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Abstract: Determining how to reasonably allocate shelters in the central area of the city and improve
evacuation efficiency are important issues in the field of urban disaster prevention. This paper
introduces the methodology and mathematical model from the field of crowd emergency evacua-
tion to shelter location optimization. Moreover, a shelter location optimization method based on
the combination of static network analysis and dynamic evacuation simulation is proposed. The
construction costs and evacuation times are taken as the objective functions. In the first stage, based
on the static network analysis, a circular evacuation allocation rule based on the gravity model is
proposed, and the genetic algorithm is then designed to solve the feasible schemes with the lowest
shelter construction costs. In the second stage, the evacuation time is taken as the optimization
objective. The age differences of refugees, the selection of evacuation routes, and the behavior of
adults helping children and the elderly are simulated in a dynamic evacuation simulation model. The
traditional social force model is improved to conduct a regional evacuation simulation and determine
the optimal scheme with the shortest evacuation time. Finally, the central urban area of Xinyi City,
Jiangsu Province, China, is taken as an empirical case.

Keywords: shelter; static/dynamic analysis; social force model; genetic algorithm; two-stage multi-
objective optimization

1. Introduction

Shelters are typical spaces and buildings equipped with emergency support infras-
tructure, emergency auxiliary facilities, and emergency support equipment and materials
for the living security of refugees and centralized rescue after disasters [1]. With the devel-
opment of natural and social systems becoming increasingly more complex, the frequency
and types of disasters are increasing. Risk has three main components: the occurrence of
a disastrous event, vulnerability, and exposure. This study focuses on actions to reduce
the exposure component. The main macro-action to reduce exposure is evacuation, which
consists of reducing the number of users and goods that can experience negative effects
when emergency events occur [2]. Thus, determining how to scientifically allocate and
optimize the location of shelters has become of increasing concern. A scientific shelter
location scheme can significantly reduce property losses and casualties, and can improve
the efficiency and safety of the evacuation process after disasters.

Scholars have carried out a series of investigations on the location of shelters, and have
put forward the P-center model [3], the P-median model [4], the set covering model [5], and
the maximum covering model [6]. Moreover, based on the classical model, distance con-
straints [7] and capacity constraints [8] have been added. The types of objective functions
can be divided into single-objective and multi-objective models. To simplify the problem,
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some scholars have adopted a single-objective model to establish the location model in the
early research stage [9,10], and then adopted the minimization of the construction cost or
the number of shelters as the optimization objective. However, due to the complexity of
the location optimization of shelters, scholars became unsatisfied with the establishment
of single-objective optimization models. Thus, multi-objective optimization models have
been established by integrating multiple optimization objectives, such as the construction
cost [11], the evacuation distance [12], time [13], the safety of evacuation roads [14], and
disaster risks [15–17]. Different from single-objective location models, the solution of
multi-objective location models is the balance of multiple objectives, and the number of
solutions is usually more than one. There exist three general methods by which to solve the
multi-objective optimization model of shelters: (1) the conversion of the multi-objective
optimization model into a single-objective optimization model via weighting [18]; (2) the
transformation of the multi-objective shelter optimization problem into a two-stage single-
objective optimization problem [19,20]; (3) the adoption of the heuristic algorithm to solve
the Pareto optimal solution [16,21]. According to the different levels, internal characteris-
tics, classifications, and corresponding functions of different shelters, scholars have put
forward multi-level shelter location models [21–23]. For instance, based on the existing
shelters in the community and evacuation demands in different periods, Ye [24] proposed
an evacuation planning method based on multiple scenarios at the community level. Some
scholars have also incorporated the distribution of relief materials [25] [26] and disaster
process simulation [8,27] into shelter location modeling. The optimization models of shelter
location have experienced changes from simple to complex, from a single factor to a variety
of complex urban environmental factors, from the macro-level to the micro-level, and from
the single level to multiple levels. These developments have made shelter location models
more detailed, which provides a feasible theoretical basis for practical work.

The optimization algorithms for solving the location optimization models of shelters
are divided into two categories, namely, accurate and approximate algorithms. When
the shelter location model is a single-objective optimization problem based on a poly-
nomial function or a multi-objective optimization problem that can be transformed into
a single-objective function via the objective weighting method, objective programming
method, and efficacy coefficient method, precise optimal solutions can be determined by
accurate algorithms, such as the branch-bound algorithm [28], the simplex method, and the
Lagrange relaxation method [29]. The solution process is implemented via optimization
software such as Lingo and CPLEX. However, the location of shelters with multi-objective
constraints is an NP-hard problem, which is difficult to be solved by accurate algorithms.
Therefore, some scholars have adopted intelligent optimization algorithms, such as the ge-
netic algorithm [30], simulated annealing algorithm [31], particle swarm algorithm [12,32],
ant colony algorithm [33], and tabu search algorithm [34], to solve shelter location mod-
els with multi-objective constraints. Finally, the visualization of the optimal scheme is
implemented on the GIS platform [35].

The studies described previously are based on the static network analysis method, and
the proposed models are, therefore, characterized by the following deficiencies in terms of
the evacuation demand calculation and evacuation allocation rules:

(1) Failure to satisfy the evacuation demands in peak hours. The evacuation demands
in previous research are determined based on a permanent population [27,36]. However,
due to the separation of workplaces and residences in central urban areas, there are substan-
tial differences in the population distributions during daytime and nighttime [37–39]. The
evacuation demands determined by a permanent population cannot reflect the dynamic
spatiotemporal distribution of the population, and cannot satisfy the evacuation demands
during the peak period; and

(2) Failure to consider the crowd evacuation process and evacuation behavior. The
current optimization models usually assume that pedestrians at one demand point will
follow the arrangement of the government and go to their designated shelter [40], which is
inconsistent with the authentic evacuation process. The evacuation behavior and psychol-
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ogy of pedestrians, as well as the time-varying changes of road congestion, have not been
considered previously [41].

In terms of the simulation of crowd emergency evacuation, evacuation models can be
divided into micro-, macro-, and meso-models [42]. From the perspective of the evacuation
allocation method, evacuation models can be divided into dynamic and static models.
Dynamic models indicate that pedestrians or vehicles select their movement direction at
each intersection, while static models indicate that pedestrians or vehicles follow the pre-
designed route without changing their evacuation routes midway [43]. Macro-models [44]
regard the movement of people as fluid, and use the partial differential equations in fluid
dynamics to describe the time-varying changes of the evacuation velocity and density [45].
These models have high computational efficiency and do not consider the details of indi-
vidual behavior, but transform the constraints from the road network into network flow
for optimization. However, macro-models update the state variables at regular intervals
via the dynamic state equation, which cannot reflect the interaction and heterogeneity
between pedestrians. Meso-models are between micro- and macro-models. The discrete
simulation method is adopted to track the movement of pedestrians in the evacuation
process. Meso-models are not only characterized by a reduced amount of calculation,
but also record a portion of the important details in the evacuation process [46]. Finally,
micro-models regard people as individual particles. These models can reflect differences
between pedestrians, and the movement description is more accurate and natural. Com-
mon micro-models include the social force model [47], the cellular automata model [48,49],
and the multi-agent model [50,51], among others. The simulation of user behaviour during
an evacuation is a very complex problem, as the behaviour depends on different factors,
such as kind and entity of the dangerous event, the socio-economic characteristics of users,
and panic [52]. The social force model has been widely used because of its high accuracy
and strong continuity. The specific evacuation behavior of pedestrians, such as herd be-
havior [50], following behavior [53], the fast or slow effect, and the leader effect [54], can
be simulated by the social force model. Moreover, the social force model can be combined
with the multi-agent model [55,56] to simulate the heterogeneity of different categories of
pedestrians. Therefore, the social force model is adopted in the present study to conduct a
regional evacuation simulation and, ultimately, scientifically and accurately optimize the
location of shelters.

