of secondary disasters, and improve the ability
to resist diseases to save lives. However, in the planned emergency measures, most cities or regions
separately consider the storage of emergency supplies and the location of shelters and only use the
existing relatively spacious and empty places as emergency shelters. Seeking shelters by diversion
according to victims’ needs is difficult. Ignoring the impact of the pre-storage of materials in certain
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shelters and the distribution of surrounding facilities to meet material reserve requirements on site
selections can result in the deprivation of immediate relief following disasters.

To address the needs of affected people for different types of relief resources after disasters,
scholars have considered the impact of material supply on the location of emergency shelters [5,6].
In emergency events, relevant policy makers must be in an uncertain and dynamic environment and
develop a plan to meet multiple conflicting needs and requirements. However, many studies and
applications to solve the problem are focused on quantitative factors to achieve optimal evacuation
distance and minimize the number of emergency facilities or maximize the range of facilities [7].
Quantitative and qualitative factors in emergency facility location are seldom considered together.
Shelter location is a multi-standard site selection optimization problem, which should be classified
and optimized according to the basic living and psychological medical service guarantees provided
by the facilities. It combines with the material storage and shelter condition. This study considers
shelter location, relief supplies storage, and the distribution of disaster victims. The research method
comprehensively uses fuzzy hierarchical analysis, fuzzy TOPSIS, and multi-objective optimization.
Optimized schemes are helpful toward the pre-disaster shelter planning and can cover the refuge
necessities of all victims to realize the rapid response after disasters and improve rescue efficiency.

The remainder of this paper is organized as follows: Section 2 briefly summarizes and reviews
relevant literature. Section 3 defines the research problem and builds a mathematical model to solve it.
Section 4 introduces the overall situation and characteristics of the case studied. Section 5 analyzes the
results of the application of the model in the case study, emphasizes the applicability of the model,
and points out the impact on the practical application. Section 6 summarizes the research conclusions
and points out possible future research areas.

2. Literature Review

Humanitarian action aims to alleviate the suffering and save the lives of those affected by disasters,
that is, to provide services by meeting the needs of victims [8]. Humanitarian logistics focuses on the
personal welfare of affected people following disasters to alleviate the suffering caused by the lack of
relief materials or services [9]. The impact of humanitarian logistics on emergency facility location is an
important part of the current research. By defining the time satisfaction function of emergency supplies,
Yu constructed the transit transportation model of emergency supplies on the basis of time satisfaction
to maximize victims’ satisfaction with the timeliness of emergency relief [10]. Zheng et al. added the
index of fairness of material distribution to optimize the site selection of emergency facilities and the
distribution of materials following earthquakes. Such an addition was based on the characteristics
of the different degrees of urgency of post-disaster victims for materials [11]. Other scholars have
obtained site selection schemes that are close to the personal welfare of victims from the perspective of
their needs and the service quality of emergency facilities [12,13].

However, most literature on the optimization of emergency facility location merely considers
certain characteristics of humanitarian logistics minimizing transportation distances or time [14,15].
Perez [16] and Jaller [17] pointed out that non-monetary costs and the sufferings of affected populations
should be considered in humanitarian assistance. Therefore, the objective functions and constraints in
the optimization model are combined with the characteristics of humanitarian logistics. The model
also covers all the needs of the victims and optimizes the quality of shelter services to ensure the
equitable distribution of the victims among different shelter facilities.

In the post-disaster response stage, two kinds of victims with different needs exist—one needs
only basic supplies, and the other needs medical or psychological help. Therefore, this study divides
shelters into two types. One type of shelter only gives basic living supplies to provide shelter function
for the affected victims; the other type not only provides basic living services but also medical or
psychological assistance. Shelters should be able to provide affected people with food, accommodation,
or medical care; reduce the risk of secondary disasters; and resist diseases in situations where the
population can have multiple needs and require different services. Emergency shelters should reserve
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part of emergency supplies on site or store relief supplies in stores, supermarkets, and health and
medical units around the shelter facilities. This practice can guarantee the supply of emergency
supplies in the short term and ensure the supply of various materials to meet the minimum survival
needs of affected people [18,19].

Certain studies have built multi-level optimization models to support shelter location selection and
post-disaster evacuation decision making. Most of them jointly optimize the objective functions [20–22]
or rank the objectives [23]. A few scholars have focused on facility optimization at different levels. Yuan
et al. realized that the single-level emergency center has an insufficient rescue capacity. Considering
the construction of a two-level emergency center to allocate emergency service facilities for nearby
victims is necessary [24]. Ozkapici et al. conducted a joint site optimization for emergency facilities
with different functions; doing so is conducive to the rapid distribution of materials from different
countries or international relief agencies following disasters [25]. Other studies have considered coping
with the risk of disruption in distribution centers after disasters while optimizing the location of two
facilities with different reliability. These facilities include secure infrastructures and facilities that may
be disrupted to ensure the smooth distribution of post-disaster relief supplies [26]. However, the issue
of considering shelters that can provide different types of services to meet the needs of different asylum
seekers has been largely ignored [27].

Certain scholars have explored and studied the problem of shelter location according to various
types of needs. In the post-disaster response phase, the most important thing is to meet multiple
needs and ensure the transfer of victims to the shelters that provide the corresponding assistance [7].
Emphasis is placed on the rapid delivery of different items stored in warehouses to the victims for
ensuring the availability of food, water, and medical supplies in shelters [28,29]. Kılcı et al. also
considered the need to purchase materials from markets and supermarkets. Thus, in the optimization
scheme of shelter location, alternative points close to the supermarket warehouses and hospitals or
clinics are often chosen [30]. However, no study has been conducted to consider the storage and
location of shelter materials together. Hence, this aspect is discussed in the current research.

Most studies have translated influencing factors into constraints in mathematical models and
realized them, whereas a few scholars have combined them for qualitative analysis. For example,
Li constructed an evaluation index system for the adaptability of emergency shelters. The author
pointed out that, in addition to ensuring the safety of victims in shelters, the accessibility of shelters,
medical care, supplies, and other facilities should also be considered to fully improve the relief
efficiency of post-disaster shelters [31]. In view of the above analysis, in shelter location, the present
study not only combines with victims’ demand distribution but also resource allocation. Qualitative
and quantitative analyses are also conducted. Therefore, the current research optimizes the needs
distribution of disaster victims, the storage of materials, and the allocation of disaster victims. Doing
these facilitates the rapid delivery of multiple services and meets the needs of different disaster victims.

