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Abstract: With the continued recognition of the devastating effects of natural hazards, the construction
of shelters has become essential in urban disaster preparedness planning systems. After analyzing
the deficiency of the conventional spatial allocation model of shelters and the hierarchy of evacuation
assignments, this study proposes a bi-level and two-phase spatial configuration methodology of
shelters. The first hierarchy aims to evacuate refugees from demand blocks to both emergency shelters
and resident emergency congregate shelters. The second hierarchy aims to transfer refugees from
selected shelters in the first hierarchy to resident emergency congregate shelters. Each hierarchy
contains two phases of optimizing calculations. The optimization objects for the first phase and
second phase are minimizing the number of new shelters and the evacuation time, respectively.
A genetic algorithm and exhaustive approach are programmed to determine the solution of the model
in the first and second phases, respectively. The evacuation assignment rule is proposed based on
the gravity model, which distributes evacuees proportionally to nearby shelters. This study uses
the deterministic user equilibrium problem to present the evacuation traffic flow allocation, which
improves the scientificity of the location model of shelters. The refuge demands differentiate the
population between daytime and nighttime through mobile signaling data and improve the accuracy
from the plot scale to the building scale. Using mobile signaling data to differentiate refuge demands
between day and night populations enhances the model’s precision. Finally, to validate the proposed
methodology, this study selected the main area of Changshu City, Jiangsu Province, China, which has
a population of 1.6 million, as a case study area.

Keywords: shelters; spatial configuration; bi-level and two-phases; circular assignment model;
deterministic user equilibrium problem

1. Introduction

Urbanization has intensified the risks from hazards like earthquakes and floods,
making efficient evacuation and shelter planning essential to minimize casualties and
property loss. A reasonable configuration of earthquake shelters can greatly improve
evacuation efficiency, guarantee the life safety of refugees, and enhance the urban capacity
for disaster prevention and mitigation.

To determine the scientific spatial distribution of shelters and assign refugees to shel-
ters, in the early phase of this type of research, scholars proposed a site selection model [1,2],
P-center model [3], and P-median model [4]. Previous studies mainly improved the con-
straint conditions and objective functions. Early models, like the P-center and P-median
models, focused on basic shelter placement, while later adaptations incorporated con-
straints like capacity and distance. The differences in the refugee service levels of shelters
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and the influence of complex environmental elements were also considered. In terms of
constraints conditions, Wang et al. [5] and Gama et al. [6] added distance constraints and
capacity constraints to the conventional P-median model. Galvao and ReVelle proposed a
capacitated P-median model, [2] which replaced the constraint conditions of the number of
shelters, “P”, with the maximum capacity. In terms of objective functions, some researchers
established a multi-objective optimization model by consolidating multiple optimization
objectives, such as evacuation distance [7], equity, the construction cost of shelters [8],
egress time [9], the safety of the evacuation road [10], and evacuation risks [11-13]. For
instance, Zhao et al. [14] took the maximized number of refugees and the minimized con-
struction cost of shelters as objective functions to establish a two-phase optimization model.
Xu et al. [15] took the minimized overall distance, the maximized coverage population, and
the number of demand blocks as objective functions. Doerner et al. [11] took the minimized
overall evacuation hurricane risk and overall construction cost as the objective functions
of the shelter location optimization model. Alcada-Almeida et al. [13] established four
objective functions of the shelter optimization model under fire by minimizing the overall
evacuation distance, the overall risk where the evacuation route becomes impassable due to
fire, the fire risk assessment of shelters, and the required time for refugees to transfer from
the shelter to the hospital. Broadly speaking, three approaches have been proposed to solve
the multi-objective shelter location optimization model: (1) convert multi-objectives to a
single objective by the weighted method [16]; (2) convert the multi-objective problem to a
two-phase single-objective problem [17]; and (3) determine the Pareto optimal solution by
the heuristic algorithm [18]. The Pareto optimal solution achieves an optimal balance across
multiple objectives without sacrificing one for another. Some researchers have incorporated
the distribution of relief materials [19,20], simulations of hazard processes [6,21], residents’
willingness to enter shelters [22], and behavioral rationality [23] into the shelter location
optimization and evacuation assignment model.

In terms of refuge demands, Sugimoto et al. [24] simulated the population distribution
and population density in the areas most affected by tsunamis, providing a reference for
the capacity design of corresponding shelters. Chou et al. [25] used the TELES analysis
approach to predict the number of homeless people in Taiwan after an earthquake and
proposed quantitative guidance on the site selection strategy of shelters. Fan et al. [21]
assessed the maximum number of refugees exposed to multi-hazards through a scenario
simulation. In addition to spatial factors, scholars also consider the time factor when
calculating refuge demands. Chen et al. [26] considered the differences in population
density on different land use types of blocks and determined refuge demands in the
daytime and nighttime through census data and land use data.

With the deepening of research, some scholars proposed hierarchical shelter location
models based on single-objective or multi-objective models. Generally, two kinds of hier-
archical models have been developed: (1) In two-hierarchy models, the upper hierarchy
dominates the lower hierarchy. The upper hierarchical model determines the quantity or
spatial distribution of shelters; the lower hierarchical model determines the evacuation
route and evacuation assignment schemes. Kongsomsaksakul et al. [17] proposed an evacu-
ation scheme for flood disasters, and the upper hierarchy is designated by the government
management department to minimize the required time for evacuation; the lower hierarchy
determines the selection of evacuation routes based on the user equilibrium principle.
Li et al. [27] established a DTA-based stochastic bi-level generalized model. The upper
hierarchy determines the location of shelters first, and the lower hierarchy determines
the evacuation routes of refugees based on scenario simulations for hurricane disasters.
(2) According to the differences in grade and service distance of shelters, scholars have
proposed a multi-hierarchy model that considers the transfer of refugees between shelters
with different levels. Hierarchical models have been widely developed in diverse scenarios
(e.g., healthcare [28], education [29], emergency medical aid systems, waste manage-
ment [30], and production—distribution systems [31]. However, few studies have con-
centrated on the hierarchy of shelter location selections [32]. Chen et al. [33] proposed a
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three-hierarchy shelter location model that minimizes the overall evacuation distance and
considers the transformation of refugees varying with time. Lee et al. [34] developed a
hierarchical model for the location selection of shelters in response to instant, short-period,
and long-period floods, which minimizes the overall travel distance and risk index. Zhao
et al. [35,36] considered the minimization of the overall evaluation time and the overall
shelter area as the objective functions and proposed the MPSO-GA combined algorithm to
solve the location and evacuation assignment model. Table 1 provides a summary of the
aforementioned models.

Table 1. Literature table on different location models of shelters.

