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Abstract: As an important space for disaster prevention, the construction of emergency shelters
is crucial for the creation of a complete disaster relief facility network. Based on the goal of the
prevention of day and night disaster, short-term fixed shelters are taken as the study object of the
present work, and models are designed for evacuation simulation and the spatial optimization of
shelters. According to the simulation, 680 of the 2334 demand points were found to be incompletely
evacuated, and the average time for everyone to be evacuated was 10.3 min. Moreover, of the 888
short-term fixed shelters, only 218 did not reach their maximum capacity. In the context of short-term
fixed sheltering, Haizhu was found to have the largest number of non-evacuated people (1.11 million),
and the average number of non-evacuated people in Yuexiu was the largest (2184). According to
the spatial optimization data of the shelters, the numbers of target plots for new shelter resources
that must be added in Haizhu, Yuexiu, Liwa, and Tianhe are 406, 164, 141, and 136, respectively,
the effective shelter areas of which are 2,621,100, 2,175,300, 812,100, and 1,344,600 m2, respectively.
A total of 487 short-term fixed shelters and 360 temporary shelters were newly added, and the
recommended scales for Haizhu, Liwan, Tianhe, and Yuexiu were 243, 70, 58, and 116, respectively,
with average effective areas of 6169 m2, 5577 m2, 8707 m2, and 12,931 m2, respectively. Additionally,
the recommended scales of newly added temporary shelters in Haizhu, Liwan, Tianhe, and Yuexiu
are 163, 71, 78, and 48, with an average effective area of 2706, 2581, 4017, and 6234 m2, respectively.
These findings provide a direct quantitative basis for the spatial optimization of various types of
emergency shelters, and the method proposed in this paper supports the planning and layout of
emergency shelters, as well as the improvement of the efficiency of urban resource allocation.

Keywords: disaster management; emergency shelter; spatial optimization; evacuation simulation

1. Introduction

In the 20 years between 2000 and 2019, (the international disasters database) EM-DAT
recorded 7348 disaster events, which claimed a total of approximately 1.2 million lives and
affected more than 4.03 billion people. On average, there were 367 disaster events each
year, the majority of which were floods and storms [1]. In 2020, 416 natural disaster events
worldwide caused approximately 8100 fatalities and USD 210 billion in losses, as several
countries, including the U.S. and China, battled hurricanes, floods, and wildfires [2]. In
the process of disaster relief, emergency shelters play an important role in post-disaster
rescue and reducing casualties [3]. Therefore, the construction of a complete network of
refuge facilities will help to improve disaster prevention capabilities. In planning practice,
the geographic information system (GIS) has become the most widely used technology
platform in refuge site selection [4]. Numerous studies have yielded rich results, which
can be summarized into the following three main categories: shelter location selection and
allocation [5–7], sheltering behavior and psychology from the perspective of sociology [8],
and planning tools [9,10]. In any case, what scholars are most inter9ested in are the spatial
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layout and optimization of emergency shelters, which are directly related to whether the
city can quickly provide nearby refuge services to evacuees after a disaster [11]. In the
current practices of shelter planning and construction in China, the general spatial layout
method is based on the existing available resources in the city; according to the effective
area that the resources can cover and considering a balanced layout, the service area of
shelters is divided by a certain service radius [12]. The spatial layout method has a certain
degree of operability in the master plan of shelters, because the master planning level is
mainly used for the layout of the central shelter and other mid- or long-term shelters. A
crucial problem is that shelter planning based on the selection and layout of the existing
resources in the city causes shelter planning to lag behind urban planning, and it is unclear
which plots or areas should increase their shelter resources in the future [13]. The scale is
mostly based on qualitative (or semi-quantitative) analysis guidance, which cannot provide
effective feedback on the land use layout in urban planning, meaning that the shelters can
never provide reasonable coverage for the surrounding residents. It is a significant and
practical challenge to optimize the spatial layout of emergency shelters on a sufficient basis.

This study aims to address the challenge of how to optimize the spatial distribution of
emergency shelters by an urban-scale evacuation simulation. Based on (point of interest)
POI data, the scale and distribution of shelter demand were analyzed, the supply and
demand status of emergency shelters was explored via evacuation simulations, and a
spatial optimization strategy for shelters is provided. The remainder of this paper is
organized as follows. The next section provides a review of relevant literature regarding
spatial distribution of emergency shelter demand, emergency evacuation simulation, and
spatial optimization of emergency shelters. Section 3 describes the theoretical framework,
including the overall research framework, evacuation simulation using network analysis
in GIS and Python, and spatial optimization of shelters based on the redistribution of
remaining non-evacuated evacuees. Section 4 presents the study area, the types of data,
and the construction of evacuation simulation model. Section 5 provides an analysis of the
status of evacuees and refugees after evacuation, along with the scale and type of shelter
optimization. Section 6 discusses the deficiencies and limitations of this study. Finally,
conclusions and directions for future work are presented in Section 7. It is the hope of the
authors that this work can provide a quantitative basis and inspiration for the construction
of urban emergency shelters and the continuous optimization of disaster prevention facility
networks.