3. Problem Formulation

To fully consider the various aspects related to humanitarian logistics, two different types of needs
exist, that is, basic necessities and medical or psychological needs. Both can emerge from affected
people. On the basis of whether medical or psychological relief services are provided in addition
to basic living services, the constructed model divides shelter functions into two types. Moreover,
it simultaneously optimizes the storage of materials and the distribution of victims. This study mainly
considers tents, quilts, medical equipment, and other non-perishable relief materials. To realize
immediate post-disaster relief, this study also guarantees medical facilities and large commercial and
supermarket warehouses within the limited scope for the candidate shelters that cannot store relief
materials in advance. The methods of fuzzy analytic hierarchy process (AHP), fuzzy technique for
order performance by similarity to ideal solution (TOPSIS), and multi-objective weighted optimization
are used to solve the problem of shelter location and optimize the shelter location–allocation scheme.
The proposed multi-standard location method for emergency shelters is shown in Figure 1.
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Figure 1. Multi-standard location method for emergency shelter. 

There are two different kinds of needs that will emerge for the victims after the disaster, namely 
basic needs for living materials and medical or psychological assistance. Under the limited budget, 
shelters are divided into various types depending on the different needs of victims: Type I shelters 
provide only basic living services, while Type II shelters provide life and medical assistance services. 
There is a continuously contained hierarchy in which Type II shelters include two services. 
Meanwhile, the location of shelters and storage of materials are optimized to ensure the supply of 
relief materials immediately after disasters and improve the service quality of shelters. Figure 2 
illustrates the portion of the study question. 
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Figure 2. Frame diagram of the research problem. 

3.1. Criteria for Choosing Emergency Shelters 

Multiple qualitative factors must be considered when selecting emergency shelters, and 
candidate sites should avoid areas of potential risks. Topography, geological type, and slope are 
important factors to be considered when planning shelter location [7,30–33]. Shelters are better 
protected from secondary disasters, such as floods and landslides on the plain than on the hills. 
Candidate sites should avoid fault lines, and slopes should not exceed 7%, preferably between 2% 
and 4% [22]. Concurrently, in rainy areas, the existence of vegetation helps consolidate the soil and 
prevent debris flow [19,21,26]. Electricity is an important guarantee for maintaining daily living. 
Many equipment and communication cannot operate without electricity. Therefore, shelters should 
have basic power facilities [5,19,24,26]. Shelters must also provide clean drinking water to maintain 
normal daily living, and sewage treatment facilities are highly important for refugees [19,21,22]. On 
the basis of Chinese national standards, Turkish Red Crescent standards, and related studies, the six 
qualitative factors affecting the location of emergency shelters are identified, namely, topography, 

Figure 1. Multi-standard location method for emergency shelter.

There are two different kinds of needs that will emerge for the victims after the disaster, namely basic
needs for living materials and medical or psychological assistance. Under the limited budget, shelters are
divided into various types depending on the different needs of victims: Type I shelters provide only
basic living services, while Type II shelters provide life and medical assistance services. There is
a continuously contained hierarchy in which Type II shelters include two services. Meanwhile,
the location of shelters and storage of materials are optimized to ensure the supply of relief materials
immediately after disasters and improve the service quality of shelters. Figure 2 illustrates the portion
of the study question.
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Figure 2. Frame diagram of the research problem.

3.1. Criteria for Choosing Emergency Shelters

Multiple qualitative factors must be considered when selecting emergency shelters, and candidate
sites should avoid areas of potential risks. Topography, geological type, and slope are important
factors to be considered when planning shelter location [7,30–33]. Shelters are better protected from
secondary disasters, such as floods and landslides on the plain than on the hills. Candidate sites should
avoid fault lines, and slopes should not exceed 7%, preferably between 2% and 4% [22]. Concurrently,
in rainy areas, the existence of vegetation helps consolidate the soil and prevent debris flow [19,21,26].
Electricity is an important guarantee for maintaining daily living. Many equipment and communication
cannot operate without electricity. Therefore, shelters should have basic power facilities [5,19,24,26].
Shelters must also provide clean drinking water to maintain normal daily living, and sewage treatment
facilities are highly important for refugees [19,21,22]. On the basis of Chinese national standards,
Turkish Red Crescent standards, and related studies, the six qualitative factors affecting the location
of emergency shelters are identified, namely, topography, geological type, slope, vegetation, power
facilities, and sanitation system. Table 1 shows the literature sources of qualitative influencing factors.
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Table 1. Qualitative factors of shelter location.

Factor Reference

Topography Trivedi and Singh [7], Kılcı et al. [30], Li [31], Xu [32], Hosseini [33]
Geological type Trivedi and Singh [7], Xu et al. [32], Hosseini et al. [33]

Slope Trivedi and Singh [7], GB/T 33744-2017 [19], Kılcı et al. [30]
Vegetation GB/T 33744-2017 [19], Li et al. [21], Yahyaei and Bozorgi-Amiri [26]

Power facilities Zhu et al. [5], GB/T 33744-2017 [19], Yuan et al.[24], Yahyaei and Bozorgi-Amiri [26]
Sanitation system GB/T 33744-2017 [19], Li et al. [21], Kınay et al. [22]

A committee composed of experts with experience in evaluating the selection criteria and recorded
personal preferences through questionnaires is employed. Table 2 presents the representation method
of transforming language variables into numerical variables. Decision makers who analyze candidate
sites include experts in emergency management, local government planners, and surrounding residents.
In this study, the alternative sites of shelters are evaluated and ranked by fuzzy AHP and fuzzy TOPSIS
method to reduce investment and construction risks. The hierarchy of the decision-making process is
displayed in Figure 3. Other quantitative factors are analyzed in the next stage.

Table 2. Language variables and trigonometric fuzzy values.

Definition Fuzzy Value

Equally important (0, 1, 1)
Quite important (1, 3, 5)
Very important (3, 5, 7)

Extremely important (5, 7, 9)
Especially Important (7, 9, 9)
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3.2. Fuzzy AHP for Determining Standard Weights

AHP is a decision-making method based on the combination of actual measurement and subjective
preference proposed by Saaty [34]. Due to the ambiguities of qualitative criteria, fuzzy decision making
has become a powerful tool in uncertain environments [35]. AHP’s fuzzy extension has been widely
used in multi-standard decision making, resource allocation and conflict resolution [36]. Fuzzy AHP
systematically combines fuzzy number theory and hierarchical structure analysis to solve the problem
of hierarchical division in fuzzy multi-standard decision making [37]. In the judgment matrix, the fuzzy
numbers are compared to determine the reasonable weight of the qualitative criteria.