Model Objectives Advantages Disadvantages

Determine the
optimal location of
the shelter to
minimize the total
evacuation distance
from the demand
point to the shelter

Does not consider
distance restrictions
and shelter
capacity limitations

Achieves fairness
and minimized
distance costs

P-median model

P-center model

Determine the
optimal location of
the shelter to
minimize the longest
distance from the

Considers fairness
and efficiency; it
ensures the
maximization of the
interests of the most

Does not consider the
cost of global
evacuation distance

Covering site
selection model

demand point to disadvantaged
the shelter refugees
Meet all shelter needs

with the minimum
number of shelters
and ensure that all
shelters are covered

Considers fairness,
achieving full
coverage of
asylum services

Does not consider the
cost of
evacuation distance

Maximum coverage
model

The demand within
the coverage area of
the shelter is the
highest, and the
number of people
who can be served
within a certain
distance is the highest

Considers the
efficiency of
evacuation services

Does not consider
fairness and does not
cover all
required personnel

Multi-objective model

Considering different
objectives

Large solution
process

Multi-level model

Considering different
types of shelters

Complex model
establishment process

The research on the location optimization of shelters has experienced a process from
single objective to multi-objective, from redundant accurate solution processes to heuristic
approaches, and from single hierarchy to multi-hierarchy. However, the assumptions of
the current studies are still far from the actual situation. The main shortcomings of the
current hierarchical models are summarized as follows: (1) The current hierarchical models
presume that refugees from one demand block should be assigned to one shelter in order to
maintain an orderly evacuation and assignment, which is not aligned with the preferences and
actual behavior of refugees and the actual evacuation process. (2) The calculation for refugee
demand is not precise enough. The number of refugees is determined through statistical data
and the permanent population in conventional hierarchical models [34,37]. However, the
population varies with time and space, and the spatial difference between daytime and
nighttime is particularly significant. For example, commercial districts experience a high
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daytime population that decreases significantly at night. What is more, the number of
refugees is not only determined by population, but also depends on the seismic damage
state of buildings. The current hierarchical models do not consider the differences in popu-
lation in the space-time dimension and do not couple population with the consequences of
earthquakes. (3) Traditional models often overlook the critical role of traffic flow and route
availability, which directly impact evacuation time. For a spatial configuration model of
shelters that takes minimum evacuation time as the objective function, evacuation traffic
flow is a vital factor.

Based on the experience and deficiency of current research, this study takes minimiz-
ing the number of new shelters and the overall evacuation cost of residents as optimization
objectives. Under the constraints of service radius and the maximum capacity of shelters,
this study puts forward a two-hierarchy and two-phase model for the layout optimization
of shelters and evacuation assignments. In this model, the first hierarchy determines the
spatial configuration of emergency shelters (ESs), and the second hierarchy considers the
transportation of refugees from emergency shelters to higher-level shelters and determines
the distribution of resident emergency congregate shelters (RSs). Each hierarchy includes
two phases for calculation. The first phase determines the minimum number of shelters
through an improved set coverage model and is solved by a genetic algorithm. In the
second phase, from the minimum number of shelters in the first phase, the spatial distri-
bution scheme with the minimum evacuation cost is determined through an enumeration
approach. This paper improves the over-idealized hypothesis of “refugees from the same
demand block enter the same shelter” in the conventional model and proposes the circula-
tion assignment model, which better simulates the evacuation flexibility in the authentic
evacuation process and improves the utilization efficiency of the shelter. Meanwhile, this
study increases the consideration of the population difference in the daytime and nighttime
and couples the damage status of buildings with population to determine the number of
refugees in building dimensions accurately. What is more, this study uses a deterministic
user equilibrium problem to reflect the evacuation traffic flow allocation.

2. Research Methodology
2.1. Research Framework

The proposed methodology includes the following five steps. Figure 1 illustrates the
framework of the methodology.

(1) Basic data preparation: through remote sensing images, field research, and planning
documents provided by the government, the current shelters and the possible sites
for constructing new shelters are determined.

(2)  Suitability evaluation for candidate sites: the suitability assessment is carried out to
determine the candidate sites that are suitable for constructing new shelters. The
suitable sites will be regarded as candidate shelters and be entered into the spatial
allocation model.

(38) This study proposes the distribution rules of crowd evacuation based on the gravity
model, which calculates the overall egress time and the corresponding relationship
between the number of refugees received by each shelter and egress time.

(4) The evacuation routes are important for the location of shelters, which strongly
influences the evacuation time. In order to simulate authentic evacuation roads, to
avoid problems such as longer time required for dynamic traffic allocation processes,
multiple input parameters and high accuracy requirements, and difficulty in iteration
convergence [38], this study uses a deterministic user equilibrium problem [39] to
reflect the evacuation traffic flow allocation.

(5) This study proposes a two-hierarchy and two-phase optimization model for the location
of shelters. In the first hierarchy, refugees from demand blocks can be transferred to
both emergency shelters (ESs) and resident emergency congregate shelters (RSs). Each
hierarchy contains two phases of optimizing calculations. The optimization objectives
for the first phase and second phase are minimizing the number of new shelters and the
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overall evacuation time, respectively. The second hierarchy aims to transfer refugees
from selected shelters in the first hierarchy to resident emergency congregate shelters.
The demand blocks are determined as emergency shelters in the second-hierarchy
optimization. The destinations are determined as resident emergency congregate shelters
in the second-hierarchy optimization. The objective functions and two-phase solution
procedures are the same as the first-hierarchy optimization.

(6) The optimization algorithm is designed to determine the solutions of the two-hierarchy
model. In each hierarchy, the first-phase optimization, which is aimed at minimizing
the number of newly built shelters, is solved through a designed genetic algorithm,
and the second-phase optimization, which aims at minimizing the overall evacuation
time, is solved through an enumeration approach.
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Figure 1. Framework of the methodology.

2.2. Control Indexes for Candidate Shelters

With the overall consideration of the refugee demands, maximum capacity, and
construction conditions, the selection of candidate shelters is based on two indicators [40]:
(1) construction requirements, including the effective refuge area, refuge area per capita,
and maximum distance limitation for refuge service; (2) suitability evaluation indexes.
When completing shelter planning, we should not only make full use of the refuge function
of shelters but also guarantee the safety of the shelters themselves. The safety distance and
defense capacity should be determined according to the distribution of hazard sources.
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2.3. Construction Indicators for Candidate Shelters

According to the regulations for emergency shelters (ESs) and resident emergency
congregate shelters (RSs) in the Code for Design of Disasters Mitigation Emergency Con-
gregate Shelter [40], the construction indicators of two types of shelters in Changshu City
are illustrated in Table 2, including the effective refuge area, refuge area per capita, service
distance, and period.

Table 2. The construction indicators of various shelters.

Effective Refuge  Refuge Area Per Service Service
Area/hm? Capita/m? Distance/km Period/d
Emergency shelter (ES) — >15 <0.5 <3
Resident emergency >5.0 >2.5 <25 15~100

congregate shelter (RS)

2.4. Suitability Evaluation Index for Candidate Sites

At present, the safety of shelters is the most important index to evaluate their suit-
ability. For the safety of candidate sites, this study adopts the minimum value dominance
approach [41], which uses the minimal value of different indexes as the final value. The
minimum value dominance approach scores all types of factors affecting the safety of
shelters. The evaluation factor with the lowest score becomes the restrictive factor of the
overall safety conditions.

Based on the standard for urban planning on earthquake resistance and hazardous
prevention [42], the influencing factors leading to potential safety hazards to shelters in
Changshu City include oil and gas storage stations, waste treatment plants, high-pressure
wires or substations, high-voltage gas pipelines, cultural protection buildings or areas, and
rivers and lakes. The influencing factors are calculated through the evaluation criteria in
Table 3: “—1” denotes an unsafe area, “0” denotes a candidate site on which emergency
shelters can be constructed, and “1” denotes a candidate site on which both ESs and RSs
can be constructed.

Table 3. Reference of safety scoring.