2. Literature Review
2.1. Assessment of Emergency Shelter Demand

The first step to understanding the location selection of emergency shelters is to ana-
lyze the temporal and spatial distributions of shelter demand; here, the difficulty lies in
figuring out the size and distribution of the urban population [12,13]. Traditional geospatial
data, such as land cover data, land use data, and light emission data, have been widely
used to describe the population distribution [14,15]. With the in-depth development of
big data applications, new methods for the determination of the population distribution
have been applied in some studies. Chen et al. [12] proposed an approach for the exam-
ination of the distributions of daytime and nighttime populations at the plot scale via
the use of point-of-interest (POI) data. A common method used in earthquake shelter
demand forecasting is to set input parameters (such as risk, vulnerability, and exposure) in
combination with different variables to estimate demand [16]. For a tsunami disaster, the
time that is required for residents to seek shelter, the inundation depth and flow velocity,
and the evacuation speed are the main factors that are used for the estimation of the scale
and spatial distribution of the affected population [17]. In fact, the analysis of shelter
demand and capacity is very complicated and is easily affected by external conditions. For
example, the instability of the evacuation network and the restriction of the path capacity
will lead to changes in both the demand capacity and the ideal shelter location [18]. In
addition, the mobility of the population within the city also causes greater uncertainty
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for the assessment of emergency shelter demand, and the different functions between the
districts of (mega) cities have also caused large differences in the number and distributions
of daytime and nighttime populations. To obtain the most accurate population distribution
information for the assessment of casualties and shelter demand and the formulation of
evacuation plans, Tenerelli et al. [19] used city maps as auxiliary information. Based on
different downscaling techniques, they constructed a population vulnerability analysis
method for night disaster scenarios. To meet the needs of all-weather disaster prevention,
Yu and Wen [20] used high-resolution aerial images, census data, and high-precision land
use data to evaluate day and night disaster scenes and to analyze the supply and demand
of shelters. Some studies have highlighted that needs should be differentiated according to
different situations. In an emergency evacuation scenario, considering the complexity of
the evacuation behavior and nearby sheltering, the demand can be the maximum number
of people during the day and night. In short-term to long-term evacuation scenarios, the
demand can be the number of people that are present at night, because sufficient disaster
relief operations can be carried out at this time [12,21].

2.2. Emergency Evacuation Simulation

The prerequisite for the effective functioning of emergency shelters is that their supply
and demand should be balanced in each district of the city [22]. A practical and effective
method is to perform an evacuation simulation after the analysis of shelter demand [12].
The key to evacuation simulation is to establish the connection between evacuation activi-
ties and the urban environment, then to process complex space, facility, and road network
data, and finally to establish a model under objective functions, such as the shortest-path
and minimum-cost functions [23,24]. From the perspective of the evacuation plan, evacua-
tion simulation can be regarded as a two-stage process; the first stage is to find suitable
locations, and the second stage is to use an algorithm to determine the best evacuation
route in an emergency [13,25]. The results are related to various traffic scenarios and speed
assumptions. Lee and Hong [26] tried to derive an evacuation speed formula based on the
slope, which is used to calculate the possible speed and evacuation distance of evacuees
when deciding on the shelter location. Due to the different evacuation behaviors and
speeds of different age groups, actual evacuation activities are very complicated, and the
results will also exhibit diversity. Based on these considerations, agent technology can
be used to realize evacuation simulation, and evacuation activities can be determined by
various existing behavior models. This method can be used to evaluate the dynamic space
allocation of urban emergency shelters, simulate the evacuation process of residents evacu-
ating to the shelters, obtain the evacuation times of all evacuees in an area, and employ
the flexible combination of existing behavior and decision-making models to generate the
best evacuation plan [27,28]. Based on specific disaster scenarios, Wang [29] assumed the
travel time and capacity to be random variables, and focused on the disaster response
of the evacuation of residents to safe locations in a two-stage stochastic planning model
to describe the urban transportation network during the evacuation process. From the
perspective of evacuation decision making, some studies start from the crowds themselves
and focus on how evacuees obtain evacuation information as an entry point to evaluate
the impact of various social factors (resident psychology, individual differences, social
networks, etc.) on residents’ evacuation choices [30–32].

2.3. Spatial Optimization of Emergency Shelters

The analysis of the supply and demand of shelters is helpful for finding areas where
there are gaps in post-disaster sheltering services, and for carrying out the targeting of
the spatial layout and the optimization of shelters in the process of urban planning and
renewal [12]. In the current studies on spatial optimization, focus is largely placed on
the construction of various shelter location and allocation models, which usually include
considerations such as minimizing the evacuation time or distance, the construction cost or
the number of shelters, and the risk during the evacuation, and maximizing the capacity of
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the demand points and shelters within the service radius [33–36]. Celik [37] proposed an
active decision-making tool that combines the experimental evaluation method with inter-
val type-2 fuzzy sets, which is used to determine the need for a location to set up shelters
or make evacuation plans in disaster emergency management. Trivedi and Singh [5] used
a hybrid multi-objective decision-making model based on the analytic hierarchy process
(AHP), fuzzy set theory, and the goal-planning method, and converted all the goals into
a single goal to allocate and redistribute the location of the refuge area. This method
also considers demand, capacity, utilization, and budget constraints, and can achieve a
compromise solution for multiple goals in the decision-making process. Sabouhia et al. [38]
proposed a linear mixed-integer programming model that takes evacuation demand as
an uncertain parameter. To solve the uncertainty problem, a robust possibility planning
method was adopted to provide relief services (transportation of the wounded, supply
of relief goods, etc.) to locate the transmission points and shelters. Existing optimization
algorithms are usually used to solve the location problem in small areas. In the case of
complex and high-dimensional problems related to large areas, the current algorithms
may require excessive amounts of time and computing power, and it is difficult to find
the global optimal solution [39,40]. Some studies have proposed methods for spatial op-
timization from other perspectives, such as cost-effectiveness, accessibility, and service
coverage [20,41,42]. To evaluate the feasibility of the construction of shelters in areas with
hurricane hazards, Whalen et al. [43] developed and tested a cost-effectiveness model with
the consideration of occurrence probability, historical death and injury rates, economic
incentives, local construction, and maintenance costs. Wei et al. [44] integrated and com-
pared the location set coverage problem with the maximum coverage location problem to
maximize the shelter for the affected population, and combined cost and benefit factors to
provide a feasible way for developing cities with insufficient budgets to make decisions.

In summary, carrying out an urban-scale evacuation simulation and use it as a quan-
titative basis to continuously optimize the spatial distribution of emergency shelters is a
substantial research challenge. It was found that shelter demand analysis is mainly based
on demographic data, which are characterized by disadvantages such as poor timeliness
and large spatial statistical units, meaning that these data cannot meet the evacuation
needs in diurnal disaster scenarios. In addition, the distribution of emergency shelters in
many regions is uneven (leading to widespread service gaps), and the supply and demand
of shelters are imbalanced. Although some studies have considered related issues and
achieved certain results, continuous exploration is still required. In general, the current
research on evacuation is primarily focused on evacuation plans, decision-making methods,
transportation methods, influencing factors, and route selection. In terms of scale, focus
is largely placed on traffic evacuation and movement simulations of specific urban areas
(central areas, industrial areas, etc.) and individual buildings. However, few evacuation
simulation studies have focused on the spatial optimization of emergency shelters. The
in-depth application of big data technology offers the possibility of solving the problems.