In this study, fuzzy triangle numbers were used for quality evaluation criteria, and used as
weights for qualitative assessment of fuzzy TOPSIS method. Therefore, let X = {x1, x2, . . . , xn} be a
decision set, according to the extension analysis method proposed by Veerabathiran and Srinath [38],
each standard in the set is taken, and the extension analysis was conducted for each evaluation
criterion. The m number of extended analysis value for each object can be expressed as Equation (1).
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Mi j ( j = 1, 2, . . . , m) in Equation (1) is triangular fuzzy number. We assume that Mi jk =
(
mL

ijk, mM
ijk, mU

ijk

)
(i = 1, 2, . . . , m; j = 1, 2, . . . , m; k = 1, 2, . . . , h) represents the relative importance of the k-th decision
maker in judging the i-th and j-th criteria. The triangular fuzzy number in group judgement matrix

Mi j =
(
mL

ij, mM
ij , mU

ij

)
is from the following Equations (2)–(4).

Mi1, Mi2, . . . , Mim i = 1, 2, . . . , n. (1)

mL
ij = min

(
mL

ijk

)
. (2)

mM
ij = k

√
ΠkmM

ijk. (3)

mU
ij = max

(
mU

ijk

)
. (4)

The extension analysis steps proposed by Veerabathiran and Srinath are shown below [38].
Through Equations (5)–(8), the fuzzy number addition operation is performed on m ×m analysis
values in the specific decision matrix. The inverse of the vector is solved to obtain standard initial
weight βci (i = 1, 2, . . . , m).

∑m
j=1Mi j =

(∑m
j=1mL

ij,
∑m

j=1mM
ij ,

∑m
j=1mU

ij

)
, i = 1, 2, . . . , m. (5)

m∑
i=1

m∑
j=1

Mi j =

 m∑
i=1

m∑
j=1

mL
ij,

m∑
i=1

m∑
j=1

mM
ij ,

m∑
i=1

m∑
j=1

mU
ij

. (6)

[
m∑

i=1

m∑
j=1

Mi j]

−1

=

 1∑m
i=1

∑m
j=1 mL

ij

,
1∑m

i=1
∑m

j=1 mM
ij

,
1∑m

i=1
∑m

j=1 mU
ij

. (7)

βci =
m∑

j=1

Mi j

⊗
[

m∑
i=1

m∑
j=1

Mi j]

−1

(8)

Let M1 =
(
mL

1 , mM
1 , mU

1

)
and M2 =

(
mL

2 , mM
2 , mU

2

)
be two triangular fuzzy numbers, and the

membership degree of the possibility of M2 ≥ M1 can be expressed by Equation (9) where d is the
ordinate of the intersection point between the membership degrees µM1 and µM2 . βci is compared
pairwise according to Formula (9) to obtain µ(d).

V(M2 ≥M1) = hgt(M1 ∩M2)= µM2(d) =


1 mM

2 ≥ mM
1

0 mL
1 ≥ mU

2
mL

2−mU
2

(mM
2 −mU

2 )−(mM
1 −mL

1)
other

(9)

The possibility that a convex fuzzy number M is greater than k convex fuzzy numbers
M1, M2, . . . , Mk is expressed by Equation (10). Assume d(Ai) = min V(Mi ≥Mk) for k = 1, 2, . . . , m;
k , i, and the overall weight is shown in Equation (11).

V(M ≥M1, M2, . . . , Mk) = V [(M ≥M1)
⋃
. . .

⋃
(M ≥Mk)] = minV (M ≥Mi) i

= 1, 2, . . . , k
(10)

W′ = (d′(C1), d′(C2), . . . , d′(Cm))
T (11)

After normalizing W′, the standard weight vector is expressed as

W = (d(C1), d(C2), . . . , d(Cm))
T (12)
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3.3. Analysis of Shelters by Fuzzy TOPSIS Method

The TOPSIS method was proposed by Hwang and Yoon, which is an effective method commonly
used in multi-standard decision analysis [39]. It selects the solution with the smallest distance from
the positive ideal solution and the largest distance from the negative ideal solution. This method can
be used to evaluate the impact factors, service quality, and satisfaction [40,41]. As a continuation of
fuzzy AHP, fuzzy TOPSIS method is appropriate for solving group decision-making problems in fuzzy
environments [42]. In many problems, it is difficult for decision makers to provide accurate numerical
judgments about the probability and consequences of each event. Therefore, fuzzy linguistic variables
and their term sets were used to assess the quality of service at the shelter candidate. It is beneficial to
include ambiguity and uncertainty in the decision-making process of shelter location.

In Section 3.2, decision makers used importance level of standards ratings to reach conclusions
about their decisions. Based on six criteria (C1, C2, . . . , C6), decision makers evaluated the results
of shelter alternatives (S1, S2, . . . , Sn). The collected information was further transformed into the
decision matrix D =

(
di j

)
n×m

shown in Equation (13). This step is to transform qualitative variables into
quantitative variables as output parameters. The element di j of the matrix D represented by triangular
fuzzy numbers in Table 3 refers to the performance rating of the i-th candidate shelter relative to the
j-th standard.

D =

S1

S2
...

Sn

C1 C2 . . . Cm
d11 d12 . . . d1m
d21 d22 . . . d2m

...
... . . .

...
dn1 dn2 . . . dnm

.
(13)

Table 3. Evaluation level language terminology.

Definition Fuzzy Value

Very low (0, 1, 3)
Low (1, 3, 5)

General (3, 5, 7)
High (5, 7, 9)

Very high (7, 9, 9)

Under the overall fuzzy language criterion, the term sets determined for alternative shelters
evaluation are different and given in Table 3. Zadeh proposed combinational inference rules and
applied them to derive conclusions from the fuzzy rule sets [43]. In order to unify the conclusions of
experts, this study uses the best-known maximum–minimum compositional rule approach to establish
a fuzzy decision matrix.

Then, the normalized ratings were calculated using Equation (14), which was used for vector
normalization and computing ai j. The weighted normalized value bi j was calculated by bi j = w j × ai j
where i = 1, 2, . . . , n; j = 1, 2, . . .m. w j represents the weight of the j-th standard. The positive ideal
fuzzy solution B+ and the negative ideal fuzzy solution B− were determined by Equation (15) in terms
of weighted normalized values.

ai j =
di j√∑n
i=1 d2

i j

i = 1, 2, . . . , n; j = 1, 2, . . .m (14)

B+ =
{(

maxBi j
∣∣∣i ∈ I

)∣∣∣∣ j = 1, 2, . . . , m
}
=

{
b+1 , b+2 , . . . , b+m

}
,

B− =
{(

minBi j
∣∣∣i ∈ I

)∣∣∣∣ j = 1, 2, . . . , m
}
=

{
b−1 , b−2 , . . . , b−m

}
.