Influence Factor Standard for Scoring Score

Distance less than 50 m -1
High-voltage power lines 50-100 m 0
Distance larger than 100 m 1

Distance less than 25 m -1
Gas pipeline for high-pressure 25-50 m 0
Distance greater than 50 m 1
Garbage disposal sites Distance less than 100 m 0
& P Distance greater than 100 m 1

Distance less than 50 m -1
Gas station 50-100 m 0
Distance greater than 100 m 1

Distance less than 100 m -1
Oil and gas storage station 100-300 m 0
Distance greater than 300 m 1

Water body -1
Lake and river Distance less than 30 m 0
Distance greater than 30 m 1

Inside the preservation region -1
Historic preservation region Distance less than 30 m 0
Distance greater than 30 m 1

Earthquake fault zone influence Distance to earthquake fault zone less than 15 m -1
q Distance to earthquake fault zone greater than 15 m 1

Two-hierarchy and two-phase spatial allocation model of shelters.
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2.4.1. Basic Assumptions

This study improves the maximum coverage model on the aspects of the corresponding
approaches of demand blocks and shelters. The conventional maximum coverage model
makes an assumption that one demand block only corresponds to one shelter, which is not
consistent with the actual evacuation situation. The assumption that refugees from one
demand block are assigned to the same shelter will result in congestion or the waste of
refugee resources due to the mismatch between the number of refugees and the capacity of
the shelters. Therefore, this study makes the hypothesis that the multiple demand blocks
correspond to multiple shelters, which means the refugees from one demand block have
the authority to choose to enter different shelters rather than being strictly assigned to
one shelter. The quantity of refugees from demand block i is assigned to adjacent shelters
according to the gravity model under the restrictive conditions on maximum capacity and
refuge service distance.

2.4.2. Other Basic Assumptions
Other Basic Assumptions Are Illustrated as Follows

(1) Refugees from demand block i enter shelter j through the same route. The congestion
of evacuation roads is not considered. The average speed of the refugees is determined
as v; from demand block i to shelter j.

(2) During evacuation, the horizontal distance and vertical dimension between each
person are set to 0.75 m and 1.34 m, respectively [43]. The road width matches the
road grade. The widths of the bypass evacuation road, secondary evacuation road,
and main evacuation road are determined as 18 m, 20 m, and 30 m, respectively [44].

(8) All refugees enter the shelter on foot during both the first and second hierarchies.

2.5. Simulation for Evacuation Scenario
Gravity Model

With restrictive conditions on the service radius and maximum capacity of shelters,
refugees from the same demand block can enter multiple adjacent shelters through the
gravity model. The number of refugees originating from block i assigned to shelter j is
negatively correlated with the distance from block i to shelter j and positively correlated
with the maximum capacity of shelter j. The larger the capacity and the shorter the
evacuation distance is, the more refugees the shelter will receive. If there are k shelters
around demand block 7 within the service radius limit, then the number of refugees from
block i to shelter j is calculated through Equation (1).

pij = [w;;P] 1)

where [] denotes the downward integral function and w;; denotes the proportion of evacuees
from plot i to shelter j, which is calculated through Equation (2). P; denotes the total number
of refugees.

Ly () @
i j=1 %

QU

where d;; denotes the minimum distance from demand block i to shelters j, which originates
from the OD matrix determined through the Dijkstra algorithm [45]. C;; denotes the
maximum capacity of a shelter.

2.6. Cyclic Assignment Evacuation Model

The target of the evacuation assignment model is evacuating all refugees and making
full use of all shelters. The conventional model makes a hypothesis that refugees from one
block can only go to one shelter, which may lead to the waste of refugee resources. The
shelters are not full but can no longer receive refugees from other demand blocks.
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Therefore, the cyclic assignment evacuation model allows refugees from the same
demand block to enter different shelters within the service radius (Figures 2—4). Assuming
that there is a difference in time sequence when the crowd flows to shelters, if the number
of refugees reaches the upper limit of the capacity of shelter j, shelter j will be closed at
this time. The refugees on the evacuation routes are immediately assigned to the other
surrounding shelters, which means entering the next round of the assignment process. The
idea and process of the cyclic assignment evacuation are illustrated in Figures 2 and 3.

O Shelters (arbitrary identifiers)

@  Demond points (arbitrary identifiers)
Service radius of this hierarchy

== Evacuation direction

Figure 2. Schematic plot of cyclic assignment model.
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j=1
‘ Evacuation weight coefficient I v !
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Figure 3. Process of cyclic evacuation assignment model.
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Figure 4. Coverage area of the two-hierarchy shelters.
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(1) Calculation for refuge demands

When the number of refugees entering shelter j arrives at maximum capacity C; at
moment ¢}, the shelter is closed and cannot receive more refugees. At that moment, the
quantity of refugees who have not been received by shelters enters the next cycle. Taking
evacuation in the daytime as an example, the first-round population assignment matrix
through the gravity model is as follows:

r@l zﬁz P%ls o -Pl%n
) P%1 P%z P%s e p%n
Piay = | P31 P32 P33---Pan )

1 1 1 1
Pm1i Pwm2 Pwms---Pmn

where p!. denotes the number of refugees originating from demand plot i entering candidate
shelter j in the first round and # and m denote the overall number of candidate shelters and
demand plots, respectively. P} ay denotes the first-round population assignment matrix in
the daytime. The column j of the matrix is the number of refugees from demand blocks
1,2, ... mto shelter j. The row i of the matrix denotes the number of refugees originating
from demand block i to shelter 1, 2, . .. n. The total number of refugees entering each shelter
in the first round is determined by adding the value of each column (}_;" ; pilj). The number
of refugees completing evacuation at each demand block are determined by adding the
value of each row p}(p}) The number of refugees entering the next round of evacuation

assignment is determined through subtracting p! from the total number of refugees at the
demand block.

(2) Calculation for egress time

In Assumption (2), the horizontal and longitudinal spacing between pedestrians is
determined as 0.75 m and 1.34 m. Based on different grades of the evacuation roads, the
valid width is determined as & meters. The number of refugees contained on the transverse
space of the evacuation road is [l/0.75]. Therefore, the required time for refugees to transfer
from block i to shelter j is calculated through Equation (4).

Therefore, the first round of the matrix for egress time is determined by Equation (5).

1 1 1 1
tll t12 t13 T tln

1 1 1
t21 t22 t23 T th

1 _ | T 1
Taay =] tar  ftn ti--- 1, (5)
1 1 4 1
to b bz bun

In the first round of evacuation, the shelter that has reached its maximum capacity at
moment t]l- is closed. The subsequent evacuation process will not consider the situation in
which the refugees are assigned to this shelter.

(3) Summary of multiple rounds of the circular evacuation

The total matrix for refugee demands is determined by adding the assignment matrix
of all rounds, as illustrated in Equation (6).

P11 P12 P13 - Pin
. ) 3 P21 P22 P23 - P
P = Poy + Pgay + Paay +---= | P31 P22 P33 - Pan (6)

Pm1 Pm2 Pm3 - Pmn
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Meanwhile, the total egress time is summarized (daytime situation as an example) in

Equation (7).
fi1 tip tiz ...t
) , , fo1  tp tm ... i
T = Tday + Tday + Tday +...= t31 t3p t33 ... I3y (7)
tml Em2 tm3 R,

In addition, for demand block i, the overall time required for all pedestrians completing
evacuation is determined as max (t;;) (i = 1,2,...n). The total number of refugees finally
accepted by shelter j is determined as ) ; p;; The overall time for shelter j to receive all
refugees is determined as max(t;;) (j = 1,2,...m).