3. Theoretical Framework
3.1. Overall Research Framework

This study was based on a detailed evacuation demand forecast via the use of an
evacuation simulation model to analyze the supply and demand status of the site, and
to obtain data regarding the remaining non-evacuated people at the plot scale, which
can be used as a breakthrough point to construct a spatial optimization model. From the
perspective of technical flow (Figure 1), it is mainly composed of the following three steps.

Shelter demand analysis was the first step in the spatial layout evaluation and the
key to the assessment of the supply and demand status of shelters. The POI data and
residential unit data were mainly used to analyze daytime and nighttime shelter demand.
The detailed methods and steps have been described in another study carried out by the
present research team [12]. To avoid the duplication of work, the results of the previous
demand analysis were directly used in the present study. Therefore, the main purpose of
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this article is to explore a method for evacuation simulation under the restriction of shelter
capacity, as well as the spatial optimization of shelters.
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After obtaining the scale and spatial distribution of the shelter demand, an urban-
scale evacuation simulation was carried out to obtain the supply and demand status of
shelters, which can provide a data basis for the next step of spatial optimization. The
balance of supply and demand in emergency shelters is important for effective disaster
mitigation functions during disasters and in the evaluation of shelter service capacity. In
the traditional practices of shelter planning, supply and demand are generally balanced by
districts, rarely seen on streets. A problem that arises is that the probability is high that
the supply and demand of certain small areas within the city may be unbalanced, and
the service gap could be large. Therefore, we aimed to establish an evacuation simulation
model between evacuees and shelters, and tried to simplify and implement complex and
dynamic evacuation activities.

Based on the results of the evacuation simulation, the scale and spatial distribution
of the shelters were optimized. Because the core of the spatial optimization model is the
realization of the redistribution of the remaining non-evacuated people at the demand
point to the surrounding target plots, the parameters, functions, construction process, and
solution of the model are similar to those of the evacuation simulation model. In other
words, the evacuation simulation provides the necessary database for spatial optimization.
Therefore, there is no need to describe the construction of the model in detail. Finally, the
model calculation can yield the following information: the number of people allocated
and the time spent on each route from each incomplete evacuation demand point to the
nearby target plots; the number of remaining non-evacuated people from an incomplete
evacuation demand point that are received in each target plot, and the time it takes for
all people assigned to the target plot to complete their reallocation; the final state of each
target plot, i.e., the number of non-evacuated people that are received.

3.2. Evacuation Simulation Using Network Analysis in GIS and Python

In principle, the urban-scale evacuation simulation is a multi-objective allocation
problem, which tries to solve an issue of evacuee assignment from the demand point to
its surrounding emergency shelters. The plots where the evacuees located are the starts
(demand points), and the plots where the shelters are located are the destinations. Figure 2
shows that some demand points are covered by numerous available shelters; one shelter
may also cover numerous demand points. For example, shelters A, B, C, D, E, F, and
G all serve numerous demand points [12]. The objectives of the model are as follows:
(1) a data set consisted of demand points, available resources for emergency shelters,
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and road network was established using the network analysis method, and then an OD
(origin to destination) cost matrix was constructed. The input elements were road network
(lines), demand points (origins), and shelters (destinations); and the output elements were
evacuation distances of the routes; (2) according to the considerations of objectives and
parameter settings of the model, the results of the previous part were further processed
using Python. The results include key information such as the whereabouts and evacuation
time of evacuees; (3) partial results were imported into the ArcGIS for spatial statistical
analysis, and the results were further visualized.
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3.3. Spatial Optimization of Shelters Based on the Redistribution of Remaining
Non-Evacuated Evacuees

The basic principle of the spatial optimization model is to redistribute the remaining
non-evacuated people from all the demand points to surrounding plots on which shelters
have not yet been constructed or that do not contain available resources for shelters. As
shown in Figure 3, the black points are the demand points (1, 2, 3..., 10) that have not
been completely evacuated; the red plots indicate that there are already available resources
for shelters (i.e., the plot has already participated in the calculation of the evacuation
model, and no personnel will be assigned to it in the spatial optimization model); the
green plots indicate that there are no resources available for shelters in the current situation
(in the spatial optimization model, these are the target plots). These plots can be used to
increase the shelter area in the future. In addition, in the interest of resource conservation,
the economy, and the ease of implementation, three key points in the model should be
explained: (1) the “Code for Design of Disaster Mitigation Emergency Congregate Shelter”
(GB51143-2015) requires that the effective area of a short-term fixed shelter is no less than
2000 square meters and 2 square meters per capita. Therefore, priority is given to the plots
with more than 1000 remaining non-evacuated people in the model; (2) overlapping target
plots, such as A, B, C..., I in Figure 3, should be used as the main optimization target plots,
and the targets should not be too numerous or too scattered; (3) by combining the relevant
standards, the shelter supply, and the demand analysis, the size and type of shelter that
should be provided on a target plot can be determined.



Appl. Sci. 2021, 11, 11909 7 of 20

Appl. Sci. 2021, 11, 11909 7 of 21 

3.3. Spatial Optimization of Shelters Based on the Redistribution of Remaining Non-Evacuated 

Evacuees 

The basic principle of the spatial optimization model is to redistribute the remaining 

non-evacuated people from all the demand points to surrounding plots on which shelters 

have not yet been constructed or that do not contain available resources for shelters. As 

shown in Figure 3, the black points are the demand points (1, 2, 3..., 10) that have not been 

completely evacuated; the red plots indicate that there are already available resources for 

shelters (i.e., the plot has already participated in the calculation of the evacuation model, 

and no personnel will be assigned to it in the spatial optimization model); the green plots 

indicate that there are no resources available for shelters in the current situation (in the 

spatial optimization model, these are the target plots). These plots can be used to increase 

the shelter area in the future. In addition, in the interest of resource conservation, the econ-

omy, and the ease of implementation, three key points in the model should be explained: 

(1) the “Code for Design of Disaster Mitigation Emergency Congregate Shelter” (GB51143-

2015) requires that the effective area of a short-term fixed shelter is no less than 2000

square meters and 2 square meters per capita. Therefore, priority is given to the plots with

more than 1000 remaining non-evacuated people in the model; (2) overlapping target

plots, such as A, B, C..., I in Figure 3, should be used as the main optimization target plots,

and the targets should not be too numerous or too scattered; (3) by combining the relevant

standards, the shelter supply, and the demand analysis, the size and type of shelter that

should be provided on a target plot can be determined.