At present, the research on dynamic evacuation simulation is concentrated on large
public buildings [57], teaching buildings [58], subways [59], and high-rise buildings [60],
and evacuation simulation on the community scale is rare. Previous regional evacuation
simulations did not consider the spatial heterogeneity of the age of pedestrians [61], which
has led to a large deviation of the simulation results from authentic evacuation scenarios.
Former studies have shown that the evacuation velocity of pedestrians is significantly
correlated with age [62]. The age structure varies greatly with the types of land use and
industries in the space, and there are significant differences in the age structures of different
plots. For example, the proportion of elderly people in commercial districts is small, while
that in old communities is high. The overall evacuation efficiency of plots with a high
proportion of elderly people is low, which will influence the overall evacuation process and
the spatial configuration of shelters.

Therefore, this study introduces the methodology and model of emergency evacuation
simulation into the location optimization of shelters. Firstly, a regional emergency evacua-
tion model is established, which considers the choice of evacuation routes by pedestrians.
Three types of pedestrian agents, including the elderly, adults, and children, are estab-
lished, and the behavior of adults helping the elderly and children during an evacuation is
simulated. Second, by combining the advantages of the traditional location optimization
model based on static network analysis and dynamic emergency evacuation simulation,
this study proposes a combined static/dynamic two-stage location optimization method-
ology for which the number of shelters and the total evacuation time are taken as the
optimization objectives. The objective function of the optimization in the first stage is the
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construction cost of shelters, and circular evacuation allocation rules are proposed based
on the gravity model. The genetic algorithm is then designed to solve the model. The
optimization in the second stage establishes the regional dynamic evacuation model of
the feasible schemes of the first stage. The total evacuation time of each feasible scheme is
then compared to determine the optimal location scheme with the shortest evacuation time.
Finally, Xinyi City is taken as an empirical case to verify the feasibility and applicability of
the proposed optimization methodology based on the combination of static analysis and
dynamic simulation.

The proposed methodology of this study makes four contributions: (1) introduces the
methodology and mathematical model from the field of crowd emergency evacuation to
shelter location optimization. The deficiencies in the configuration of urban shelters can be
intuitively found; (2) the combined static/dynamic optimization methodology cannot only
efficiently solve the location optimization, but also reflects the authentic crowd evacuation
process; (3) the dynamic evacuation demands are accurately determined which can satisfy
the evacuation demand of residents at all times; and (4) the improved evacuation model
simulates the behavior of adults helping the elderly and children, choice behavior for
evacuation routes, and spatial heterogeneity of the age structure.

2. Materials and Methods
2.1. Study Area

The central urban area of Xinyi City, Jiangsu Province, China, which has a total area of
39.36 km2, was selected as the study area for three reasons. First, the central urban area has
a high population density, as well as a high construction and development intensity. The
population density during peak hours at the northeast corner reaches 37,100 people per
square kilometer. The coupling of the high population aggregation and the high spatial
density increases the risk during evacuation. Second, the study area has a high seismic
risk. The Tanlu fault zone passes through the central urban area of Xinyi City. On 25 July
1668, an 8.5-magnitude earthquake, which occurred in the Tanlu fault zone, struck near
Tancheng City, Shangdong Province [63], and the epicenter was only 50 km away from the
study area. Third, the study area has a high composite function, and reflects the assembly
of several industries such as trade, finance, business, entertainment, and services, thereby
attracting a large number of people to gather there. Moreover, the population distribution
varies greatly between daytime and nighttime. Figure 1 illustrates location and range of
the study area.

ISPRS Int. J. Geo-Inf. 2022, 11, x FOR PEER REVIEW 5 of 26 
 

 

 
Figure 1. The location and range of the study area. 

2.2. Data Collection and Processing 
The optimization model proposed in this study requires the acquisition of spatial 

data and population data in the study area. The acquired data include the following: (1) 
the location of refugee demand points and the number of refugees during daytime and 
nighttime; (2) the number, location, and capacity of shelters that have been built; (3) the 
number, location, and capacity of candidate shelters; (4) the shortest road network dis-
tances from refugee demand points to shelters; and (5) the maximum service distance of 
shelters. The research objects of this study are resident emergency congregate shelters 
specified in the relevant Chinese code, so the maximum service distance is 1500 m [1]. 

The spatial data of the study area include the level of the evacuation roads and the 
spatial distribution and effective area of current and candidate shelters. The spatial data 
are derived from OpenStreetMap and Gaode map, and are supplemented and modified 
via field surveys and remote sensing images (Figure 2). The available land resources in 
the study area were sorted, and 71 candidate areas that can be used for new shelters are 
determined. The shortest distances between demand points and shelters along the road 
network are determined by the Dijkstra algorithm [64], as reported in Table 1. 

To obtain high-precision population data, the population in the study area over 24 h 
was determined based on Chinese mobile phone signaling data from 15 December 2021, 
to 28 December 2021 (Figure 3). However, these population data do not represent the total 
number of people, and the proportion of the total population using Chinese mobile com-
munication equipment in the study area is unknown. The nighttime population deter-
mined by mobile signaling data was corrected with reference to the permanent popula-
tion, thus revealing the proportion of the population that uses China’s mobile communi-
cation equipment that accounts for the permanent population in the study area. The Xinyi 
Statistical Yearbook provides data on the permanent population. The study area spans the 
Xin’an, Beigou, and Mohe neighborhoods. Based on the population data provided by the 
Xinyi Statistical Yearbook (2020), the numbers of Chinese mobile phone users in the 
Xin’an, Beigou, and Mohe neighborhoods were, respectively, found to account for 16.67%, 
15.46%, and 15.26% of the permanent population of the three districts. The population 
data obtained from the mobile signaling data were corrected proportionally to determine 
the evacuation demands at each hour of the day. Finally, the proportion that the number 
of refugees accounts for the total population in the planning of resident emergency con-
gregate shelters is determined by Equation (1) [1]. 

Figure 1. The location and range of the study area.