2.7. Evacuation Flow Allocation Model

After allocation schemes from each demand plots to shelters are determined, evacuees
from demand plot i to shelter j have several evacuation routes. The evacuation routes are
important to the location of shelters, which strongly influences the evacuation time. In order
to simulate authentic evacuation roads, to avoid problems such as longer times required
for the dynamic traffic allocation process, multiple input parameters and high accuracy
requirements, and difficulty in iteration convergence [38], this study uses a deterministic
user equilibrium problem [39].

The user equilibrium model assumes that no evacuees can shorten their evacuation
time by changing their evacuation route [39]. Wardrop rules provide an equivalent defini-
tion of the user equilibrium model [46], which is the first criterion of Wardrop: for a random
O-D pair, the evacuation time of all selected routes is equal to or shorter than the evacuation
time of the unselected routes. The mathematical model proposed by Beckmann [47] satisfies
the Wardrop first criterion. Equations (8)—(11) are the simple form of the deterministic user
equilibrium model [39], in which evacuees find their shortest routes to the shelters they are
assigned to.

xa(f)
i = d 8
r}lzng(f) ag/o pa(w)dw (8)
Zf,:S:qVSWGRVSES 9)

kekK

W)=Y ). ) o (10)

reRseS kek,
o =)ty Vk € Kys Vr € RVs €S (11)

where a represents a section of the entire road network; A is the aggregation of road
segments in the road network; and R is the aggregation of starting points. We denote a
transportation network by G = (R, A), where the set R is the set of nodes and A is the set of
links of the network. S is the aggregation of the end point; r-s is an O-D pair in the road
network; fys represents the k-th routes between O-D pairs; and 6, represents that section
a belongs to the k-th path. If this path belongs to the set of paths between the O-D pair
from r to s, the value of (5ka is 1; otherwise, it is 0. ¢;® represents the evacuation time on
the k-th route between the O-D pair from r to s; t,(x,) represents the relationship between
evacuation time and evacuation flow on section a, which is expressed by the BPR function.
The Bureau of Public Roads (BPR) function [48] is a common choice in transportation to
evaluate the flow-dependent evacuation time on congested roads (Equation (12)).

fa(xa) = to(1+ a(2)) 12
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where x, represents the evacuation flow on section 4; ty represents the evacuation time on
section a under free-flow conditions; a and B represent the model parameter, which are
determined as 0.15 and 4, respectively; and C represents the capacity of the evacuation roads.

2.8. Spatial Allocation Model of Two-Hierarchy Shelters

Following the principles of fairness (satisfying the refuge demands of all people) and
economy (minimizing the construction cost and the evacuation cost), this study sets the
overall evacuation time and the number of shelters as optimization objectives to establish a
two-hierarchy and two-phase spatial allocation model for earthquake shelters. The spatial
allocation model designed in this study is divided into two hierarchies, in which each
hierarchy contains two phases. Figure 4 demonstrates the site selection model of the
two-hierarchy shelters, the coverage radius at different hierarchies, and the evacuation
assignment process for refugees at different hierarchies. In the first hierarchy, candidate
shelters can be ESs and RSs. All refugees are assigned and transferred from demand blocks
to ESs and RSs. In the second hierarchy, refugees are transformed from ESs to RSs. The
purpose of constructing a two-phase model is to simplify the complexity and the difficulty
of solving the multi-objective location model. In the first phase of model solving, with the
restrictive conditions on maximum capacity and service distance, the spatial configuration
schemes with the minimum construction cost are determined (assuming that the number of
new shelters is positively correlated with the construction cost). The objective of the second
phase of model solving is minimizing the overall evacuation cost, which means the overall
evacuation time. Each hierarchy optimization has the same first phase and second phase.

The two-hierarchy model considers the situation where refugees transfer between
different hierarchical shelters to obtain more refugee areas, better refuge facilities, and
higher service levels. The transfer process of the two-hierarchy model is demonstrated
in Figure 5. With the continuation of time, refugees will require a higher level of refuge
services. If the existing shelters cannot provide the required services, the refugees will be
transferred to a shelter with a higher level. In the second hierarchy, when ESs can no longer
meet the refugees’ demands for relief resources and facilities, refugees will be relocated
(from ESs to RSs). If refugees are initially assigned to the shelter that can satisfy higher
refuge demands, there is no necessity for resettlement, which indicates that higher-grade
shelters can afford the same refuge services as lower-grade shelters. RSs can be regarded as
ESs, but ESs cannot be regarded as RSs.

===+ First Phase Demand Point (i)

— Third Phase e A
7’ ‘ N N
' N
. , 7 A N
First Phase - . First Phase
7’ ’ ‘ A N N
’ N
4 N
M , 4 A \A
Emergency Evacuation Resident Emergency
and Embarkation Shelter (ES) Congregate Shelters (RS)

Second Phase
Figure 5. Two-hierarchy transfer process of crowd evacuation.

2.9. The First-Hierarchy Shelter Location Model

In the first hierarchy, all candidate shelters (ESs or RSs) are regarded as emergency
shelters, which means each shelter can provide a refuge area of 1.5 m? per capita, and
the evacuation distance from to one demand block to one shelter does not exceed 500 m
(Table 2).

(1) The first phase of optimization in the first hierarchy

Variable declaration:
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The variables a;; and b; are decision variables. If candidate shelter j is selected, the
numerical value of b; is 1. On the contrary, its value is determined as 0. If refugees from
block i enter shelter j, the numerical value of a;j is 1. On the contrary; it is 0.

J denotes the set of all types of shelters, and I denotes the set of all demand blocks.

M; and N; denote the refugee demands of demand block i in the daytime and nighttime.

C;j denotes the maximum capacity of shelter j.

The variable g;; denotes the distance limitation matrix. If the road network distance
from demand block i to shelter j is within the service radius of an ES (500 m), the numerical
value of g;; is 1; on the contrary, the value is determined as 0.

In the first phase, the objective is minimizing the number of new shelters. The objective
function value is determined through Equation (13).

minz; = Z Y (13)
j€l

Meanwhile, it is necessary to ensure that refugees from all demand blocks can be
evacuated within the capacity and service radius limitations of each shelter. The constraint
conditions are as follows:

Zaij >1Viel (14)
i€l
ajj < 8ij Viel V] e] (15)
Yo (aij - My) < bj-ciVje] (16)
iel
Y (@i N;) <bj-cjVje] (17)
iel
bia,.p=1 (18)
= d
Y P =Mviel (19)
=1 "
Z night .
Y pi =NiViel (20)
j=1
ajj =0o0r1 (21)
bj=0or1 (22)

Equation (14) ensures that the crowd at each demand block can be evacuated to at least
one shelter. Equation (15) ensures that the evacuation distance is less than the service radius
of the ESs. Equations (16) and (17) ensure that the number of refugees received by each
shelter in the daytime and nighttime does not exceed its maximum capacity. Equation (18)
indicates that the number of selected ESs is B. Equations (19) and (20) ensure that refugees
from different rounds of the circular assignment model can complete evacuation in the
daytime and nighttime. Equations (21) and (22) are the constraints for decision variables ajj
and b;.