Figure 3. The principle of shelter spatial optimization. 

4. Materials and Methods

4.1. Overview of the Study Area and Data 

The study area includes the districts of Liwan, Yuexiu, Tianhe, and Haizhu, which 

are located at the center of downtown Guangzhou, China. According to the data released 

by the Guangzhou Statistics Bureau (http://tjj.gz.gov.cn/ accessed on 28 August 2021), the 

1

2

3 4

5

6 7

8

9

10

A

B

CD

E F

G

H

I

Figure 3. The principle of shelter spatial optimization.

4. Materials and Methods
4.1. Overview of the Study Area and Data

The study area includes the districts of Liwan, Yuexiu, Tianhe, and Haizhu, which
are located at the center of downtown Guangzhou, China. According to the data released
by the Guangzhou Statistics Bureau (http://tjj.gz.gov.cn/ accessed on 28 August 2021),
the total land area of the four districts is 279.63 km2 (accounting for 3.76% of the whole
city), and the study area has a high economic density, the GDP of which accounts for
47.39% of the GDP of all 11 districts in Guangzhou. Yuexiu and Liwan are traditional old
towns with small areas of 33.8 and 59.1 km2, respectively, whereas Tianhe and Haizhu
are newly built, and, respectively, cover areas of 96.33 and 90.4 km2. According to data
from the Guangzhou Municipal Bureau of Statistics, at the end of 2020, the population
of Guangzhou was 15,305,900, of which the study area accounts for 37.47%. To facilitate
the construction of models to analyze the supply, demand, and spatial optimization of
emergency shelters, plots with evacuees and plots with available resources for shelters
were, respectively, converted into points of demand and shelter, and the core study scope
was narrowed to the more mature built-up areas in the four districts, with a total area of
approximately 177.92 km2 (Figure 4). The demand points contained information about the
number of evacuees, whereas the shelter points contained information about the effective
evacuation area, which is necessary for the simulation.

http://tjj.gz.gov.cn/
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In addition to basic geospatial and statistical data, POI data, residential unit data with
household attributes, building distribution data, and road network data were used in this
study. The POI data were divided into 14 categories and 524 subcategories (including
catering services, scenic spots, enterprises, shopping services, transportation facilities,
finance and insurance, education and culture, business housing, living services, sports and
leisure, healthcare, government agencies, accommodation services, and public facilities),
which cover virtually all kinds of facilities that citizens can access. POI data and official
employment demographic data were used to predict the shelter demand; this means that,
because the urban population distribution must be analyzed via economic activities, the
industry classification of the two data types must be consistent. Therefore, it was necessary
to screen and reclassify the POI data according to the official statistical caliber, and this
process was conducted in GIS. The residential unit data included data on residential
quarters, apartments, and dormitories. The building distribution data covered the spatial
distribution of all buildings in the four districts. The road network data were divided
into railways, highways, high-speed guide roads, national roads, provincial roads, county
roads, township roads, urban first-class roads, urban second-class roads, other roads, and
pedestrian roads. There exist both single lines and double lines. According to the needs of
the study, the road network was treated as a single-line network, and was simplified to a
certain extent. The attributes of each type of data are presented in Table 1.

Table 1. The attributes of the four data types.

Data Type Main Data Attributes N. of Samples

POI data Name, category, address, district, coordinates of the facilities 145,084
Residential unit data Name, address, coordinates, number of buildings, number of

households, property company
4533

Building distribution data Number of floors, district, coordinates 106,051
Road network data Road grade, road type, length Line data

4.2. The Construction of Evacuation Simulation Model

When people at a demand point evacuate to nearby available shelters within a rea-
sonable distance, after the capacity of a certain shelter reaches the maximum, the shelter
is marked as invalid and it will stop accepting evacuees. The rest of the evacuees will
continue to seek refuge at an unexpired shelter within a reasonable distance. An evacuation
simulation under the restriction of shelter capacity can reveal which shelters are full and
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not full, as well as the demand points that have or have not been completely evacuated.
The simulation requires both point data and line data. The point data refer to the demand
points, each of which contains information about the number of people to be evacuated.
The line data represent specific information about the evacuation route, including the
spatial distribution of the route and its length; the line data can be calculated and analyzed
by establishing an OD distance cost matrix model from the starting point O (the demand
point) to the destination D (the shelter) in GIS. After the basic database is established, the
model parameters and objective functions of the simulation can be set.

4.2.1. Model Parameters

D = {D1, D2, · · · , Dn} is a set of shelters, where N = {1, 2, · · · , n};
O = {O1, O2, · · · , Om} is a set of demand points, where M = {1, 2, · · · , m};
Kji is the evacuation route between the demand point Oj with Di, and ODj is the set of all the

routes leading to different shelters from the demand point Oj; let Kj =
{

Kj1, Kj2, · · · , Kjlj

}
,

where ODj → Kj and the corresponding elements are equal, Lj =
{

1, 2, · · · , lj
}

, j ∈ M,
and i ∈ N (the same below);
t is the time since the start of the evacuation;
At

i is the number of evacuees received at the shelter Di by the t-th second;
di is the capacity of the shelter Di;
Ti is the time it takes for all the evacuees to evacuate to shelter Di;
aj is the number of people to be evacuated at the demand point Oj;
dl is the longitudinal distance between evacuees;
sd is the average travel speed of evacuees;
np is the number of people the horizontal space can accommodate simultaneously;
rjs is the length of the route s when the demand point Oj is evacuated, where s ∈ Lj (the
same below);
pjs is the number of people evacuated from route s at demand point Oj;
tjs is the time it takes for all the evacuees to evacuate from route s at demand point Oj;
Fjs is a dummy variable used to indicate whether the evacuation stops along route s from
demand point Oj. The initial value is 0, and 1 means that the evacuation along the route
has stopped.