ISPRS Int. J. Geo-Inf. 2022, 11, 262 5 of 25

2.2. Data Collection and Processing

The optimization model proposed in this study requires the acquisition of spatial
data and population data in the study area. The acquired data include the following: (1)
the location of refugee demand points and the number of refugees during daytime and
nighttime; (2) the number, location, and capacity of shelters that have been built; (3) the
number, location, and capacity of candidate shelters; (4) the shortest road network distances
from refugee demand points to shelters; and (5) the maximum service distance of shelters.
The research objects of this study are resident emergency congregate shelters specified in
the relevant Chinese code, so the maximum service distance is 1500 m [1].

The spatial data of the study area include the level of the evacuation roads and the
spatial distribution and effective area of current and candidate shelters. The spatial data
are derived from OpenStreetMap and Gaode map, and are supplemented and modified
via field surveys and remote sensing images (Figure 2). The available land resources in
the study area were sorted, and 71 candidate areas that can be used for new shelters are
determined. The shortest distances between demand points and shelters along the road
network are determined by the Dijkstra algorithm [64], as reported in Table 1.
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Table 1. The OD matrix of the shortest distances from demand points to resident emergency congre-
gate shelters.

Demand Points

Shelters *
1 2 3 . . . 69 70 71

1 6162 893 896 . . . 9692 10,006 9113

2 5778 1486 1488 . . . 9308 9621 8729

. . . . . . . . . . . . . . . . . . . . . . . .

367 7504 5671 5834 . . . 7365 6819 5723

368 7273 6326 6328 . . . 6698 5792 5245

369 7547 6422 6585 . . . 6972 6066 5518

* Nos. 1–9 are current resident emergency congregate shelters, and Nos. 10–71 are candidate resi-dent emergency
congregate shelters.

To obtain high-precision population data, the population in the study area over 24 h
was determined based on Chinese mobile phone signaling data from 15 December 2021,
to 28 December 2021 (Figure 3). However, these population data do not represent the
total number of people, and the proportion of the total population using Chinese mobile
communication equipment in the study area is unknown. The nighttime population deter-
mined by mobile signaling data was corrected with reference to the permanent population,
thus revealing the proportion of the population that uses China’s mobile communication
equipment that accounts for the permanent population in the study area. The Xinyi Sta-
tistical Yearbook provides data on the permanent population. The study area spans the
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Xin’an, Beigou, and Mohe neighborhoods. Based on the population data provided by
the Xinyi Statistical Yearbook (2020), the numbers of Chinese mobile phone users in the
Xin’an, Beigou, and Mohe neighborhoods were, respectively, found to account for 16.67%,
15.46%, and 15.26% of the permanent population of the three districts. The population data
obtained from the mobile signaling data were corrected proportionally to determine the
evacuation demands at each hour of the day. Finally, the proportion that the number of
refugees accounts for the total population in the planning of resident emergency congregate
shelters is determined by Equation (1) [1].

Phomeless =
1

Aper
(

2
3

A1 + A2 +
7
10

A3) (1)

where Phomeless represents the number of homeless people after the earthquake; Aper
represents per capita living space of urban residents (m2); A1 represents area of complete
damage to residential buildings (m2); A2 represents area of extensive damage to residential
buildings (m2); and A3 represents area of moderate damage to residential buildings (m2).
Table 2 demonstrates the number of refugees at each moment and the age structure of the
demand points.
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Table 2. The number of refugees at each moment and the age structure of the demand points.

Serial Number of
Demand Points

Evacuation Demands at Different Times (the Number of People) Proportion of
the Elderly

Proportion
of Children0:00 1:00 . . . 12:00 . . . 22:00 23:00

1 1122 977 . . . 1974 . . . 1462 1178 13.25% 9.51%
2 2543 2213 . . . 4475 . . . 3313 2669 13.16% 8.74%

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

367 1420 1236 . . . 2499 . . . 1850 1491 13.91% 10.46%
368 701 610 . . . 1233 . . . 913 736 14.39% 9.05%
369 471 410 . . . 829 . . . 614 494 12.75% 8.02%

WorldPop (https://www.worldpop.org/ (accessed on 8th October 2020)) provides
grid data for population density at 100 m× 100 m dimensions. Regarding the age structure,
WorldPop considers the age segment to be 5 years, and provides the number of people of
all age groups in China. The numbers and proportions of elderly people over 65 years old
and children under 10 years old at each demand point were determined by superposition
analysis in ArcGIS (Table 2).

https://www.worldpop.org/
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2.3. Construction of the Combined Static/Dynamic Two-Stage Shelter Location
Optimization Methodology
2.3.1. Overall Research Framework

Based on the optimization principles of fairness, efficiency, and economy, the number
of newly-built shelters and the total evacuation time are taken as the objective functions of
the present study. A two-stage shelter optimization methodology based on the combina-
tion of static analysis and dynamic simulation is established. Fairness indicates that the
optimization results satisfy the evacuation demands of all people. Efficiency represents a
rapid evacuation process and the minimization of the evacuation time. Economy refers to
minimizing the construction cost, i.e., minimizing the number of newly-built shelters. In
the first stage, the static network analysis method is adopted, and the genetic algorithm
is designed to determine the minimum number of shelters that can satisfy the evacuation
demands of all people under the limitations of the shelter capacity and service distance.
In the second stage, the dynamic evacuation models of feasible schemes identified in the
first stage are established to determine the optimal scheme with the shortest total evacua-
tion time. The reason for establishing a combined static/dynamic two-stage optimization
method is explained as follows. On the one hand, while traditional static network analysis
can be solved quickly based on the heuristic intelligent algorithm, it does not take into
account the differences in the ages of refugees, the authentic evacuation behavior of pedes-
trians, and the real congestion state of evacuation road. On the other hand, the dynamic
evacuation model based on the improved social force model established in Section 2.3.3 can
reflect the selection of evacuation routes, the real-time congestion of evacuation roads, real
evacuation behaviors, and age differences. However, if the optimization of shelter location
is completed based on a dynamic evacuation simulation, it is necessary to compare the
construction cost and evacuation time of each scheme. The number of candidate shelters is
m, and i is the serial number of the candidate shelter, so the total number of shelters location
schemes is determined as ∑m

i=1 Ci
m. ∑m

i=1 Ci
m types of evacuation simulation models should

be established and compared with each other via the exhaustive method, which leads to a
large amount of calculation. Therefore, by combining the advantages of the two methods, a
two-stage shelter location optimization method based on the combination of static analysis
and dynamic simulation is proposed. Specifically, this method includes the following:

(1) Basic data acquisition. The road hierarchy, the spatial location of evacuation
demands, and the shelters in the study area are determined from remote sensing images,
Google Maps, OpenStreetMap [65], and field research. Some scholars have determined
the spatiotemporal distribution of the population based on big data technologies such as
point-of-interest (POI) data [66], mobile signaling data [67], Baidu heat maps [68], and
social media sign-in data [69]. In the present study, the 24-h population change curve
and dynamic evacuation demands in different periods are determined based on mobile
phone signaling data. Moreover, the age structures of refugees are determined by data
from WorldPop (https://www.worldpop.org/ (accessed on 8th October 2020)).