(2) The second phase of optimization in the first hierarchy

In the second phase of optimization, based on the minimum number of new shelters
calculated in the previous phase, the optimal decision with the minimum overall evacuation
time is determined from C5 feasible schemes using the enumeration approach. A denotes
the number of all candidate shelters. B denotes the number of selected shelters in solving
the first-phase model.

Variable declaration:

Q denotes the set of all selected shelters (ESs and RSs): Q = {g9|9=1,2,3...,B},
k<mn,VvqeQ.
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The variable a;, is the decision variable. When its value is 1, the crowd from demand
block i chooses to take refuge at the selected shelter 4.

C, denotes the maximum capacity of the selected shelter 4.

The variable t;, denotes the evacuation time from demand block i to the selected
shelter g.

For evacuees from demand block i to the selected shelter g, t;, is determined by
Equation (23), which represents the objective of minimizing the total evacuation time in the
evacuation flow allocation:

tip = min) _ xatq(x,) (23)
14

The objective function value of the second-phase optimization is determined by

Equation (24).

minz; = 05) Y (aj,- M; - t;,) +05) Y (ai,- N - tip) (24)
icl peP icl peP

The constraint conditions are consistent with the first-phase model solution.

2.10. The Second-Hierarchy Shelter Location Model

In the second hierarchy, all candidate shelters are RSs. Refugees are transferred from
selected shelters in the first hierarchy to RSs. Each RS can provide a refuge area of 2.5 m?
per capita, and the evacuation distance from one ES to one RS does not exceed 2500 m
(Table 2).

Because the refuge area per capita increases from 1.5 m? to 2.5 m?, the selected RSs
may not accommodate refugees determined in the first hierarchy. It is pointed out that
in the second hierarchy, refugees may evacuate from RSs selected in the first hierarchy to
other RSs.

(1) The first phase of optimization in the second hierarchy

Variable declaration:

Q denotes the set of all selected shelters (ESs and RSs) in the first hierarchy;
Q={919=123...,B},Vq€Q.

Qes,1 denotes the set of selected ESs in the first hierarchy, Vges,1 € Qs 1-

Qrs,1 denotes the set of selected RSs in the first hierarchy, Vg1 € Qs 1.

J' denotes the set of all RSs, the selected RSs in the first hierarchy, and the RSs that are
not selected in the first hierarchy; Vj' € J'; Q51 C J'.

M, and N, denote the quantity of refugees in shelters in the first hierarchy in the
daytime and nighttime, respectively.

Cj denotes the maximum capacity of RSs.

The variable g, is the distance limitation matrix. If the distance of the road network
from shelter g to shelter j’ is within the service radius of RS (2500 m), 8yj is taken as 1; on
the contrary, g, is taken as 0.

The variables a,; and by are decision-making variables. If resident emergency aggre-
gate shelter j is selected, by is taken as 1; on the contrary, it is 0. If refugees from shelter g
enter shelter j’ , the value of gy is 1. On the contrary, it is 0.

As with the first hierarchical model, the first phase of the second hierarchical model is
devoted to minimizing the quantity of new shelters.

The objective function value is determined through Equation (25).

minz; = ) y; (25)
i€y
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Meanwhile, the constraint conditions ensure that all refugees can receive services at
higher-grade shelters with restrictive conditions on maximum capacity and service radius.
The constraints are illustrated in Formulas (26) to (32).

Y ay>1...v4€Q (26)
j'er

agp < gqir---Vj € J'Viel (27)

q;é (agp - Ny) <by-ci¥j € (28)

;g (agp - My) <bji-cp¥j' €] (29)

q

b1, Brs =1 (30)

agyp = 0or1 (31)

by =0o0r1 (32)

Equation (26) ensures that the crowd at each shelter g can be evacuated to at least one
shelter j'. Equation (27) ensures that the evacuation distance is less than the service radius
of RSs. Equations (28) and (29) ensure that the number of refugees received by each RS in
the daytime and nighttime does not exceed its maximum capacity. Equation (30) denotes
that the selected RS in the first hierarchy must also be selected in the second hierarchy.
Equations (31) and (32) are the constraints for decision variables 4, and b;.

(2) The second phase of optimization in the second hierarchy

In the second phase of optimization, based on the minimum number of new shelters
calculated in the previous phase, the optimal decision with the minimum overall evacuation
time is determined from feasible schemes using the enumeration approach.

Variable declaration:

Qys,2 denotes the set of selected RSs in the second hierarchy, V52 € Qys,2.

Qys denotes the union set of Qys;1 and Qrs 2; Vgrs € Qs.

The variable a,,s is the decision variable. When its value is 1, the crowd from shelter g
can choose to take refuge at the selected RS gys.

Cys denotes the maximum capacity of the selected resident emergency aggregate
shelter gys.

The variable t,,s denotes the evacuation time from shelter g to the selected resident
emergency aggregate shelter g;;.

For evacuees from demand block g to the selected resident emergency aggregate shelter
qrs, tq,rs is determined by Equation (33), which represents the objective of minimizing the
total evacuation time on evacuation flow allocation:

tors = minz Xata(Xg) (33)
o

The objective function value of the second phase is determined by Equation (34).

minzy =05) Y (agss-My-tgr)+05) ),

q€Qq,rs€Q,rs q€Qq,rs€Q,rs

(aq,rs : Nq : tq,rs) (34)

The constraint conditions are consistent with the first-phase model solution in the
second hierarchy.
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The two-hierarchy and two-phase spatial allocation model of shelters considers the
crowd transformation between different RSs within the second hierarchy because the
refuge area per capita increases from 1.5 m? to 2.5 m?, which means the number of refugees
received by RSs in the first hierarchy may exceed the capacity in the second hierarchy. The
relationship between different hierarchies of shelters is demonstrated in Figure 6.

-

Demand block i

/7

\
N / (
¥ { kY
i g
{ \ Secomi fierarchy /0 ,
! i -
\ ! N, - - I
‘\ Selected ES in the first Ilierarc’//_l' \ Seleue\ll RSsin  Selected RSs in the
N QOesy J . thefirsthierarchy  second hierarthy
R “ - 4 \ Ors Q2 /
" - N /
Candidate emergency shelters ~ -~

Candidate residéntemergency |
aggregate shelters

Candidate shelters J

Figure 6. The relationship between different hierarchies of shelters.

2.11. Solutions Based on Genetic Algorithm

Two approaches are used to determine the solution of planning and the location model
of shelters. One approach is to use linear programming software to solve the problem for
small-scale areas. For calculations with large amounts of data, particle swarm optimization,
genetic algorithms, ant colony algorithms, simulated annealing, and other heuristic or
intelligent algorithms are used and then visualized through the ArcGIS platform [16,49].
The proposed two-hierarchy model is an NP-hard problem. The first phase of each hierarchy
is solved by a designed genetic algorithm, which includes the following process:

(1) Establish mapping relationship and encoding.

Firstly, a set of location schemes is mapped into a chromosome using binary genetic
encoding. Each chromosome has two types of genes, 1 or 0, corresponding to selecting the
candidate shelters or not.

(2) Generate a population group with size N.

For all genes on a chromosome, we assume that the probability of being 0 or 1 is the
same, and then one chromosome is randomly generated. After N random repetitions, the
initial population P(0) with a size of N is generated.

(3) Calculate the value of fitness function value.