4.2.2. Objective Function and Model-Building Process

First, the correlation matrix between demand point Oj and shelter Di is constructed as:

OT × D =


O1
O2
...

Om

× [D1 D2 · · · Dn] =


O1D1 O1D2
O2D1 O2D2

· · · O1Dn
O2Dn

...
. . .

...
OmD1 OmD2 · · · OmDn

 (1)

where:

OjDi =

{
1, Kji exists

0, Kji does not exist
(2)

If all the people at the demand point have been evacuated, i.e., when lim
t→xj

pjs = aj, the

evacuation of all routes at demand point Oj ends. At this point, tjs and pjs are defined as
follows:

tjs = xj + rjs/sd pjs = p
xj
js Fjs = 1 (3)

Otherwise, the number of people evacuated from route s at demand point Oj by the
t-th second is as follows:

pt
js = t× (dl/sd) + np (4)
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Suppose pt
ji is the number of people evacuated through route Kji by the t-th second,

and the matrix of the number of people evacuated by each path between demand point Oj
and shelter Di by the t-th second is as follows:

Pt =


pt

11 pt
12

pt
21 pt

22
· · · pt

1n
pt

2n
...

. . .
...

pt
m1 pt

m2 · · · pt
mn

 (5)

where:

pt
ji =


The N. of corresponding people in the set Kj is pt

js, Kji exists and Fjs = 0
The N. of corresponding people in the set Kj is pjs, Kji exists and Fjs = 1

0, Kji does not exist
(6)

Furthermore, the number of evacuees At
i received by each shelter Di until the t-th

second is as follows:

(
Pt)T ×


1
1
...
1

 =


At

1
At

2
...

At
n

 (7)

When lim
t→xi

At
i ≈ di, shelter Di reaches the upper limit of its capacity. At this point, tjs

and pjs are defined as follows:

tjs = xi + rjs/sd pjs = pxi
js Fjs = 1 (8)

When all Fjs = 1, the evacuation ends, and the time t at this point is the evacuation
completion time. Then, the time t taken for all people evacuated to shelter Di to complete
the evacuation is the longest evacuation time among all the routes leading to Di. Let tij be
the time it takes for all the evacuees to complete the evacuation through route Kji, and the
following time matrix is established:

T =


t11 t12
t21 t22

· · · t1n
t2n

...
. . .

...
tm1 tm2 · · · tmn

 , (9)

where:

tji =

{
The time used for the corresponding element in the set Kj is tjs, Kji exists

0, Kji does not exist
(10)

Suppose the set ti = {t1i, t2i, · · · , tmi}, TT =


t1
t2
...

tn

; the time it takes for all the

evacuees in shelter Di to complete the evacuation Ti can then be calculated as follows:
T1
T2
...

Tn

 =


Max(t1)
Max(t2)

...
Max(tn)

 (11)



Appl. Sci. 2021, 11, 11909 11 of 20

Finally, the number of remaining non-evacuated evacuees at demand point Oj is as
follows:

pj = aj −
lj

∑
s=1

pjs (12)

According to all the functions listed previously, the following information can be ob-
tained: (1) the condition of the shelter capacity limitation, the number of people evacuated
on each route between each demand point and several nearby shelters, and the time taken
to complete the evacuation; (2) after a shelter reaches its maximum capacity, the number of
evacuees from different demand points and the time it takes to complete the evacuation
of all people who go to the shelter (the time when the shelter stops receiving evacuees);
(3) the final status of each demand point, i.e., how many people remain non-evacuated.

5. Results
5.1. Urban-Scale Evacuation Simulation

Table 2 presents detailed data regarding the situation of the demand points after
evacuation simulation under the condition of short-term fixed shelter capacity constraints,
including the number of people evacuated to each target shelter and the time spent evacuat-
ing, the number of people evacuated, and the number of remaining non-evacuated people
who had not been evacuated at each demand point. The statistics reveal that, among the
2334 demand points, 1654 were completely evacuated, and the remaining 680 were not
completely evacuated. The average number of remaining non-evacuated people at each
demand point was approximately 4396, and the frequency distribution of the number of
non-evacuated people is shown in Figure 5. In terms of the frequency distribution interval
of the evacuation time, the average evacuation time for all the evacuated people entering
the shelters was 10.3 min, the shortest evacuation time was within 1 min, and the longest
was approximately 3 h.

Table 2. The evacuation time and evacuee information for each demand point after the evacuation simulation.

Route ID Demand Point
ID

Shelter Point
ID

N. of People
on the Route

Evacuation
Time (s)

N. of People
Evacuated

N. of Non-
Evacuated People

. . . . . . . . . . . . . . . . . . . . .
9331 1047 1068 260 489 2292 3176
9332 - 113 88 494 - -
9333 - 1067 112 520 - -
9334 - 112 628 803 - -
9335 - 1065 76 533 - -
9336 - 593 272 704 - -
9337 - 1066 112 655 - -
9338 - 1062 96 676 - -
9339 - 1069 164 730 - -
9340 - 595 84 730 - -
9341 - 1051 244 817 - -
9342 - 1061 156 837 - -
9343 1048 51 56 455 1880 1842
9344 - 52 56 489 - -
9345 - 789 280 668 - -
9346 - 69 28 547 - -
9347 - 585 48 674 - -
9348 - 388 36 731 - -
9349 - 448 28 728 - -
9350 - 70 32 745 - -
9351 - 369 128 822 - -
9352 - 849 944 1251 - -
9353 - 889 244 912 - -

... ... ... ... . . . . . .
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Figure 5. The number of remaining non-evacuated people for each demand point.