(2) The optimization in the first stage aims at minimizing the number of shelters via
static network analysis. First, the circular evacuation allocation rule is proposed. Circular
evacuation allocation indicates that refugees at the demand point are allocated to the
surrounding shelters based on the gravity model. If the number of refugees received by
one shelter reaches the capacity limitation of the shelter, the evacuation will stop at this
time. Pedestrians who have not been evacuated will enter the next cycle until all people
have completed the evacuation. Second, under the constraints of the capacity and service
distance, a genetic algorithm is designed to solve the minimum number of newly-built
shelters. Third, the exhaustive method is adopted to select the feasible schemes that satisfy
the dynamic evacuation demands of all 24 h and the limitations of the capacity and service
distances for Ck

B (B is the total number of candidate shelters) types of candidate schemes;
(3) Establishment and improvement of the regional emergency evacuation model.

Considering the choice of evacuation routes, this study improves the traditional social force
model and establishes a selection function for evacuation routes. Furthermore, the spatial

https://www.worldpop.org/
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heterogeneity of the age structure of pedestrians and the behavior of adults helping children
and the elderly during the evacuation process are considered. The simulation platform
Anylogic is used to simulate the evacuation process to determine the total evacuation time
and identify the congested road sections in the study area; and

(4) In the second stage, the evacuation time is taken as the objective function for
optimization, and the emergency evacuation simulation of the feasible schemes identified
in the first stage is completed. The optimal shelter location scheme with the minimum
number of shelters and the shortest evacuation time is then determined.

Figure 4 presents the framework of the methodology proposed in this study.
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2.3.2. First-Stage Optimization Based on Static Network Analysis: Taking the Construction
Cost as the Optimization Objective

1. Basic assumptions

The optimization model follows four assumptions: (1) The evacuation roads remain
safe and reliable after the disaster, regardless of the blocking on evacuation roads; (2) The
effective width of the evacuation roads corresponds to their hierarchy. The width of main
road, secondary road, and by-pass road are 30 m, 20 m, and 18 m, respectively [70]; (3)
In terms of areas occupied by pedestrians, Urban Road Engineering Design Code (CJJ
37-2012) [71] indicates that the width of a group of pedestrians is 0.75 m. Furthermore,
when the average interval distance is 1.22–1.34 m, pedestrians can move freely without
congestion and trampling [72]. Therefore, in this study, the lateral spacing of pedestrians
is set to 0.75 m, and the longitudinal spacing is set to 1.34 m; and (4) Considering the
differences in the age structure at different demand points, a simplified method is adopted
to calculate the average evacuation speed. It is assumed that all the people at the same
demand point go to shelters at the average evacuation speed vij, which is calculated by
Equation (2).

vij = (2× pic × vc) + ((pia − pic − pio)× va) + (2× pio × vo) (2)

where pic, pia, and pio respectively represent the proportions of children, adults, and the
elderly at demand point i, and vc, va, and vo, respectively, represent the evacuation speeds
of children, adults, and the elderly. In this study, it is assumed that an adult helps a child or
a senior citizen to evacuate, and the evacuation speed is determined as the lower value of
the evacuation speed between the helper and the assisted. The speeds of children, adults,
and the elderly were determined to be 1.05, 1.27, and 1.12 m/s, respectively [73]. The
numbers and proportions of children, adults, and the elderly at each demand point were
determined from WordPop.

2. Circular evacuation allocation model

The shelter location optimization problem includes two parts, namely, shelter location
and the formulation of the evacuation plan. After determining the locations and construc-
tion areas of newly-built shelters, it is necessary to develop an evacuation distribution plan
to evacuate refugees to the shelters. The traditional model assumes that refugees at the
same demand point are allocated to the same shelter. In this study, the traditional allocation
rules are improved and circular evacuation allocation rules are proposed, based on the
gravity model. Under the limitations of the service distance and shelter capacity, people
at the same demand point can be allocated to several shelters according to the distances
from the demand points to the shelters (Figure 5). The location optimization model of
shelters established in this study considers the dynamic change of evacuation demands.
The evacuation demands within a day are divided into 24 categories, namely, the number
of refugees from 0:00 to 24:00. In this section, the evacuation demand at 16:00 is provided
as an example to illustrate the circular allocation model.

(a) Evacuation allocation in the first round
In terms of the selection of target shelters for demand points, the population is allocated

according to the gravity model. The population at each demand point can be allocated
to multiple shelters. The rule for the gravity model is that the number of refugees at
one demand point is allocated based on the distances from the demand point to shelters.
Shelters closer to the demand point receive more people. If there are b shelters within 1500 m
of demand point i, the weight coefficient from demand point i to shelter j is determined by
Equations (3) and (4). The weight coefficient from demand point i to shelter j is directly
proportional to the road network distance from demand point i to shelter j.

wij =
1

dij
/(

1
di1

+
1

di2
+ . . . +

1
dib

) (3)
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Ri = di1 + di2 + di3 + . . . dib (4)

where dij represents the shortest road network distance from demand point i to shelter j.
The best evacuation route from each demand point to its assigned shelters is calculated
using the Dijkstra algorithm [64]. Then, the number of refugees from demand point i
allocated to shelter j is determined by Equation (5):

pij = [wijSi] (5)

where wij is the allocation weight, Si is the total population of demand point i, and pij is the
integration function.
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When the number of refugees received by shelter j reaches the maximum capacity of
the shelter vj at moment t1

j , the shelter is closed. At this time, the number of people who

have not completed evacuation enters the next cycle. t1
j is the moment when the number of

people received by shelter j reaches the shelter capacity in the first cycle. The population
allocation matrix at 16:00 in the first round (P1(t = 16)) can be determined by Equation (5).

P1(t = 16) =


p1

11 p1
12 p1

13 . . . p1
1n

p1
21 p1

22 p1
23 . . . p1

2n
p1

31 p1
32 p1

33 . . . p1
3n

. . .
p1

m1 p1
m2 p1

m3 . . . p1
mn


where the matrix columns are the number of people who completed evacuation in the first
round at demand points 1, 2, . . . m, and the matrix rows are the population received by

shelters 1, 2, . . . n in the first round. Moreover,
m
∑

i=1
p1

ij represents the number of people who

were received at shelter j in the first round. The value of
m
∑

i=1
p1

ij is determined as the sum

of the jth column.
n
∑

j=1
p1

ij represents the number of people who completed evacuation in

the first round at demand point i. The value of
n
∑

j=1
p1

ij is determined as the sum of the ith

row. The number of people who have completed evacuation in the first round is subtracted
from the original total population to determine the population in the next allocation round.
The horizontal width and longitudinal spacing between pedestrians on the evacuation
road are set as 0.75 m and 1.34 m, respectively. According to the road hierarchy in the
study area, the effective width of each evacuation road is determined as w meters. The
number of pedestrians accommodated on the lateral space at the same time is [w/0.75].
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The time required for the crowd to evacuate from demand point i to shelter j is determined
by Equation (6).

tij = (pij/[w/0.75]× 1.34 + dij)/v (6)

Then, the evacuation time matrix in the first round at 16:00 (T1(t = 16)) can be determined.