The value of the fitness function for a location scheme is the sum of the number of
genes whose value is determined as 1 (i.e., the number of shelters selected in the scheme).
When the site selection scheme cannot meet the restrictive conditions, the penalty function
is introduced, meaning the number of shelters is increased by 200 in its fitness function.
After T iterations, the T generation population is expressed as p(T). Figure 7 illustrates a
population case and its corresponding fitness function value f;.

01000100 01001100 00101010 01010101 00010101
(fi=2) (fi=3) (fi=3) (fi=4) (fi=3)
11010110 10110110 10111000 11010111 10011111
(fi=5) (fi=5) (fi=4) (fi=6) (fi=6)

Figure 7. Chromosomes and their corresponding fitness function values.
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(4) Generation of new chromosomes by selection, crossover, and mutation operations.

Genetic manipulation includes selection, crossover, and mutation operations. Firstly,
the selection operation is completed through roulette wheel operation. In the selection
process, the selection probability of each chromosome is positively proportional to the
value of the fitness function. The probability is determined through the individual fitness
function values divided by the sum of all the chromosomes’ fitness function values in one
population.

However, the roulette rules may ignore and fail to select the chromosomes with the
optimal fitness function values to enter the crossover and mutation phase. The fitness
function value of progeny chromosomes may be better than that of parent chromosomes.
Combined with the elite retention strategy, this algorithm directly copies the chromosome
corresponding to the optimum value of the fitness function into progeny population, thus
guaranteeing that the optimum value of the fitness function in the progeny is superior to
the value of the previous generation.

The crossover process adopts the multiple-point crossover operation in the early phase
and the single-point crossover operation in the later phase. The crossover operation is
completed with a stationary probability p.. In the multiple-point crossover, the number of
random crossover points is set to 10, and the gene blocks are exchanged. The intersection
point of the single-point crossover is determined through the random number approach.
Figure 8 illustrates the process of the crossover operation.

[oJt]a]o]...J1]1]1]oo]...[1]1 o]0 1].]1]

Crossover Point 1 Crossover Point 2 Crossover Point i

[1]1]o1]...JoJ1Jo a]o...JoJ1]1]1]0]...[0]
Parent Chromosomes

l Multi-Point Crossover

[oJ1]1]ol..Jo[1]o1]o..J1]1]o]1]0]..[0]

[1]1]ofa]..JaJa]1]oo]...Jo]1]1]o]1].]1]

l Single-Point Crossover

Crossover Point

[o[1]1]o]..JoJ1]o]1]o]..J1]1]0]1]0]...[0]

[1]1]o]1]..JaJa]1]oJo]..Jo]1]1]o]1]..]1]

Progeny Chromosomes

Figure 8. Generation of progeny chromosomes through crossover operation.

In the later phase of the algorithm, the chromosomes complete mutation operations
randomly to guarantee the variety of the new population. Each gene on the chromosome
generated by the crossover operation mutates with a fixed probability p,,. Then, the new
chromosomes are produced. Population P(T) produces the next generation of population
P(T+1) through crossover operation, selection operation, and mutation operation.

(5) Termination judgment for algorithm.

In view of the solution accuracy and efficiency, the conditions for iteration termination
are set as two rules, the genetic evolution algorithm reaches the maximum limit, and the
value of the fitness function of the optimal individual and population will not increase.
When the termination conditions are satisfied, the chromosome with the optimum value of
the fitness function is selected as the solution of the first phase. The whole process of the
designed genetic algorithm in the first phase of model solving is illustrated in Figure 9.
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Figure 9. Process diagram of the designed genetic algorithm in this study.

2.12. Case Study
Location of Case Area and Basic Data Preparation

This study selected Changshu City, Jiangsu Province, China, as the case area (Figure 10).
Changshu City is not only a national historical and cultural city but also a progressive
manufacturing base and trade center in the Yangtze delta region. The population of
Changshu is 1.683 million. Multiple seismic fault zones pass through Changshu City.
A total of 47 earthquakes with a magnitude of 4 or higher have occurred in Changshu
City since AD 701. The most serious earthquake, with a magnitude of 5.1, occurred on
10 February 1990. Therefore, earthquakes threaten the life security of residents. The study
area is the main urban zone of Changshu City (Figure 1). Based on the code for the seismic
design of buildings [50], the seismic fortification intensity of the study area is VII degrees.

;"‘\
~ i r”) \M\’f WJN)FY
B 1 o o T
,,,,,, / N ’ ey s
q | S | e 016253050 6500 9750 13000
4 e P o —— — 121
} (e
l\ . b ~Taert  Jiangsu
S 3 i % Province
TV gl
The Pex[)}le’s Republic of China
—XZ\.J""'NI_ B g { < J

|:] Research Area

Figure 10. Location and range of the study area.

The basic data for the spatial configuration of shelters include spatial data and popula-
tion data. The road network and division of demand blocks are derived from comprehen-
sive planning of Changshu City and remote sensing images. Based on the Regulation on
Standard of Urban Planning on Earthquake Resistance and Disaster Prevention [42], a total
of 300 candidate shelters were selected from parks, green spaces, stadiums, and schools.
Restrictive indexes such as effective area, maximum capacity, and the service level of all
candidate shelters were determined (Figure 11).
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Figure 11. Basic spatial data of study area: (a) road network; (b) refuge demand areas and
candidate shelters.

The evacuation route was generated according to the road network, entrances, and exits
of the demand blocks and shelters (Figure 12). The evacuation demand of each demand block
unit was concentrated at the demand block on ArcGIS. Then, a nearest neighbor analysis and
“OD matrix from the layer as a line” were used to establish an OD matrix from demand blocks
to shelters. The shortest road network distance from each demand block to the shelters was
calculated based on the Dijkstra algorithm [51]. Tables 4 and 5 demonstrate the results of the
OD matrix.

N

w«#e
S
01650 3300 6600 9900 13,200Meters
—

Evacuation path

Figure 12. Evacuation paths from demand blocks to shelters.

Table 4. OD matrix from demand blocks to current shelters that have been built.

Current Shelter
Demand Block
2 3 . 73 74 75
1 15,910 15,541 15,084  ...... 11,258 25,295 5706
2 15,924 15,584 15,066  ...... 10,936 24,694 5785
647 30,627 31,162 29546 ... 22,690 3587 28,826
648 27,758 28,320 26,699 ... 20,091 3832 26,567

Note: nos. 1-63 are current ESs, nos. 64-75 are current RSs.
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Table 5. OD matrix from demand blocks to candidate shelters.
Candidate Shelter
Demand Block
1 2 3 . 160 161 162
1 2796 4397 13,435  ...... 13,703 6394 4012
2 2675 4253 13,122 ...... 13,640 6708 3938
647 2758 2702 2226 ... 28,154 31,476 27,580
648 25,569 24,897 19,506 ... 25,360 29,224 25,467

Note: nos. 1-116 are candidate ESs, nos. 117-162 are candidate RSs.

2.13. Determination of Refuge Demands

Population Distribution in the Daytime and Nighttime

The daily work, study, life, and commuting of urban residents make the distribution
of population different in the daytime and nighttime. The common population density is
usually calculated on the city and street scale, which is difficult to use for directly deter-
mining the population of each demand plot. More precise population density data derive
from the Baidu Heat Map [52], mobile signaling data [53], Baidu Map Insight [54], and
social network check-in data [55]. This study determines the day and night population
distribution through the Changshu Statistical Yearbook [56] and Chinese mobile phone sig-
naling data from 10 April 2022 to 23 April 2022, following the calculation approach in a
previous study [57]. Figures 13 and 14 determine the population distribution in the daytime

and nighttime.