Table 3 reports detailed information regarding the status of the short-term fixed
shelters after the evacuation simulation under capacity constraints, including the number
of people that the shelter could still accommodate, the time it took until the shelter stopped
allocating evacuees (the evacuees that were received in the shelter and those that were on
the route to the shelter that reached the upper limit of its capacity), and the time it took
for the shelter to be full (the time at which all the evacuees on the route had entered the
shelters and there were no evacuees left on the route). The statistics show that, of the 888
short-term fixed shelters, only 218 did not reach their maximum capacity, accounting for
24.55%. For the shelters that reached full capacity, the average time that passed before
people were no longer evacuated to the shelter was approximately 5 min, and the average
time it took for the shelters to reach their maximum capacity was approximately 14.6 min.

Table 3. Information on short-term fixed shelters after evacuation simulation.

Shelter
Point ID

Maximum
Capacity

Residual
Capacity

Time Until Evacuee
Allocation Stopped (s)

Time Until Maximum
Capacity Reached (s)

1 1720 1720 0 0
2 1224 1224 0 0
3 2005 2005 0 0
4 1571 0 307 987
5 1645 0 31 829
6 1032 0 15 794
7 1685 0 93 481
8 1311 0 21 335
9 6678 0 107 459
10 1557 0 21 671
11 6018 6018 0 0
12 2481 2481 0 0
13 2645 2645 0 0
... ... ... ... ...

The distribution of the remaining non-evacuated people at the demand points (in the
context of short-term fixed sheltering) is presented in Figure 6. In general, the four districts
were distributed with demand points that were not completely evacuated, although Yuexiu
and Liwan (the old urban areas) had more. It can be seen from Table 4 that, in the context
of short-term fixed sheltering, Haizhu had the largest number of remaining non-evacuated
people (approximately 1.11 million), followed by Yuexiu, Tianhe, and Liwan; the average
number of remaining non-evacuated people at the demand points in Yuexiu was the largest
(2184). The maximum number of remaining non-evacuated people among the demand
points in all four districts was considerable, and that of Haizhu was the largest. The
status of the demand points in the context of emergency sheltering was similar to that
in the context of short-term fixed sheltering. The scale and distribution of the remaining
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non-evacuated people at the demand points can provide a quantitative basis for the spatial
optimization of various types of emergency shelters.
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Table 4. Non-evacuated people at the demand points of different evacuation scenes.

Evacuation Scene Statistics Haizhu Liwan Tianhe Yuexiu

Emergency sheltering
N1 953,138 321,330 897,862 947,163
N2 818 956 2206 2223
N3 26,372 17,045 31,848 31,661

Short-term fixed
sheltering

N1 1,112,254 359,612 586,861 930,511
N2 955 1070 1442 2184
N3 31,320 17,321 28,023 31,757

Notes: N1 is the total number of non-evacuated people; N2 is the average number of non-evacuated people at the
demand points; N3 is the maximum number of non-evacuated people among the demand points.

5.2. Spatial Optimization of Emergency Shelters

Table 5 presents detailed information regarding the spatial optimization of short-term
fixed shelters, including the number of remaining non-evacuated people that were allocated
to each route and the time spent evacuating, as well as the effective shelter area that should
be provided by each target plot. The statistics show that the average time that was spent
on allocating the non-evacuated people for all routes was approximately 15.9 min, and the
average number of non-evacuated people that were allocated to a route was approximately
1047. When the 757 target plots had received all the remaining non-evacuated people from
the nearby incompletely evacuated demand points, the average time that had passed was
approximately 23.4 min. This long duration was caused by the large number of people
remaining at some points. The average number of people that were allocated to the target
plots was approximately 4537, and most of the plots should provide an effective shelter
area of more than 5000 m2. The calculation of the model for the spatial optimization
of the temporary shelters reveals that the average time that was spent on all the routes



Appl. Sci. 2021, 11, 11909 14 of 20

was approximately 13.5 min, and the average number of non-evacuated people that were
allocated to the routes was approximately 1307. When the 772 target plots had received
all the remaining non-evacuated people from the nearby incomplete evacuation demand
points, the average time that had passed was approximately 22.2 min. The average number
of people that were allocated to the target plots was approximately 4130, and most of the
plots should provide an effective shelter area of more than 4000 m2.

Table 5. Detailed information on the spatial optimization of short-term fixed shelters.

Demand
Point ID

Target Plot
ID

Route
Length (m)

Evacuation
Time (s) NANEP Increased Effective

Shelter Area (m2)

... ... ... ... ... ...
318 9 753 707 406 1628
295 - 280 393 408 -
297 22 11 117 215 6582
295 - 179 699 1155 -
318 - 639 1388 1921 -
316 32 891 780 368 4276
303 - 11 367 714 -
306 - 203 665 1056 -
423 34 1132 876 238 3734
368 - 692 651 376 -
309 - 194 758 1253 -
282 42 1016 758 158 3092
344 - 495 490 317 -
291 - 845 741 352 -
424 - 919 791 354 -
403 - 850 751 365 -
332 47 661 634 382 8274
313 - 226 469 633 -
303 - 180 479 714 -
316 - 714 843 729 -
306 - 11 849 1679 -
... ... ... ... ... ...

Notes: NANEP is the number of assigned non-evacuated people.

When comparing the effective area of the short-term fixed shelters with the effective
area of the temporary shelters that the plot should provide, the maximum of the two is the
effective shelter area that the plot should ultimately provide. The distribution and scale of
the spatial optimization of the emergency shelters on the target plots are shown in Figure 7,
from which it is evident that each district should considerably increase the scale of shelters.
The numbers of target plots that should be added for newly available shelter resources in
Haizhu, Yuexiu, Liwa, and Tianhe are, respectively, 406, 164, 141, and 136, with effective
shelter areas of 2,621,100, 2,175,300, 812,100, and 1,344,600 m2, respectively. Moreover, the
average newly added effective shelter areas of the plots for Haizhu, Yuexiu, Liwa, and
Tianhe were found to be 6456, 13,264, 5759, and 9886 m2, respectively.