(15)
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Separation measures were calculated in next step. The distance between the candidate point to
the positive ideal solution and the negative ideal solution was calculated by Euclidean distance. The
separation of each candidate point from the positive ideal solution B+ was determined by Equation
(16), and the separation from the negative ideal solution B− is calculated by Equation (17).

d+i =

√√√ n∑
j=1

(
bi j − b+j

)2
i = 1, 2, .., n (16)

d−i =

√√√ n∑
j=1

(
bi j − b−j

)2
i = 1, 2, .., n (17)

Equation (18) can calculate the relative closeness Fi of each solution and the ideal solution and
sort them. In this study, the greater the degree of closeness, the higher the evaluation of the candidate
points, that is, the closer to the positive ideal solution, the farther from the negative ideal solution.

Fi =
d−i

d+i + d−i
i = 1, 2, .., n (18)

3.4. Multi-Objective Optimization Model Construction

Finally, this section combines the performance evaluation results obtained by fuzzy TOPSIS
with a multi-objective optimization model to maximize the weight function and improve the quality
of shelter services on the basis of the relative weight of candidate points obtained from subjective
evaluation. Simultaneously, the distance from the affected families to the shelters is minimized, and
the number of shelters opened is optimized. These goals are achieved while considering the victims’
needs, rescue budgets, facility capacity, and coverage boundary constraints. Models are constructed
with the avoidance of hazardous areas to ensure the safety of selected shelters.

In this study, the multi-layer coverage idea proposed by Berman and Krass is used to construct
the boundary coverage function [44]. As the distance between evacuation facility i and disaster point j
increases, the proportion of evacuation demand allocated to point i by point j decreases. Given the
distance relationship 0 < d1 < d2 < . . . < dk, dk is the maximum evacuation distance set by the local
government. The evacuation demand at point j is D j, and pk represents the proportion of demand
that can be covered by facilities with a distance from disaster point j in the interval (dk−1, dk). The total
demand that can be covered by disaster point j is pkD j, where 1 > p1 > p2 > . . . > pk > 0. The specific
situation of the boundary cover function is shown in Figure 4. The effective coverage can be divided
into three levels. The demand of disaster point 1 is D1, and the requirements of facilities P1 and P2 in
the first and second overlay layers that can cover disaster point 1 at most are min

{
p1D1 + p2D1, D1

}
.

The demand for another point 2 is D2. The demand for the facility P5 in the first level, the facility
P4 in the second level, and the facilities P1 and P3 in the third level can cover at most disaster site
2 min

{
p1D2 + p2D2 + p3D2, D2

}
. The maximum demand that can be covered at a certain level is only

related to the size of the demand and has nothing to do with the number of facilities selected.
For example, the third coverage layer of demand point 2 contains two facilities, namely, P2 and

P3. Whether both are available or only one is available, the upper limit of demand that can be covered
is p3D2.



Sustainability 2020, 12, 1759 9 of 21

Sustainability 2020, 12, x FOR PEER REVIEW 9 of 22 

 

1
P1

P2
2

P3

P4

P5

Disaster point Shelters  
Figure 4. Boundary covering function. 

The details and symbols of the multi-objective optimization model are as follows: 

Sets 

• I   Set of affected area, 𝑖 ∈ 𝐼 
• S   Set of emergency shelter candidates, 𝑠 ∈ 𝑆 
• F   Set of types of evacuation services, 𝑓 = 1 means basic living services, 𝑓 = 2 represents 

medical and psychological services 
• M   Set of different types of relief supplies, 𝑚 = L represents life supplies to implement service 

1, whereas 𝑚 = P signifies medical supplies to implement service 2 
• T   Set of shelter types, t = I provides victims with service Type 1, whereas t = II provides victims 

with service Types 1 and 2. 

Parameters 

• 𝐹    Result of the subjective evaluation of the shelter candidate point 𝑠 ∈ 𝑆 
• 𝑊    G-th objective function weight 
• 𝐷    Number of households in affected area 𝑖 ∈ 𝐼 
• 𝛼    Proportion of victims in disaster area 𝑖 ∈ 𝐼who need refuge service 𝑓 ∈ 𝐹 
• 𝐴    Amount of relief materials 𝑚 ∈ 𝑀 needed by disaster victim who need refuge service 𝑓 ∈𝐹 
• 𝐶    Maximum material storage for candidate refuge 𝑠 ∈ 𝑆 
• 𝑃    Maximum victim capacity for candidate shelter 𝑠 ∈ 𝑆 
• 𝐹𝐶   Fixed construction cost of opening a shelter at candidate point 𝑠 ∈ 𝑆 
• 𝑉𝐶   Unit cost of purchasing relief materials 𝑚 ∈ 𝑀 
• 𝑂𝐶    Variable construction cost per additional capacity of service 𝑓 ∈ 𝐹 for each candidate 

point  
• B   Total available rescue budget 
• 𝜃    Radius of k-th coverage level from a disaster point 
• 𝑑    Distance between affected area 𝑖 ∈ 𝐼 and candidate shelter 𝑠 ∈ 𝑆 
• 𝑑    Distance between candidate shelter 𝑠 ∈ 𝑆 and the nearest hospital 
• 𝑑    Distance between candidate shelter 𝑠 ∈ 𝑆 and the nearest commercial and supermarket 

warehouses  
• 𝑑    Distance restriction between the shelter and the nearest hospital 
• 𝑑    Distance restriction between the shelter and the nearest commercial and supermarket 

warehouses 
• 𝑝    Proportion of demand covered by shelters in the interval (𝑑 , 𝑑 ) from the affected area 
• γ   Proportion of Type 1 services available in Type II shelters 
• N   A large positive number 

Decision variables 

Figure 4. Boundary covering function.

The details and symbols of the multi-objective optimization model are as follows:
Sets

• I Set of affected area, i ∈ I
• S Set of emergency shelter candidates, s ∈ S
• F Set of types of evacuation services, f = 1 means basic living services, f = 2 represents medical

and psychological services
• M Set of different types of relief supplies, m = L represents life supplies to implement service 1,

whereas m = P signifies medical supplies to implement service 2
• T Set of shelter types, t = I provides victims with service Type 1, whereas t = II provides victims

with service Types 1 and 2.