T1(t = 16) =


t1
11 t1

12 t1
13 . . . t1

1n
t1
21 t1

22 t1
23 . . . t1

2n
t1
31 t1

32 t1
33 . . . t1

3n
. . .

t1
m1 t1

m2 t1
m3 . . . t1

mn


(b) Evacuation allocation in the second round
The number of people who completed the evacuation at demand point i in the first

round (p1
i ) is subtracted from the total population of demand point i to determine the

population in the second allocation round (p2
i ). The population distribution matrix and

evacuation time matrix of the second round are determined by the same calculation method
as that used in the first round.

P2(t = 16) =


p2

11 p2
12 p2

13 . . . p2
1n

p2
21 p2

22 p2
23 . . . p2

2n
p2

31 p2
32 p2

33 . . . p2
3n

. . .
p2

m1 p2
m2 p2

m3 . . . p2
mn

T2(t = 16) =


t2
11 t2

12 t2
13 . . . t2

1n
t2
21 t2

22 t2
23 . . . t2

2n
t2
31 t2

32 t2
33 . . . t2

3n
. . .

t2
m1 t2

m2 t2
m3 . . . t2

mn


If the evacuation has not been completed, the third, fourth, etc., rounds of evacuation

will be carried out until all people have completed the evacuation.
(c) Total calculation
According to Equation (7), the population allocation matrices of all rounds are added

together to determine the total population allocation matrix at 16:00.

P(t = 16) = P1(t = 16) + P2(t = 16) + P3(t = 16) + . . . =


p11 p12 p13 . . . p1n
p21 p22 p23 . . . p2n
p31 p32 p33 . . . p3n

. . .
pm1 pm2 pm3 . . . pmn

 (7)

where m and n, respectively, represent the total numbers of demand points and shelters.
Similarly, the total evacuation time matrix at 16:00 is determined by Equation (8).

T(t = 16) = T1(t = 16) + T2(t = 16) + T3(t = 16) + . . . =


t11 t12 t13 . . . t1n
t21 t22 t23 . . . t2n
t31 t32 t33 . . . t3n

. . .
tm1 tm2 tm3 . . . tmn

 (8)

The total time for all people to complete the evacuation can be calculated as the
maximum value of the element in matrix T (t = 16). The total evacuation distance can be
determined by Equation (9). The population pij at each demand point i and the number

of pedestrians received by each shelter
m
∑

i=1
pij are determined by Equations (7) and (8),

respectively. The evacuation time at each demand point is calculated by Equation (10).

D =
m

∑
i

n

∑
j
(pij× dij) (9)

Evacuation time (i) = Max (tij) i = 1, 2, . . . m; j = 1, 2, . . . n (10)
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3. Establishment of the optimization model in the first stage

In this study, equity, efficiency, and the minimization of the construction cost are taken
as the principles of shelter location optimization. The number of newly-built shelters and
the total evacuation time are taken as objective functions in the optimization model to
establish a two-stage shelter location optimization model. In the first stage, under the
limitation of the shelter capacity and service distance, the minimum number of shelters to
be constructed is determined. The objective function is as follows:

min z1 = ∑
j∈J

yj (11)

The constraint conditions are as follows:

∑
j∈J

xij ≥ 1 ∀i ∈ I (12)

xij ≤ cij ∀i ∈ I ∀j ∈ J (13)

xij ≤ yj ∀i ∈ I ∀j ∈ J (14)

∑
i∈I

[xij · Si(t)] ≤ yj · vj ∀j ∈ J t = 1, 2, 3 . . . 23, 24 (15)

xij = 0 or 1 yj = 0 or 1 (16)

y1,2,...A = 1 (17)
n

∑
j=1

pi,j(t) = Si(t) ∀i ∈ I t = 1, 2, 3 . . . 23, 24 (18)

In these equations, Si(t) represents the number of refugees at demand point i at moment
t, vj represents the capacity of shelter j, J is the set of shelters, j ∈ J, I is the set of demand
points, i ∈ I, and pi,j(t) represents the number of refugees evacuating from demand point i
to shelter j at moment t. Moreover, cij is a 0–1 matrix: if the distance from demand point i
to shelter j is less than the serviced distance limitation of shelters (1500 m), the value of cij
is determined as 1; otherwise, the value is 0. Furthermore, xij and yj are binary decision
variables. If shelter j is selected, the value of yj is determined as 1; otherwise, the value is 0.
If demand point i is serviced by shelter j, the value of xij is determined as 1; otherwise, the
value is 0. A represents the number of shelters that have been built. The serial number of
shelters that have been built are set as 1, 2, . . . ,A. B represents the number of candidate
shelters. The serial number of candidate shelters are set as A + 1, A + 2, . . . , A + B.

Equation (11) is the objective function, which represents the minimization of the
number of newly-built shelters. Equations (12)–(18) are constraint conditions. Equation (12)
ensures that all demand points are covered by at least one shelter. Equation (13) ensures
that refugees can only select shelters within the distance limitation (1500 m). Equation (14)
ensures that the demand points can only be serviced by the selected shelters. Equation (15)
ensures that the population accepted by the shelter will not exceed its capacity at moment t.
Equation (16) represents the constraints for binary decision variables. Equation (17) ensures
that the built shelters are selected (A represents the number of shelters that have been built,
while B represents the number of candidate shelters). Finally, Equation (18) ensures that all
the refugees complete the evacuation at moment t.

4. Design for the solution algorithm

The optimization model in the first stage follows the requirements of the given con-
straints (the distance limit, capacity limit, and full coverage for refuge demand), which is an
NP-hard problem [74]. Therefore, it is difficult to solve the model via the exhaustive method
and the mathematical solver Lingo [75]. Thus, in the first stage, the genetic algorithm [76]
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is used to solve the model and determine the minimum number of shelters k. The process
by which the genetic algorithm determines the minimum number of shelters is as follows.

(a) Chromosome coding
The chromosome coding method in this study is binary code. The mapping rule

between the location scheme and genetic code is that whether or not a candidate shelter
is selected is represented by 0 and 1 in gene encoding. If the candidate shelter is selected,
the value of gene encoding is determined as 1. If the candidate shelter is not selected, the
value of gene encoding is determined as 0. The length of the chromosome is equal to the
number of candidate shelters. Each gene point represents a candidate shelter, and each
chromosome represents a shelter location scheme.

(b) Initial population generation
In this study, the random generation method is adopted to generate the initial popu-

lation. The probability that each candidate shelter is selected is determined as 50%, thus
generating a series of initial chromosomes. If the size of the initial population is small, the
algorithm is prone to a local extreme point. Otherwise, if the size of the initial population is
large, the number of iterations in the evolution process will greatly increase, thereby affect-
ing the efficiency of the algorithm. To avoid these two extreme situations, the population
size is determined as 100 in this study.