Based on the newly added effective shelter area of the target plot, and combined with
the supply and demand status of the short-term fixed shelters and temporary shelters after
the evacuation simulation, the spatial optimization target for the shelters on each plot
was divided into two types, namely fixed and temporary shelters (Table 6). A total of 487
short-term fixed shelters and 360 temporary shelters were newly added. Recommendations
regarding the different types of shelters are helpful for the allocation of targeted emergency
facilities during the construction of shelters, as well as for the avoidance of unnecessary
waste. Based on the statistics per district (Table 7), the recommended numbers of new
short-term fixed shelters in Haizhu, Liwan, Tianhe, and Yuexiu are, respectively, 243, 70,
58, and 116, with average effective areas of 6169, 5577, 8707, and 12,931 m2, respectively.
Moreover, the recommended numbers of newly added temporary shelters are, respectively,
163, 71, 78, and 48, and the average effective areas are 2706, 2581, 4017, and 6234 m2,
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respectively. The maximum effective shelter area of a single resource for the two types of
shelters is relatively large, with an average of 46,417 m2.
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Table 6. The effective shelter area (ESA) and shelter type after optimization of the target plots.

Target Plot ID Increased ESA
(Fixed)

Increased ESA
(Temporary)

Recommended
Increased ESA

Recommended
Shelter Type

... ... ... ... ...
462 0 4957 4957 temporary
468 0 1602 1602 temporary
478 1824 0 1824 temporary
491 564 297 564 temporary
496 0 185 185 temporary
512 0 1278 1278 temporary
549 2674 837 2674 fixed
587 5026 331 5026 fixed
594 0 72 72 temporary
609 0 1837 1837 temporary
611 19,528 3568 19,528 fixed
626 6268 1736 6268 fixed
629 0 2310 2310 temporary
641 944 2075 2075 temporary
644 52,238 46,889 52,238 fixed
652 666 0 666 temporary
658 1730 2408 2408 temporary
661 14,602 2018 14,602 fixed
673 2968 495 2968 fixed
677 3980 2422 3980 fixed
682 1696 277 1696 temporary
... ... ... ... ...
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Table 7. Index recommendations for the spatial optimization of emergency shelters.

Index Recommendation Haizhu Liwan Tianhe Yuexiu

Increased EA of temporary shelters 1,098,521 363,926 546,288 1,022,414
Increased EA of fixed shelters 2,504,614 786,294 1,184,124 2,120,760

Recommended EA increase of the shelters 2,621,070 812,084 1,344,550 2,175,331
Recommended number of fixed shelters 243 70 58 116
Maximum EA of a single fixed shelter 52,238 55,020 56,576 66,828

Average EA of fixed shelters 6169 5577 8707 12,931
Recommended number of temporary shelters 163 71 78 48
Maximum EA of a single temporary shelter 46,889 24,256 31,183 38,349

Average EA of temporary shelters 2706 2581 4017 6234

Notes: EA is the effective area (m2).

6. Discussion

Human behavior and psychology are important research directions in the field of
sociology, and this is also the case in the field of disaster prevention. Numerous studies have
explored evacuation decision making, evacuation groups, evacuation behavior, psychology,
etc., and have achieved rich results. In a disaster, people will decide to evacuate or to take
refuge in a place which is usually closely related to the individual’s disaster experience and
judgment of the disaster situation. For evacuated groups, such as the elderly, children, and
people with limited mobility, evacuation is full of challenges: the evacuation speed will not
be very fast, and the evacuation efficiency may be relatively low. After a disaster occurs,
people will be evacuated outside as soon as possible. According to the disaster situation,
evacuation options such as walking, taking public transportation, and driving may appear
simultaneously, which will have a certain impact on the calculation of the evacuation time.
Previous studies have shown that people tend to stay with friends or family members or
to evacuate together when a disaster occurs, which has an impact on the organization of
an evacuation. These factors were not considered in the present study, which is mainly
because this study set out to explore the increase in available resources for emergency
shelters from the scope of disaster prevention planning, as well as the optimization of
the spatial structure of urban disaster prevention. From the perspective of realizing an
evacuation simulation, complex evacuation behaviors and psychology were not considered
in this study; this helped to reduce evacuation interference, and ultimately greatly reduced
the evacuation complexity. However, the subject of an evacuation is people. Therefore,
it is necessary to note some considerations from a sociological perspective in relation to
evacuation so that more discoveries can be obtained. Based on big data, the use of machine
learning, artificial intelligence, and other technical methods can enable new explorations of
complex evacuation behavior and psychology.

In the evacuation simulation, the plots containing the evacuees and the shelters that
can accommodate the evacuees were simplified as points, meaning that the evacuation
simulation became a point-to-point multi-target allocation problem. The next difficulty
was to determine the corresponding relationship and path between the demand points
and shelters. In the simulation, the shelter demand was located at the geometric center
of the plot. When the evacuation began, people moved from this geometric center to
several shelters within a certain distance nearby. One shortcoming is that the distance
and time required for people to evacuate from the inside to the outside of a building were
ignored, which simplified the evacuation process and led to underestimations of both the
distance and time. In addition, for the selection of road exits from the demand point to
the city, the nearness principle was adopted, i.e., the side that was closest to the city road
was selected as the demand point to start the evacuation, and people started to evacuate
along a path that was perpendicular to the city road. Furthermore, for the convenience
of calculation, only one route was set up for each demand point to connect to the city
road. In the simulation model design, the simulation was set to follow the established
parameters for evacuation. The dynamic evacuation process was statistically set for the
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entire simulation, which affected the evacuation time and the calculation of the point-to-
point evacuation personnel scale to a certain extent. Because this study was based on an
urban-scale evacuation simulation, it is difficult to ensure high accuracy. Moreover, from
the perspective of the calculation and data basis, it is impossible to realize an evacuation
simulation of individuals under the condition of free path selection, although this could be
explored in a smaller-scale area.