Parameters

• Fs Result of the subjective evaluation of the shelter candidate point s ∈ S
• Wg G-th objective function weight
• Di Number of households in affected area i ∈ I
• αi f Proportion of victims in disaster area i ∈ I who need refuge service f ∈ F

• A f
m Amount of relief materials m ∈M needed by disaster victim who need refuge service f ∈ F

• Cs Maximum material storage for candidate refuge s ∈ S
• Ps Maximum victim capacity for candidate shelter s ∈ S
• FCs Fixed construction cost of opening a shelter at candidate point s ∈ S
• VCm Unit cost of purchasing relief materials m ∈M
• OC f Variable construction cost per additional capacity of service f ∈ F for each candidate point
• B Total available rescue budget
• θk Radius of k-th coverage level from a disaster point
• dis Distance between affected area i ∈ I and candidate shelter s ∈ S
• dhs Distance between candidate shelter s ∈ S and the nearest hospital
• dws Distance between candidate shelter s ∈ S and the nearest commercial and

supermarket warehouses
• dh Distance restriction between the shelter and the nearest hospital
• dw Distance restriction between the shelter and the nearest commercial and

supermarket warehouses
• pk Proportion of demand covered by shelters in the interval (dk−1, dk) from the affected area
• γ Proportion of Type 1 services available in Type II shelters
• N A large positive number

Decision variables
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• yt
s The establishment of a type t ∈ T shelter at candidate point s ∈ S has a value of 1, otherwise it

is 0
• x f

is Number of victims from sheltered area i ∈ I to shelter s ∈ S that require shelter service f ∈ F

• βm
s Number of supplies m ∈M stored in shelter s ∈ S

min Z1 =
∑

i∈I

∑
s∈S

(
x1

is + x2
is

)
dis (19)

maxZ2 =
∑
t∈T

∑
s∈S

yt
sFs (20)

minZ3 =
∑
t∈T

∑
s∈S

yt
s (21)

Subject to: ∑
i∈I

x1
is ≤ PsyI

s + γ PsyII
s (22)∑

i∈I
x2

is ≤ (1− γ )PsyII
s (23)∑

m∈M
βm

s ≤ Cs (24)

βm
s ≥ A f

m

∑
i∈I

x f
is (25)∑

s∈S
x f

is ≥ Diαi f (26)∑
t∈T

yt
s ≤ 1 (27)∑

i∈I
x1

is ≤
(
yI

s + yII
s

)
N (28)∑

i∈I
x2

is ≤ yII
s N (29)

dhs

∑
t∈T

yt
s ≤ dh (30)

dwsyt
s ≤ dw (31)∑

f∈F

∑
s|θk−1<dis<θk

x f
is ≤ pkDi (32)∑

t∈T

∑
s∈S

FCsyt
s +

∑
f∈F

∑
s∈S

∑
i∈I

OC f x f
is +

∑
m∈M

∑
s∈S

VCm
s β

m
s ≤ B (33)

x f
is, β

m
s ∈ Z+

∀i ∈ I, s ∈ S, m ∈M, f ∈ F (34)

yt
s ∈ {0, 1} ∀ s ∈ S, t ∈ T (35)

Objective function (19) minimizes the distance between the victims and the shelters under the
limited rescue budget. Objective function (20) maximizes the subjective evaluation performance
of the shelters on the basis of qualitative factors. Objective function (21) optimizes the number of
open shelters. Constraints (22) and (23) stipulate that the number of households allocated to each
refuge center cannot exceed the capacity of the facility. Among them, in natural disasters with high
destructiveness and casualties, victims who need psychological or medical assistance must receive
considerable concern. Therefore, γ should take the small value. Constraint (24) restricts the number
of refuges that can store rescue supplies not exceeding their maximum storage capacity. Constraint
(25) guarantees that the amount of materials stored in shelters or surrounding facilities must meet
the demand. Constraint (26) restricts disaster victims of different needs can receive it. Constraint
(27) ensures that each shelter can be associated with only one type. Constraints (28) and (29) ensure
that only selected shelters can provide services for the victims. Constraints (30) and (31) indicate that
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for candidate shelters, if no medical facilities and commercial supermarket warehouses are available
within the prescribed threshold, then they cannot be selected. Constraint (32) is a boundary cover
function that limits the number of victims who can be allocated to shelters in the k-th coverage level of
affected area i. Constraint (33) limits shelter costs to existing budgets, including fixed construction,
variable, and material procurement costs. Constraints (34) and (35) define decision variables.

This study uses weight Wg to deal with the multi-objective shelter location model and defines
the relative importance of objective functions Z1 and Z2. Decision makers can assign specific values,
as shown in Equation (36). Among them, Z∗1(x), Z∗2(x), and Z∗3(x) are the optimal values for
single-objective optimization.

max Z =
(
2−

w1Z∗1(x)

Z1(x)
) +

w2Z∗2(x)

Z2(x)
+

(
2−

w3Z∗3(x)

Z3(x)
) (36)

4. Case Study: Wenchuan Earthquake in Sichuan Province, China

This section first briefly reviews the earthquakes that occurred in Wenchuan, China in 2008. Then,
the characteristics of the study area and the acquisition of model parameters are introduced.

4.1. The Earthquake of May 2008 in Wenchuan

The risk of natural disasters, such as earthquakes, floods, and landslides in southwestern China,
is high, and the local population and infrastructure are vulnerable to devastating effects. Chengdu,
Sichuan Province is located at 30.38 ◦N, 104.03 ◦E and is one of provincial capitals in China. It is famous
for its history and tourist attractions and belongs to the middle of the Sichuan Basin that is relatively
flat. The total area of Chengdu is 14,605 km2, and it is the most populous city in Sichuan Province,
with approximately 16.33 million inhabitants (statistics for 2019). The geographical location is shown
in Figure 5 left half. Chengdu faces an extremely high risk of natural disasters. The Longquanshan
fault zone passes through Chengdu. Since 1967, a total of 20 earthquakes of 4.0 magnitude or more
have occurred in it. The worst was an 8.0 magnitude earthquake in Sichuan Province on 12 May 2008,
and successive aftershocks and secondary disasters caused thousands of families to be homeless. In
addition, many people suffered varying degrees of physical and psychological harm. For example,
certain hospitals in Chengdu, the capital of Sichuan Province, were severely damaged. Many families
did not receive immediate medical assistance following the disaster, and a large number of families
were transferred to hospitals in other regions for treatment. The disaster had a massive impact, among
which the Sichuan government took certain actions. In response to the lack of emergency shelters,
facilities, and open spaces in cities, special urban plans were formulated. Prior to destructive disasters,
strategic infrastructure and services are planned strategically.
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Next, Section 4.2 discusses the detailed information of Wuhou District and Jinjiang District of
Chengdu City, Sichuan Province, and explains the characteristics of the different research areas.