>

Population
in the daytime

W 21434

0

Figure 13. Population distribution in the daytime.

Population
in the nighttime

W 11508
0

Figure 14. Population distribution in the nighttime.
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2.14. Seismic Damage Assessment of Buildings in the Study Area

This study sets the disaster scenario in which an earthquake with an intensity of 8 occurs
in Changshu City. The damage status of buildings is determined through Equation (35). [58]

M N
D= 11 TTdm

m=1n=1

(35)

where D denotes the indicator of the damage to buildings in Table 6. N denotes the number
of factors for earthquake damage. M denotes the number of classifications of factors for
earthquake damage. The value of d;; and the six main influence factors for building
damage can be determined in Table 7.

Table 6. Classification of level for structural damage with intensity 8 and damage index (D) [58].

Damage Level

Damage Index of Buildings (D)

Building Area (m?)

Basic intact <2 0
Slight damage 2-3 14,734,824
Moderate damage 3-5 18,537,360
Severe damage 5-8 13,784,191
Damage completely >8 475,318

Table 7. Classification of damage level of buildings under earthquake [58].

Earthzz.;tlg: g);mage Classification Value for Classification (d;,,,)
None 2
Seismic fortification criterion VI(@=005g) 15
Type IV 1.8
Types of ground Type III 1.5
antiseismic type Type II 12
Typel 1
Reinforced concrete structure 1
Structural type Brick structure 1.8
Others 24
1-2 1.8
Number of floors 36 1>
6-12 1.2
>12 1
Before 1980 1.4
Construction period 1980-1989 1.2
From 1990 to today 1
Basic intact 1
Current situation Slight deformation of main 13

load-bearing structure

Severe damage 1.7
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After the earthquake occurs, the number of people who need to be resettled is related to
the damage to the building structure, which can be determined through Equation (36) [59,60]:

1.2 7
PR = a(éAl +A2+EA3) (36)
where PR denotes the number of refugees after the earthquake and r, denotes the building
area per capita (m?). A; denotes the building area with complete damage (m?). A, denotes
the building area with severe damage (m?). A3 denotes the building area under moderate
damage. The values of Ay, Ay, and A3 are demonstrated in Table 6 and Figure 15.

Figure 15. Structural damage assessment under earthquake with an intensity of 8 (building data from
housing construction bureau of Changshu City).

We coupled the population data in Figures 13 and 14 with the damage state of build-
ings in Figure 15 to determine the number of refugees in each block through Equation
(29). Firstly, the total population difference between daytime (P; gaytime) and nighttime
(Pinighttime) in demand block i is determined through mobile phone signaling data [57].
Secondly, the damage status of buildings is determined in Figure 4. Thirdly, the area of
buildings with complete damage, severe damage, and moderate damage in each demand
block is counted and determined. Fourthly, the number of refugees in each demand block
in the daytime and nighttime is determined through Equations (37) and (38) after the
earthquake (Table 6).

P dayti &
PR; daytime = — " X Y [Dp x ky x Ay (37)
Z Ah b=1
b=1
P, hightti L
PR nighttime = ——— X Y_ [Dp X kyy x Ay] (38)
YA, b=1
b=1

where the number of buildings in demand areaiisn (b =1, 2, ..., n). PR; gaytime and
PR nighttime denote the number of refugees at daytime and nighttime in demand block
i. Ay denotes the total area of building b; k;, denotes the conversion coefficient of the
number of refugees in building b with different functions. The values of k;, for residential
buildings, commercial buildings, official buildings, and schools are determined as 0.04,
0.7, 0.2, and 0.09, respectively, in this study [54]. D; denotes the damage coefficient of
building b, which is determined as 2/3, 1, and 7/10 under complete damage, severe
damage, and moderate damage, respectively, based on Equation (29). The evacuation
demand calculation realizes the spatio-temporal coupling between the damage state of
buildings and population distribution and improves the accuracy of evacuation demand
from the plot scale to building scale. In the first hierarchy, the refuge demand is determined
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as the total population in Figures 13 and 14. In the second hierarchy, the refuge demand is
determined through Equations (37) and (38) (Table 8).

Table 8. Refuge demands of each demand block in the daytime and nighttime.

Serial Number of Refugee Demands in Evacuation Demands in
Demand Blocks the Daytime the Nighttime
1 2745 673
2 129 296
645 906 220
646 905 2027
647 610 2056

2.15. Suitability Evaluation of Candidate Shelters

According to the suitability evaluation approach in Section 2, the evaluation results
are shown in Figure 16. A total of 63 unsuitable locations are excluded from 300 candidate
sites, and 237 suitable locations are reserved as candidate sites for the subsequent optimiza-
tion of shelter location, including 12 current RSs, 63 current ESs, 46 candidate RSs, and
116 candidate ESs (Figures 17 and 18).

wede

s
0 1650 3300 6600 9900 13,200 Meters [}
R 4

‘ I Unsafe area
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Figure 16. Results of safety assessment in study area.
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Figure 17. Suitable and unsuitable locations in the study area.
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3. Results
3.1. The First Hierarchy of Site Selection of Shelters

Because the refuge services of high-level shelters can cover the refuge services of
low-level shelters, in the first hierarchy, the service distance and the refuge area per capita
of shelters are taken as the criterion of the ESs. The ESs and RSs are regarded as candidate
shelters in the first hierarchy.

Through the suitability evaluation of candidate sites, 116 sites are suitable for con-
structing ESs and 46 sites are suitable for constructing RSs in the study area, and 162 candi-
date shelters participate in the spatial allocation model in the first hierarchy. In addition,
63 ESs and 12 RSs are regarded as shelters that have already been built (current shelters).
According to the designed genetic algorithm, the fitness function value finally converges to
75 (Figure 19). In order to evacuate refugees completely and satisfy the requirements of
maximum capacity and service distance, the government administrator should construct at
least 75 new shelters.

Fitness function value —— Tranditional Model
Proposed optimization model|

160 -
140 A
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100 4
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404

20

] —T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Number of iterations

Figure 19. The results of the first phase in the first hierarchy.

In the second phase of the first hierarchy, the enumeration approach is used to de-
termine the practicable spatial allocation schemes from Cjg, schemes that can satisfy the
refugee demands and the restrictive conditions on the maximum capacity and service
radius. Then, the overall evacuation times of practicable schemes are compared with
each other to determine the optimum scheme with the minimum overall evacuation cost.
Figure 20 illustrates the results of shelter location in the first hierarchy. A total of 46 ESs
and 29 RSs are selected, with average refugee areas of 1.67 hm? and 7.07 hm?, respectively.
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Figure 20. The selected shelters in the first hierarchy.

In the aspect of egress time, it takes 16 min for all refugees to complete evacuation.
The average egress time is about 5.2 min. The egress time for 41% of the demand blocks is
concentrated between 6 and 8 min. Figure 21 illustrates the egress time of each demand
block in the first hierarchy.
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Figure 21. Frequency distributions of egress time in the first hierarchy.

3.2. The Second Hierarchy of Shelter Location

In addition to the 29 RSs already selected in the upper hierarchy, the remaining
17 suitable shelters enter the spatial allocation in the second hierarchy. The selected shelters
in the first hierarchy are regarded as the demand blocks in the second hierarchy.