(c) Determining the fitness function value of each location scheme
The fitness function value is the standard for selecting chromosomes (i.e., the shelter

location scheme) and judging the merits of chromosomes. In the first stage, the fitness
function is determined as the number of shelters. The penalty function is introduced
into the calculation for the fitness function value. If a shelter location scheme does not
satisfy the constraint conditions, the number of shelters of the scheme plus 100 is its fitness
function value.

(d) Selection operation
Roulette wheel selection and the elitism strategy are adopted to complete the selection

operation in this study. First, the fitness function value f k of each chromosome in the
population is calculated. The probability that each chromosome is selected is proportional
to its fitness function value. The selective probability is determined by Equation (19) [76].

Pc = fk/
100

∑
i=1

fi (19)

Moreover, the elite retention strategy is also adopted. The chromosome in the popula-
tion with the best fitness function value is directly copied into the next generation without
matching and crossover, which can ensure that the optimal fitness value of the generation
is not less than that of the previous generation.

(e) Crossover operation
The hybrid crossover strategy of multi-point and single-point crossover is adopted

in this study. At the early stage of evolution, multi-point crossover can maintain the
diversity of solutions and enhance the exploration ability of the algorithm. In the later
stage, single-point crossover can accelerate the convergence of the algorithm and improve
the computation speed. Crossover operation is adopted with fixed probability Pc. First,
10 crossover points are randomly set in the parent chromosomes to exchange gene blocks.
Then, single-point crossover is adopted to determine the crossover position of two chromo-
somes generated by multi-point crossover, and the progeny chromosomes are obtained.

(f) Mutation operation
In the crossover algorithm, the progeny chromosomes not only inherit the information

of the parent chromosomes, but also mutate with a certain probability pm. The mutation
strategy adopted in this study is that a random number rd ∈ (0,1) is first generated for a
gene point. If the value of rd is less than pm, the value of the gene point is changed. The
mutation operation is completed for each gene point until a new chromosome is generated.

(g) Algorithm termination judgment
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Considering the convergence time and accuracy, the iterative termination conditions
are determined as follows: (1) the optimal fitness function solution does not improve in
successive generations; and (2) maximal genetic evolution algebra. The gene points of the
optimal chromosome correspond to the optimal shelter location optimization scheme. The
fitness function value of the optimal chromosome is the minimum number of shelters.

After determining the minimum number of newly-built shelters via the genetic algo-
rithm, the schemes that satisfy the 24-h dynamic evacuation demand under the limitations
of the shelter capacity and service distance are selected by the exhaustive method as the
feasible location schemes from Ck

B types of candidate schemes.

2.3.3. Second-Stage Optimization Based on Dynamic Evacuation Simulation: Taking the
Evacuation Time as the Optimization Objective

1. Regional evacuation simulation based on the social force model

The social force model was proposed by Helbing et al. [77] and integrated into the
underlying algorithm in the Anylogic simulation platform. The social force model has
high accuracy and strong continuity, and can simulate the specific evacuation behavior of
pedestrians. Moreover, it can be combined with the multi-agent model [55] to simulate the
heterogeneity of different types of pedestrians. The social force model assumes that the
evacuation process is determined by the following three types of forces: (1) the self-driving
force of pedestrians, which represents that human agents actively drive themselves to
evacuate; (2) the interaction force between pedestrians, which indicates that human agents
repel each other to maintain a certain distance; and (3) the force between pedestrians
and the environment, which reflects the repulsive effect between human agents and the
environment, such as boundaries and obstacles. The basic principles of the social force
model are given by Equations (20) and (21) [75].

fd = mi
v0

i (t)e
0
i (t)− vi(t)
τi

(20)

mi
dvi
dt

= mi
v0

i (t)e
0
i (t)− vi(t)
τi

+ ∑
j( 6=i)

fij + ∑
W

fiW (21)

where fd represents the self-driving force of pedestrians, fij represents the interaction
between pedestrians, fiw represents the interaction between pedestrians and obstacles, mi
represents the weight of pedestrians, vi

0(t) indicates the expected speed, τi represents the
acceleration time, and vi(t) represents the actual evacuation speed.

Research on crowd evacuation behavior shows that when a disaster occurs, the choice
for evacuation routes is influenced by the distances from demand points to shelters, the
population density, and the width of evacuation roads [78]. In this study, the Java language
is used to establish a selection function for evacuation routes on the Anylogic platform.
Equation (22) determines the selection probability of evacuation road k, and α, β, and γ
represent the weight coefficients. Moreover, distance k, density k, and width k, respectively,
represent the distance following route k, the crowd density, and the width of evacuation
route k.

prok = α(distance k/
m

∑
i=1

distance i) + β(density k/
m

∑
i=1

density i) + γ(width k/
m

∑
i=1

width i) (22)

The weight coefficients α, β, and γ are determined by a video that recorded an authen-
tic evacuation process during an earthquake (https://m.v.qq.com/z/msite/play-short/
index.html?cid=&vid=o08073ef0ll&qqVersion=0 (accessed on 24th October 2020)). The
evacuation model of a double-exit room was established according to the video of the
authentic evacuation. The video records the evacuation process in the real disaster. Using
this authentic video to determine α is reliable. The familiarity of the crowd in the classroom
with the exit and path is consistent with the familiarity of the crowd with the evacuation

https://m.v.qq.com/z/msite/play-short/index.html?cid=&vid=o08073ef0ll&qqVersion=0
https://m.v.qq.com/z/msite/play-short/index.html?cid=&vid=o08073ef0ll&qqVersion=0
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road and destination at neighborhood scale. When the weight coefficients α, β and γ were,
respectively, 0.56, 0.24, and 0.2, the simulation result fits well with the authentic scenario
(Figure 6).
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The establishment of a regional evacuation model on the Anylogic platform includes
four steps, namely, the construction of an evacuation space scenario, the establishment of a
logical structure, the setting of simulation parameters, and the establishment of statistical
modules (Figure 4). First, the evacuation space of the study area is established based on
both population data and spatial data. Second, due to the different evacuation velocities
of people of different ages, the differences in the age structures in the logical structure
are considered, and three types of pedestrian agents are constructed, namely the elderly,
adults, and children. The expected velocities of pedestrians of different ages are reported
in Table 3. In the evacuation process, with the increase of the crowd density, the evacuation
velocity will decrease and the movement direction will continue to change. The time-
varying evacuation velocities and directions are determined by the social force model
embedded in the Anylogic platform [79]. Consistent with the assumption in the first stage,
it is also assumed that an adult helps a child or an elderly person evacuate in the evacuation
simulation model. The evacuation velocity of aggregation is determined as the lower value
of the evacuation speed between the helper and the helped. Third, the time-varying crowd
density on the evacuation road, the evacuation time, the starting point and destination of
each pedestrian, and the relationship between time and the number of people completing
evacuation are determined based on the statistical model.