4.2. Characteristics of the Geographic Zone and Parameter Defining

By analyzing Wuhou District and Jinjiang District of Chengdu, Sichuan Province, the model
construction process defined in Section 3 is explained. The location of study area is shown in Figure 5.
Families and house characteristics in the study area are obtained from the National Bureau of Statistics
database, geospatial data cloud, and field surveys. Shelters can meet basic living needs and provide
psychological or medical services before ample relief supplies arrive. According to the standards of
emergency shelter operations and supporting facilities formulated, candidate emergency shelters must
avoid natural disaster-prone areas and are located on flat terrains, which can facilitate post-disaster
evacuation and material transportation [18,19].

Wuhou District is the most populous county in Chengdu. As of the end of 2018, the resident
population was 1.087 million, with a GDP of 109.14 billion RMB. With the rapid economic development,
the area is facing a high risk of earthquake disaster. The special layout plan of Chengdu makes full
use of existing large open spaces, such as parks, green spaces, squares, school playgrounds, stadiums,
and other places to plan and construct emergency shelters. To combine the facility’s own advantages,
warehouses are also considered, and 15 locations eligible for evaluation as candidate shelters are
identified, among which the indoor facilities are S12, S13, S14, and S15. Figure 6 shows the distribution
of candidate points in this area. Given the different services provided by the shelters, additional spaces
and resources are needed for the protection of psychological medical services. Thus, the ability to
provide psychological medical services is lower than basic living services.

For the loss function, after considering the disaster warning, victims must reach the evacuation
facility within half an hour and divide the refuge center into three coverage levels. The coverage
radius of each open facility includes 1000, 2000, and 3000 meters, assuming p1 = 100%, p2 = 75%,
and p3 = 50%, respectively. The emergency rescue life and medical supplies are packaged according
to standards. The assumed demand for the supplies L and P for the victims who need basic living
services is assumed to be 1 and 0.5. The assumed demand for the supplies L and P for the victims who
require medical or psychological assistance is assumed to be 1 and 1. For shelters that are unsuitable
for storing materials and providing psychological medical assistance, the study assumes distance to
the surrounding material storage facilities, such as supermarkets and warehouses, is less than 1000
meters to increase rescue speed. Moreover, its distance from medical facilities should be less than
1000 meters. The study area includes 50 sites with asylum needs. The number of victims in need of
psychological or medical assistance depends on two situations. The first is based on the number of
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children under the age of nine and the elderly over the age of 70. The second is the proportion of
disabled persons at various demand points [45,46]. Considering the great impact of the earthquake
disaster, γ = 30% is set, the proportion of basic living services provided by Type II shelters is 30%. All
cost parameters used in the following experiments are shown in Table 4.Sustainability 2020, 12, x FOR PEER REVIEW 13 of 22 
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Table 4. Cost parameters in the experiment.

Cost Value

Fixed construction costs for open shelters $10,000
Variable construction costs per unit of living service provided $50

Variable construction cost per additional capacity of medical or psychological assistance provided $100
Purchasing expenses for daily supplies $30
Procurement costs of medical supplies $50

To estimate the priorities of the criteria for the selection of emergency shelters, a questionnaire
is distributed to 10 experts with extensive field and research experience in emergency management.
The selected experts possess an average of 10 years of experience in disaster relief and management.
After careful consideration, the selection of experts can pass the consistency test, and they have
consensus on the priority of indicators. Through the aggregation of the priorities, a standard priority
vector is calculated. Candidate sites must be evaluated by the rescue agency staff who understand the
local situation. Therefore, a group of seven professionals who have participated in rescue operations
in Sichuan evaluate alternatives by using fuzzy language term sets and indicator priorities. Table 5
displays the final weighted results of the candidate points.

Table 5. Candidate point weights.

Candidate Point Weight

S1 0.1636
S2 0.1608
S3 0.1673
S4 0.1350
S5 0.1522
. . . . . .

S14 0.1456
S15 0.1314
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To further prove the robustness of the model, this study also takes another severely affected area
during the Wenchuan earthquake as an example. Jinjiang District is the smallest area in Chengdu and
its surface area is 61.12 square kilometers. In 2018, Jinjiang District had a GDP of 103.477 billion RMB
and a population of approximately 566,400 (2017 Census). According to the layout plan of emergency
shelters in the central urban area of the local government, nine sites are selected as candidate shelters,
among which the indoor venues are S7, S8, and S9. The distance from the residential area to the
evacuation facility is estimated from geographic coordinates.

5. Results and Analysis

Using the relative weights of candidate points as model input parameters, MATLAB2018b is
employed to solve a mixed integer multi-objective optimization model on a PC with a 3.60-GHz Intel
Core i7-4790 CPU and 8 GB of RAM, running Windows®10 OS.

5.1. Results for the Case Study

In the case study of Wuhou District, the model is run by considering each target individually to
determine the optimal value for the target. In addition, when a single target is given the same weight,
the results of the evacuation site selection are shown in Table 6.

Table 6. Location and allocation of different types of shelters.

Location S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15

Type I 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0
Type II 1 1 1 0 0 0 0 1 0 0 0 1 1 1 0

Allocation 1 4795 3862 6238 0 6082 0 0 4176 6248 0 0 1360 3530 1537 0
Allocation 2 4487 3748 4607 0 0 0 0 2969 0 0 0 767 1513 1029 0

Living Materials 9282 7610 10845 0 6082 0 0 7145 6248 0 0 2126 5043 2566 0
Medical Materials 6885 5680 7730 0 3041 0 0 5057 3124 0 0 1446 3280 1800 0

Table 6 shows that two of the 15 candidate points (S5 and S9) are selected as Type I shelters,
and seven are chosen as Type II shelters. The third line refers to the number of victims who need service
1 to be allocated to open shelters (Allocation 1). Similarly, the fourth line shows the number of victims
who need service 2 to be allocated to open shelters (Allocation 2). S5 and S9 are only Type I shelters,
so assigning victims who need mental health services to these locations is impossible. The last two lines
indicate the amounts of living and medical materials stored in indoor shelters or surrounding facilities.