The number of new RSs is determined to be eight in the second hierarchy through the
designed genetic algorithm (Figure 22). The optimal location scheme with the minimum
overall evacuation cost is determined from C$, schemes by the enumeration approach, as
illustrated in Figure 23. Each RS can accommodate 36,012 refugees on average.
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Figure 22. The results of the first phase in the second hierarchy.
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Figure 23. The selected shelters in the second hierarchy.

In terms of egress time, it takes 24 min for all refugees to complete evacuation. The
average evacuation time is about 13.9 min. The evacuation time for 68% of the demand
blocks to reach the RSs is concentrated between 13 and 17 min. Figure 24 illustrates the
evacuation time for each demand block in the second hierarchy.
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Figure 24. Frequency distributions of evacuation time in the second hierarchy.

In general, all selected shelters in the two-hierarchy spatial allocation model are
demonstrated in Figure 25, with a total of 46 ESs and 37 RSs to be built. Compared with
the results of the conventional approach, which requires building 109 new shelters, the
proposed methodology reduces the number of newly built shelters by 31.3%.
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Figure 25. All selected ESs and RSs.
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4. Discussion

After analyzing the deficiency of the conventional spatial allocation model of shelters
regarding refuge demands and the hierarchy of the evacuation distribution pattern, this
study proposes a two-hierarchy and two-phase spatial allocation methodology for shelters.
The first hierarchy aims to evacuate refugees from demand blocks to both ESs and RSs,
while the second hierarchy aims to transfer refugees from selected shelters in the first
hierarchy to RSs. Each hierarchy contains two phases of optimization calculations. The
optimization objectives for the first and second phases are minimizing the number of new
shelters and the overall evacuation time, respectively. This methodology represents an
advancement over the conventional optimization approach in four main respects:

(1) In the conventional hierarchical model, refuge demands are determined based on
the resident population, which cannot reveal the spatio-temporal changes in refuge
demands. This study considers the differences in population distribution between
daytime and nighttime separately through Chinese mobile phone signaling data,
which can address disaster scenarios with uncertain occurrence times more reasonably
and satisfy the refugee demands of residents during the entire period. Meanwhile,
this study couples the damage status of buildings with population data to accurately
determine the number of refugees at the building dimensions.

(2) The conventional approaches assume that one demand block corresponds to only one
shelter, which does not align with the actual evacuation process. The assumption
that refugees from one demand block are assigned to the same shelter will result
in congestion or the waste of refugee resources due to the mismatch between the
number of refugees and the capacity of the shelters. This study hypothesizes that
multiple demand blocks correspond to multiple shelters, meaning refugees from
one demand block have the option to choose different shelters rather than strictly
following the assignment. This study proposes a cyclic assignment evacuation model
based on the gravity model, which allows refugees from the same demand block
to enter different shelters within the limitations of service distance and maximum
capacity. The cyclic assignment evacuation model can evacuate all refugees and make
full use of all shelters.

(38) This study considers the allocation of evacuation traffic flow in shelter location. The
evacuation routes are important for the location of shelters, as they strongly influence
evacuation time. To simulate authentic evacuation roads and avoid problems such as
the longer time required for dynamic traffic allocation, multiple input parameters, high
accuracy requirements, and difficulties in iteration convergence [38], this study uses a
deterministic user equilibrium problem [39]. The user equilibrium model assumes
that no evacuees can shorten their evacuation time by changing their evacuation
route [39]. Traditional spatial configuration models of shelters neglect the evacuation
process and traffic flow. Evacuation routes and traffic flow determine evacuation time.
For spatial configuration models of shelters that take minimum evacuation time as
the objective function, evacuation traffic flow is a vital factor. This study applies the
user equilibrium model to reflect evacuation traffic flow allocation, which improves
the scientific accuracy of the shelter location model.

(4) Based on the Code for Design of Disasters Mitigation Emergency Congregate Shel-
ter [40], shelters are categorized into two hierarchies, each with different limitations
for service distances and maximum capacity. This study proposes a two-hierarchy
and two-phase site selection model for shelters, with the minimization of the overall
evacuation cost and shelter quantity as optimization objectives.

In the first hierarchy, all shelters are considered emergency shelters. In the second
hierarchy, refugees are transferred from the selected shelters in the first hierarchy to resident
emergency congregate shelters, which offer more refuge area per capita and better service
facilities. The two-hierarchy spatial allocation model aligns more closely with the hierar-
chical changes in refuge demands that occur over time after a disaster. Additionally, the
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two-phase model within each hierarchy effectively reduces the computational complexity
of the multi-objective shelter location model.

Meanwhile, due to limitations in data acquisition and computational complexity, this
study has some deficiencies that could be improved in future research:

(1) This study focuses solely on earthquakes, but modern cities may encounter various
disasters, such as floods, fires, and multi-hazard scenarios. How to design the spatial
layout of shelters for multiple disasters requires further research.

(2) The average speed is used in the evacuation process of refugees, but in an authentic
scenario, the evacuation velocity of special groups, such as the elderly and the disabled,
is much lower than the average. Future studies could provide a more detailed analysis
of population distribution and evacuation characteristics, for example, by examining
differences in the spatial distribution and evacuation velocity of refugees by age and
gender in order to improve the scientific basis of the spatial layout of shelters.

5. Conclusions

The planning and construction of shelters require a scientific and reasonable layout
optimization methodology. How to assign refugees to shelters effectively and improve
the efficiency of residents” evacuation is a global disaster prevention issue that needs to be
solved urgently.

This study proposes a two-hierarchy shelter location model with two phases. The first
hierarchy aims to evacuate refugees from demand blocks to both ESs and RSs, while the
second hierarchy aims to transfer refugees from selected shelters in the first hierarchy to RSs.

Each hierarchy includes two phases of optimizing calculation. The optimization
objectives for the first phase and second phase are to minimize the overall evacuation cost
and the number of new shelters, respectively. The improved genetic algorithm is used to
determine the solution of model solving for the first phase, and the exhaustive approach is
used for the second phase. An evacuation assignment based on the gravity model rule is
proposed to evacuate refugees from demand blocks to different shelters. This study also
differentiates evacuation demands by distinguishing the population between daytime and
nighttime using mobile signaling data, thereby improving accuracy from the plot scale to
the building scale.

In the empirical study of the main urban area of Changshu City, the suitability evalua-
tion of candidate sites identified 116 sites for ESs and 46 sites for RSs as suitable locations.
In the first hierarchy, it takes 16 min for all refugees to complete the evacuation. The
average egress time is about 5.2 min, with the egress time for 41% of the demand blocks
concentrated between 6 and 8 min. The minimum number of new shelters required is 75,
based on the restrictive conditions of service distance and maximum capacity. In the second
hierarchy, it takes 24 min for all refugees to complete the evacuation. The average egress
time is about 13.9 min, with the egress time for 68% of the demand blocks to arrive at the
RSs concentrated between 13 and 17 min. The number of new RSs is determined to be 8.
In total, 46 ESs and 37 RSs are selected as the optimal location scheme with a minimum
number of shelters and evacuation time. Compared with the conventional approach, which
requires 109 new shelters, the proposed methodology reduces the number of newly built
shelters by 31.3%. The egress time for each demand block in each hierarchy does not
exceed 25 min. The proposed methodology reduces the construction cost of shelters and
the evacuation cost effectively.
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