Table 3. The evacuation velocity of people of different ages [62,73].

Age Velocity Range (m/s) Average Velocity (m/s)

Children (0.49, 1.63) 1.05
Adults (0.65, 1.98) 1.27
Elderly (0.58, 1.55) 1.12

2. The implementation process for optimization in the second stage

In the second stage, the improved social force model is established to simulate the
evacuation process of pedestrians. The regional dynamic evacuation model considers the
selection behavior for evacuation routes and the differences in the age structure of the
crowd, and, simultaneously, sets capacity and distance constraints. Based on the evacuation
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simulation results, the total evacuation time is taken as the objective function. The shelter
location scheme with the shortest evacuation time is finally selected.

In the first stage, the minimum number of newly-built shelters is determined as
k. In the second stage, the exhaustive method is used to select the schemes that satisfy
the dynamic evacuation demands during 24 h and the limitations of the shelter capacity
and service distance from Ck

B types of schemes (B is the number of candidate shelters)
as the feasible schemes. The objective function of the second stage is demonstrated in
Equation (23). The constraints are consistent with those in the first stage. After comparing
the overall evacuation time of the feasible schemes identified in the first stage, the optimal
scheme with the minimum total evacuation time is selected.

min z2 = max
{

xip·tip
}

(23)

where P is the set of selected shelters on feasible scheme, p ∈ P. I is the set of demand
points, i ∈ I. tip represents the evacuation time from demand point i to selected shelter p.

3. Results and Analysis
3.1. Optimization Results of Shelter Location Based on the Combination of Static Analysis and
Dynamic Simulation

Based on the principles of equity, economy, and efficiency, a two-stage shelter opti-
mization model was established. In the first stage, under the limitations of the capacity and
service distance of shelters, the minimum number of newly-built shelters that can satisfy
the evacuation demand was determined. According to the designed genetic algorithm,
100 groups of location schemes were randomly established as the initial population. The
crossover probability and the mutation probability in the genetic algorithm were deter-
mined as 0.9 and 0.3, respectively. The relationship between the fitness function value
and the number of iterations is presented in Figure 7. After a trial calculation, when the
algorithm was iterated to 200 rounds, the fitness function value was found to reach the
minimum value and did not change. The fitness function value was found to converge to
25, indicating that it is necessary to build at least 25 new shelters to satisfy the dynamic
evacuation demands during the 24 h of a day. The traditional shelter optimization model
does not consider the situation in which people from one demand point have access to
multiple shelters, and it is assumed that people at the same demand point enter the same
shelter. By comparing the proposed location optimization model based on circular evacua-
tion allocation with the traditional model, the number of newly built shelters was found to
be reduced from 42 to 25, which will reduce the construction cost of shelters by 40.4% and
improve the shelter utilization efficiency.

In the second stage, under the condition that the number of newly built shelters is
determined, the feasible location schemes were selected from C25

62 schemes by the exhaustive
method (Table 4). The feasible schemes should satisfy the limitations of the shelter capacity
and service distance, as well as the dynamic evacuation demands during the 24 h of a day.
Based on the improved social force model described in Section 2, the regional evacuation
models of 15 feasible schemes in Table 4 were established, as presented in Figure 8. Figure 8
demonstrates the evacuation process of pedestrians of Scheme 14 from Table 4. The graphic
pattern in lower left is the population density. Change of color represent the dynamically
changing population density on the evacuation roads. The total evacuation times of the
15 feasible schemes in Table 4 were compared with each other, and the optimal shelter
location scheme with the shortest evacuation time was, ultimately, determined. Table 5
demonstrates the evacuation time of 15 candidate feasible schemes. The spatial distribution
and effective areas of the selected emergency shelters are exhibited in Figure 9. There were
four shelters with effective areas between 10,000 and 15,000 m2, which accounted for 16% of
the total shelters. The numbers of shelters with effective areas between 15,000 and 20,000 m2

and between 20,000 and 50,000 m2 were, respectively, found to be 5 and 11. Moreover,
there were 5 shelters with effective areas exceeding 50,000 m2, which account for 20% of the
total shelters. Based on the circular evacuation allocation rules formulated in Section 2.3.2,
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the evacuation population allocation matrix and the evacuation time matrix, as well as
target shelters for residents at each demand point, were determined. Figure 10 illustrates
the evacuation directions in the emergency evacuation scenario, which also indicate the
connections between demand points and the shelters that people choose to enter. The
average evacuation time was found to be about 818 s, and the shortest evacuation time was
found to be less than 2 min. The evacuation time of all people was found to be less than
30 min. Figure 11 demonstrates the frequency distribution of the evacuation time; 57.2% of
the crowd completed the evacuation in less than 15 min, and 88.5% of the crowd completed
the evacuation in less than 20 min. The evacuation times of five demand points were found
to be more than 25 min. Compared with the evacuation time before optimization, the
average evacuation time for pedestrians from each demand point decreased from 4822 s to
818 s. The evacuation efficiency increased by 83%, and the dispersion of the evacuation
time at different demand points decreased significantly (Figure 12).
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Table 4. The shelter location schemes in the first stage.

Serial Number of
Candidate Shelters Scheme 1 Scheme 2 Scheme 3 Scheme 4 . . . Scheme 14 Scheme 15

1 1 1 1 1 . . . 1 1
2 1 1 1 1 . . . 1 1

. . . . . . . . . . . . . . . . . . . . . . . .
8 1 1 1 1 . . . 1 1
9 1 1 1 1 . . . 1 1
10 1 0 1 0 . . . 0 0
11 0 1 1 1 . . . 1 1
12 0 0 0 0 . . . 0 0
. . . . . . . . . . . . . . . . . . . . . . . .
300 0 1 0 0 . . . 1 1
. . . . . . . . . . . . . . . . . . . . . . . .
330 1 1 0 1 . . . 0 1
. . . . . . . . . . . . . . . . . . . . . . . .
369 0 0 0 0 . . . 0 0

Note: The numbers in the table are the values of yi; 1 represents that the candidate shelter is selected, and 0
represents that the candidate shelter is not selected. Nos. 1–9 are current resident emergency congregate shelters,
and Nos. 10–71 are candidate resident emergency congregate shelters.
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Table 5. The evacuation time of 15 feasible schemes.