The urban road network is a system full of uncertainties when disasters occur. In an
earthquake scenario, buildings and other structures may collapse, which will affect (or
even interrupt) road traffic. The movement of the crowd on the evacuation route may be
congested, thereby affecting the evacuation speed. After the path is accidentally blocked,
people may also take refuge in other nearby shelters. In this case, the entire evacuation
plan will undergo continuous dynamic changes, resulting in changes to the scale and
routes of evacuees from demand points to shelters. The original data for urban roads
were double lines without the road width information, and were set as single lines in the
simulation. Therefore, the sidewalk width was averaged according to the road level, which
affected the evacuation capacity of the road to a certain extent. Even when a disaster occurs,
urban traffic must maintain normal operation, meaning that the signal lights will delay
the evacuation process and the evacuation time may consequently be underestimated. For
an evacuation simulation in this type of complex environment, a large amount of data is
required, and urban-scale modeling is difficult to achieve; however, the development of
big data application technology provides support in solving these problems.

In the spatial optimization of emergency shelters, a basic consideration is that the
existing land plots with available resources for shelters will no longer consider the allocation
of the remaining non-evacuated people from the incomplete evacuated demand points
(regardless of site expansion factors), and such plots can no longer provide new facilities
or be used as targets for the optimization of emergency shelters. More realistically, it is
necessary to investigate the potential of the current urban land, find plots that can be
changed in terms of their function, and mark them as potential target plots for spatial
optimization to participate in the model calculation. In addition, in the actual urban renewal
and development process, the potential of plots will change. Therefore, if certain conditions
are met, a dynamic up-to-date database of urban buildings and land should be established
to provide data references for the optimization of shelters. The basic principle of spatial
optimization is to realize the redistribution of non-evacuated people. This is accompanied
by the problem that the continuous improvement of the shelter facility network is to serve
the residents, and people are simultaneously flowing and changing; these changes should
also be reflected in the spatial optimization of shelters in the future. For urban science,
it is difficult to accurately measure the size and spatial distribution of people, although
the development of big data provides the possibility for this, and the use of POI data to
estimate the spatial distribution of the population in this study is a novel attempt at doing
so. In the future, to continuously optimize the spatial distribution of emergency shelters,
continuous and real-time mobile phone signaling data can be considered as the data basis
for shelter demand assessment.

The evacuation simulation and spatial optimization of emergency shelters involve
complex conditions and numerous influencing factors. This study analyzed the supply and
demand status of emergency shelters using an urban-scale evacuation model. The results
provide a quantitative basis for the spatial optimization of shelters; however, there remains
a gap between evacuation organization in real and simulated disaster environments. Due
to the numerous and complex variables of evacuation activities after disasters (such as
evacuation efficiency, physical obstacles, secondary disasters, human behavior, psychology,
etc.), this has always been a difficult subject in the related practice and research fields.
Therefore, to realize an evacuation simulation at the urban scale, the model parameters and
assumptions in this study were simplified to varying degrees, which had a certain impact
on the results. However, from the perspective of providing a quantitative analysis basis for
urban disaster prevention planning, this research provides a practical reference.
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7. Conclusions

The construction of emergency shelters is of great significance to the formation of
a complete network of disaster relief facilities. With the goal of day and night disaster
prevention, based on the data of POIs, residential units with household attributes, building
distributions, and road networks, short-term fixed shelters were taken as the object of the
present study, and an evacuation simulation model and spatial optimization model were
designed using the Python language. Then, the supply and demand status of the shelters
was analyzed, and further suggestions were proposed regarding the spatial optimization of
shelters. According to the evacuation simulation under the restriction of the shelter capacity,
680 demand points out of 2334 were not completely evacuated, of which the average
number of remaining non-evacuated people at each demand point was approximately 4396,
and the average evacuation time for all the evacuated people was approximately 10.3 min.
Moreover, of the 888 short-term fixed shelters, only 218 did not reach their maximum
capacity. Regarding the shelters that reached maximum capacity, the average time that
passed before the shelter stopped receiving people was 5 min, and the shelters reached
their maximum capacity after 14.6 min. In the context of short-term fixed sheltering,
Haizhu had the largest scale of remaining non-evacuated people (1.11 million), and the
average number of remaining non-evacuated people was the largest in Yuexiu, namely 2184.
According to the results of the spatial optimization of the shelters, the number of target
plots for new shelter resources in Haizhu, Yuexiu, Liwa, and Tianhe should, respectively,
be increased by 406, 164, 141, and 136, with effective shelter areas of 2,621,100, 2,175,300,
812,100, and 1,344,600 m2, respectively. Furthermore, the average newly added effective
shelter areas of the plots for Haizhu, Yuexiu, Liwa, and Tianhe were found to be 6456,
13,264, 5759, and 9886 m2, respectively. Finally, a total of 487 short-term fixed shelters and
360 temporary shelters were newly added. Recommendations for different types of shelters
are helpful for the allocation of targeted emergency facilities during the construction of
shelters. Based on the statistics per district, the recommended numbers of new short-term
fixed shelters in Haizhu, Liwan, Tianhe, and Yuexiu are, respectively, 243, 70, 58, and 116,
with average effective areas of 6169, 5577, 8707, and 12,931 m2, respectively. Additionally,
the recommended numbers of newly added temporary shelters in Haizhu, Liwan, Tianhe,
and Yuexiu are, respectively, 163, 71, 78, and 48, with average effective areas of 2706, 2581,
4017, and 6234 m2, respectively. In any case, the supply and demand of the shelters in the
study area are imbalanced; in other words, the service of shelters has blind spots, which
makes it impossible to provide refuge for all residents when a disaster occurs. The findings
of this study act as a direct quantitative basis for the spatial optimization of various types
of emergency shelters, and as a reference for the improvement of the network of urban
disaster prevention facilities in future urban planning.

As mentioned in the discussion, in the evacuation simulation and spatial optimization,
some conditions and the model environment were simplified. In a real disaster scenario,
numerous complex variables exist in the evacuation process (such as secondary disasters,
interruption of roads, physical obstacles, behavior, and psychology), which are difficult
to quantify in a model. In the spatial optimization of emergency shelters, the population
distribution and the potential of urban land use are crucial points. Therefore, the anal-
ysis of the temporal and spatial distributions of the population based on big data and a
database of the construction of urban land potential is necessary. Based on feasibility, in
addition to constructing a model that is as close as possible to real disaster conditions and
improving the technical methods for optimizing the spatial distribution of shelters, an
online management system for emergency shelters will be explored in the future.
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