The difference between the achieved target and the single target optimal value is presented in
Table 7. Given that the Objective (19) function value for optimizing the evacuation distance is in the
order of magnitude, the original value is rounded down to log base e. It can be seen from Table 7 that the
evacuation distance obtained from the optimization solution is 25.95 instead of 25.15. The evacuation
distance optimization result is the best among the three target values, which is slightly different from
the ideal value. The optimal number of refuge centers is nine, one more than the minimum number of
shelters. The result of the subjective weight optimization finally deviates greatly from the optimal
target value. When the subjective weight is as important as the other two target values, it is difficult to
achieve better results. Considering that the parameter Wg in the model may affect the optimization
result, different values are used to reflect the influence on the solution. The results of the optimization
under the other five different weights are shown in Table 8.

Table 7. Deviations between target and optimal values.

Objective Target Value Single Objective Optimal Value Deviation (%)

Distance to shelters 25.95 25.15 3.18%
Subjective weight 1.19 1.81 23%

Number of shelters 9 8 12.5%
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Table 8. Effect of different weights on the compromise.

Number Objective Weight Distance to Shelters Subjective Weight Number of Shelters

1 (0.1, 0.65, 0.25) 5.57% 5.52% 37.5%
2 (0.15, 0.05, 0.8) 4.77% 21.84% 0%
3 (0.3, 0.15, 0.55) 3.18% 16.71% 25%
4 (0.33, 0.33, 0.33) 3.18% 23% 12.5%
5 (0.5, 0.35, 0.15) 0% 2.37% 37.5%
6 (0.7, 0.15, 0.15) 0% 8.99% 37.5%

The radar chart in Figure 7 illustrates the effect of changes in target weights on target
deviation. Radar charts indicate that the total objective function is sensitive to changes in subjective
weights. The process of shelter selection and the importance of qualitative factors are considered.
The combination of qualitative and quantitative factors makes the site selection decision reasonable.
This illustrates the importance of combining qualitative dimensions with quantifiable factors,
while locations with poor service quality are unlikely to be selected as open shelters. The optimization
results are also sensitive to changes in the number of shelters. It can be seen that the model is very
sensitive to the site of the shelter while considering the number of open shelters. When the number of
shelters is taken seriously, deviations can even be eliminated. The rational planning of the number of
shelters has an important impact on site selection results, and the results are least sensitive to changes
in shelter distances.
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It can also be seen from Table 8 that when the deviation of the number of shelters decreases,
the deviations of the evacuation distance and subjective weight increase. However, when the deviation
of the number of shelters increases, deviation of the remaining two objective function values can be
reduced. Therefore, increasing the number of open shelters is beneficial for optimizing the distance
and quality of shelters.

To further evaluate the impact of rescue budget and coverage ratio on rescue effectiveness, we set
the budget amount to vary from 7,500,000 to 8,500,000, different coverage distances (θ) and coverage
ratios (p): θ1 = 1000 m, 2000 m, 3000 m; θ2 = 750 m, 1500 m, 3000 m; p1 = 100%, 75%, 50%;
p2 = 100%, 65%, 45%. The experimental results are shown in Tables 9–12 below.

Table 9. Deviations of goal optimization results under θ1 and p1.

Budget Distance to Shelters Subjective Weight Number of Shelters

7,500,000 3.18% 34.03% 12.5%
8,000,000 0.08% 30.91% 12.5%
8,500,000 0.44% 23% 25%
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Table 10. Deviations of goal optimization results under θ1 and p2.

Budget Distance to Shelters Subjective Weight Number of Shelters

7,500,000 0.44% 32.27% 11.11%
8,000,000 0% 27.78% 22.22%
8,500,000 0% 25.91% 22.22%

Table 11. Deviations of goal optimization results under θ2 and p1.

Budget Distance to Shelters Subjective Weight Number of Shelters

7,500,000 3.5% 30.15% 25%
8,000,000 0% 24.65% 25%
8,500,000 0% 17.9% 37.5%

Table 12. Deviations of goal optimization results under θ2 and p2.

Budget Distance to Shelters Subjective Weight Number of Shelters

7,500,000 3.01% 27.34% 22.22%
8,000,000 0% 24.72% 22.22%
8,500,000 0% 14.69% 25%

By comparing the results in Tables 9–12, we can conclude that when the budget amount increases,
the deviation of the subjective weights slightly decreases. This condition may signify that additional
funds can be used to open other shelters with improved subjective evaluation performance, thereby
increasing the overall quality of service. Similarly, the distance between victims and shelters is close to
the optimal value in the case of single goals. Although there is a large deviation between the number of
open shelters and the case of single-objective optimization, the increase in rescue budget is an effective
method to improve the rescue effect when the number of alternative shelters is sufficient.

Tables 9 and 10 present that changing the coverage rate of different distance levels of the shelters
can increase the subjective weight of the shelters, although the deviation of the shelters increases. In this
way, life and psychological medical services are well provided to the victims. The same distance and
reduced coverage ratio have a great impact on the evacuation distance. In the case of multi-objective
optimization, the evacuation distance is even without deviation from the single-objective solution. The
same conclusion can also be drawn from Tables 11 and 12.

Observing Tables 9 and 11, we can find that the distance between victims and shelters is further
restricted when coverage ratios are constant. With the limited rescue budget, the effect is not obvious,
and the evacuation distance deviation has increased. When funds are sufficient, the deviation of the
distance to the shelters are significantly improved. The reason is that excess funds are available to
open additional shelter facilities, which is reflected in the increased deviation of the number of open
shelters. By reducing the distance covered by shelters, the overall quality of shelter services has also
improved. Similar observations can also be made by Tables 10 and 12. Setting stricter shelter coverage
is beneficial to improve rescue results.

In the Jinjiang District case study, the model is calculated by assigning the same priority to the three
targets to obtain a compromised result. The results of the most preferred sites and allocations are shown
in Table 13. One of the nine candidate points (S7) is selected as a Type I shelter, and four are chosen as
Type II shelters. Table 14 shows the optimal values of achieved and single goals. The deviation of
the evacuation distance target value is small, and the number of open shelters is optimal. The largest
deviation is the distance from the victims to shelters. The deviation of different target weights in
Table 8 is illustrated in Figure 8.
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Table 13. Location and allocation of different types of shelters.