Serial Number of Feasible Schemes
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Time(s)
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3.2. Verification by Dynamic Evacuation Simulation

Based on the regional evacuation simulation method described in Section 2.3.3, spatial
modeling and parameter setting were completed on the Anylgoic platform, and a Java
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program was written to formulate the selection rules for evacuation routes. The evacuation
simulation of the study area was completed based on the method presented in Section 2,
and the variation of the number of evacuated people arriving at emergency shelters with
time was statistically analyzed (Figure 13). After the optimization, the evacuation efficiency
of the study area was found to be significantly improved, and the evacuation time was
significantly reduced. It took only 1802 s for all people to complete the evacuation, which is
16.8% of the total evacuation time before the optimization. The evacuation efficiency was,
therefore, improved by 83.2%. When the evacuation time was 5 min, 43.1% of the pedestri-
ans had reached shelters, which is 3.2 times the number of people who had reached shelters
before optimization. Moreover, 95% of the pedestrians had completed the evacuation at
1552 s, which is far shorter than the time required before optimization (5513 s) (Figure 13).
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4. Discussion

This study established a systematic methodology for the location optimization of
shelters. This methodology comprehensively considers the time-varying changes of the
congestion state on evacuation roads, the crowd evacuation behavior, and pedestrian
psychology via regional evacuation simulation. The traditional static network model
can be solved quickly, and the dynamic evacuation simulation can veritably reflect the
crowd evacuation process. This study combined the advantages of static network analysis
and dynamic evacuation simulation to propose a combined static/dynamic optimization
method. In the first stage, from the perspective of government managers, the optimization
objective is determined as the minimization of the construction cost of shelters. In the
second stage, from the perspective of refugees, the optimal scheme with the shortest overall
evacuation time is determined via the dynamic simulation of the evacuation process. This
method efficiently, accurately, and scientifically completes the location optimization of
shelters. The shelter location optimization methodology based on the combination of
static analysis and dynamic simulation breaks through the assumption in the traditional
methodology, namely, that pedestrians evacuate following the appointed routes, and
considers the real evacuation process as the reference system to accurately simulate the
choice of evacuation routes, the differences in the evacuation speed caused by different ages,
and the behavior of pedestrians helping others. Compared with the traditional optimization
method, the proposed methodology is characterized by the following four advantages:

(1) The deficiencies in the configuration of urban shelters can be intuitively found via
emergency evacuation simulation. Furthermore, the overall evacuation time, the number
of people accommodated in each shelter, and the evacuation time, evacuation route, and
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final target shelter of each pedestrian are determined, thereby better guiding the spatial
location and capacity configuration of shelters;

(2) The combined static/dynamic optimization methodology of shelters is proposed.
The traditional static network model can be solved quickly, and the dynamic evacuation
simulation can truly reflect the crowd evacuation process. Therefore, the proposed method
combines the advantages of static network analysis and dynamic evacuation simulation,
and considers the number of shelters and the overall evacuation time as the objective
functions. The novel methodology cannot only efficiently solve the location optimization,
but also reflects the authentic crowd evacuation process;

(3) Dynamic evacuation demands are calculated. In the traditional method, evacuation
demands are calculated based on the permanent population, which cannot reflect the
spatial and temporal changes of the population and satisfy evacuation demands during the
peak period. The proposed method determines the temporal and spatial distributions of
the population based on mobile phone signaling data. Therefore, the dynamic evacuation
demands are accurately calculated to satisfy the evacuation demand of residents at all times
and in all regions; and

(4) A regional evacuation model considering the crowd evacuation behavior and
spatial heterogeneity of the age structure was proposed. Via the secondary development
of Java programming on the Anylogic platform, the traditional social force evacuation
model is improved. The improved evacuation model establishes the selection function for
evacuation routes and considers the spatial heterogeneity of the evacuation velocity caused
by different ages of pedestrians. Moreover, the behavior of adults helping the elderly and
children during an evacuation is simulated.

The combined static/dynamic two-stage optimization methodology proposed in this
study can not only be used in central urban area, but can also be used in larger areas, for
example, the whole Xinyi city, or other megalopolis in China. The empirical study on larger
areas will be conducted in further research. In this study, we choose the central area of
Xinyi city because of its high population density, high seismic risk, and high composite
function. But the proposed methodology is effective and valid for other areas.

Although this study has made four contributions, the proposed model still has some
deficiencies: (1) People’s preferences for different types of shelters is not considered in
evacuation model. What’s more, when a dangerous event occurs, in evacuation conditions,
demand models specified and calibrated in ordinary conditions cannot be directly applied
due to multiplicity of decision makers [80]. The heterogeneity of evacuation behavior is
not considered; and (2) All evacuation roads are assumed to be unobstructed, which is
inconsistent with actual situation. After an earthquake occurs, some evacuation routes will
be blocked by the debris of buildings.

In addition, determining how to simulate people’s preferences for different shelters
and how to consider the influence of the disaster environment on the evacuation process
will be the focus of future research. We can bring the risk of road blocking and building
damage caused by hazards into the evacuation scenario by combining the advanced dis-
aster simulation technology with regional evacuation simulation, so as to determine the
evacuation demands more accurately and reflect the evacuation process more authentically.
The scientism and accuracy of the evacuation process and the shelter location optimization
will be improved.

5. Conclusions

This study introduced the methodology and mathematical model in the field of crowd
emergency evacuation to the location optimization of shelters. Via the combination of the
advantages of static network analysis and dynamic evacuation simulation, a shelter location
optimization method was proposed. The novel methodology can not only efficiently solve
the location optimization, but also reflects the authentic crowd evacuation process. The
crowd evacuation behavior and spatial heterogeneity of the age structure are considered
in evacuation model. Mean-while, the dynamic evacuation demands were accurately
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calculated to satisfy the evacuation demands at all times. Taking the central urban area of
Xinyi City, Jiangsu Province, China, as an example, the feasibility and effectiveness of this
methodology were verified. The following conclusions were obtained:

(1) The first stage aims to minimize the number of shelters. When the number of itera-
tions of the genetic algorithm reached 200 generations, the fitness function value converged
to 25. Thus, to satisfy the dynamic evacuation demands of all residents, 25 new shelters are
required. Compared with the traditional optimization model assuming that pedestrians at
the same demand point enter the same shelter, the proposed location optimization model
based on circular evacuation allocation rules was found to reduce the number of newly-
built shelters from 42 to 25, thus reducing the construction cost by 40.4% and improving
the utilization efficiency of shelter space resources; and

(2) A total of 25 shelters that satisfied the dynamic evacuation demands and the
limitations of the service distance and capacity were selected from 71 candidate shelters in
the first optimization stage, and 15 feasible schemes were determined. In the second stage,
the total evacuation time was taken as the optimization object, and the total evacuation
times of the 15 feasible schemes were compared to determine the optimal location scheme.
After optimization, the evacuation time was found to be greatly reduced to 1802 s, and
the evacuation efficiency was increased by 83.2%. The average evacuation time of all
pedestrians was found to be 818 s, the shortest evacuation time was within 2 min, and the
longest evacuation time was less than 30 min. When the evacuation time reached 5 min,
43.1% of the pedestrians had reached shelters, which is 3.2 times the number of pedestrians
that had reached shelters before optimization. Moreover, 95% of the pedestrians were found
to have completed evacuation at 1552 s, which is far shorter than that before optimization
(5513 s). Compared with the evacuation time before optimization, the average evacuation
time for pedestrians from each demand point decreased from 4822 s to 818 s. Moreover,
the evacuation efficiency increased by 83%, and the dispersion of the evacuation time at
different demand points decreased significantly.
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