Location S1 S2 S3 S4 S5 S6 S7 S8 S9

Type I 0 0 0 0 0 0 1 0 0
Type II 1 1 1 1 0 0 0 0 0

Allocation 1 5877 2592 5193 3064 0 0 3783 0 0
Allocation 2 2697 1480 3151 1464 0 0 0 0 0

Living Materials 8574 4072 8344 4528 0 0 3785 0 0
Medical Materials 5635 2776 5748 2995 0 0 1893 0 0

Table 14. Deviations between target and optimal values.

Objective Target Value Single Objective Optimal Value Deviation (%)

Distance to shelters 17.78 16.57 7.29%
Subjective weight 0.92 1.32 30.19%

Number of shelters 5 5 0%
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Similarly, to clarify once again the impact of rescue budget and shelter coverage ratio on the
overall rescue effect, the budget amount is set to vary from 4,500,000 to 5,500,000, and different coverage
distances (θ) and coverage ratios (p): θ1 = 1000 m, 2000 m, 3000 m; θ2 = 750 m, 1500 m, 3000 m;
p1 = 100%, 75%, 50%; p2 = 100%, 65%, 45%. The experimental results are shown in Tables 15–18 below.

Table 15. Deviations of goal optimization results under θ1 and p1.

Budget Distance to Shelters Subjective Weight Number of Shelters

4,500,000 7.29% 30.19% 0%
5,000,000 5.75% 28.64% 0%
5,500,000 0.94% 15.33% 20%

Table 16. Deviations of goal optimization results under θ1 and p2.

Budget Distance to Shelters Subjective Weight Number of Shelters

4,500,000 5.72% 34.73% 0%
5,000,000 3.93% 25.67% 20%
5,500,000 0.3% 10.09% 20%

Table 17. Deviations of goal optimization results under θ2 and p1.

Budget Distance to Shelters Subjective Weight Number of Shelters

4,500,000 6.73% 36.8% 0%
5,000,000 4.21% 29.23% 20%
5,500,000 0.74% 18.7% 20%
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Table 18. Deviations of goal optimization results under θ2 and p2.

Budget Distance to Shelters Subjective Weight Number of Shelters

4,500,000 5.01% 27.73% 0%
5,000,000 3.87% 23.17% 20%
5,500,000 0.66% 18.55% 20%

5.2. Guidelines for Using Optimization Models

In real life, victims often randomly choose an evacuation site nearby after a disaster. However,
these unplanned locations cannot immediately meet their needs. Authorities have difficulty using the
scarce rescue resources to provide emergency relief, and in the long run, they cannot conveniently
live for a while. No plan was implemented for the migration of affected people after the Wenchuan
earthquake. Most shelters were spontaneously selected without considering the different needs of
victims. Therefore, since 2008, planning and construction of emergency shelters has received increasing
attention throughout the country. By solving the results of these two cases, the effectiveness and
importance of the model in selecting opened shelters, allocating victims, and relocating supplies
are emphasized.

The proposed multi-criteria decision-making model considers all the important influencing factors
necessary for people’s lives and medical processes after the disaster. The model also aims to be a
planning tool for improving the decision-making ability of disaster managers in location and allocation.
Existing high subjective evaluation warehouses are included in the candidate points set, and an attempt
is made to find a suitable facility location in the requisition and use of emergency humanitarian
logistics [28,47].

The model has optimized three different goals at the same time. The first goal attempts to take
into account the victims’ relocation to the nearest shelter. The model also ensures that victims are
placed in the most appropriate shelters selected based on qualitative criteria. The final goal is to
keep the number of open shelters to a minimum for better management in costs and logistics. The
model performs single-objective optimization to propose specific target values for different targets,
and reduces deviations to finally determine an effective solution. Therefore, it may be beneficial to
address the evacuation of people and the attention to victims at shelters.

In different disaster-prone areas, the relative importance of different targets can change. In some
cases, convenient logistics is the most important factor, while in other cases, evacuation nearby is more
popular than others. Therefore, the constructed model can satisfy decision makers to set weights for
each objective function and specify preferences to determine the best evacuation location and personnel
and material allocation plan. By performing a sensitivity analysis on the model, the available rescue
budget and coverage of different refuge levels are identified as key parameters. By observing the effect
of parameter value changes on the optimization results of the objective function, determining and
selecting “important” shelters are suggested. Therefore, the proposed evacuation site selection model
is helpful for reasonable planning and immediate rescue after disasters.

6. Conclusions and Future Work

In recent years, various natural disasters have occurred frequently. In such emergencies, authorities
must use existing living and medical resources to provide emergency assistance for strengthening their
disaster response capabilities. Therefore, in this study, we have considered the full coverage of the
needs of victims and determined the location of shelters and the allocation of affected people to use
certain facilities in large-scale emergencies for distributing supplies. The obtained solution can meet
the different needs of victims to the greatest extent with limited rescue funds.

In this study, we have solved the problem of the location of temporary shelters and the allocation
of victims after disaster. We have also determined the amount of materials stored. The inclusion of
available warehouses in the available candidate set can help effectively arrange rescue resources to meet
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demands in case of large-scale emergencies. Such an arrangement is more important than accurately
determine how to allocate supplies among facilities. The relevant literature has been reviewed,
and qualitative factors have been taken as important factors to construct a mathematical model, which
reflects the rationality of multi-criteria decision and group decision making in the optimization of
evacuation sites. Fuzzy AHP and fuzzy TOPSIS methods involve vagueness with the subjective
judgment of decision makers. It also helps decision makers to benefit from the comprehensive expertise
of multiple decision-making experts, using their knowledge to optimize shelter locations and allocation
processes. Finally, a comprehensive consideration of qualitative and quantitative factors is used to
solve the problem of site selection and relocation of the victims. The analysis has identified multiple
site selection criteria and three objectives to select the best shelter location from a set of candidate
points. The model has matched the different needs of victims with nearby shelters, considering the
level of refuge and limited relief funds. The model has also been tested and sensitively analyzed using
data from parts of Chengdu during the Wenchuan earthquake. The established model has obtained
the optimal solution after a compromise, and the results have significantly changed as important
parameters change.

In this work, the model is limited to single-cycle post-disaster location-allocation decisions
and does not involve the subsequent displacement of victims. Future studies will establish a
multi-stage optimization model, combining the impact and uncertainty of secondary disasters,
to provide optimization solutions in different periods. Future research should also consider mitigation
strategies from the perspective of different stakeholders in natural disaster risk management [48,49].
Similarly, reducing damage from disasters through retrofitting and purchasing insurance is an important
measure [50].
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