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Abstract: In disaster situations, special support for the disaster weak are crucial to keep them safe.
Common evacuation strategies guide individuals to the shelters closest to their present locations.
If evacuees are unevenly distributed across areas, some shelters will not be able to accommodate all
arriving evacuees due to the limited capacity of shelters. To tackle this, the existing method decides
the destinations for each evacuee considering congestion in disaster areas. However, this method
does not consider the disaster weak and can be burdensome for them. Giving that the priority to
the disaster weak for shelter decision would be effective to lessen burdens for them, but not all
evacuees follow the guidance. When a shelter accepts arriving evacuees unconditionally, some
evacuees are rejected, causing a delay in evacuation. If the disaster weak are rejected, the delay will
be increased. In this paper, we propose two evacuation shelter decision methods considering the
capacity of shelters, the disaster weak, and evacuees’ selfish behavior to realize quick evacuation for
the disaster weak: (1) Fixed-rate Reduction Method (FRM), which reduces the assignment number of
evacuees less than the capacity at the same percentage to all shelters. (2) Simulation-based Reduction
Method (SRM), which reduces the assignment number to shelters that will be crowded based on
simulation of an evacuation scenario. Then, these methods decide the destinations for evacuees,
with the priority given to the disaster weak. To evaluate the efficiency of the proposed methods,
we conducted multi-agent simulation assuming the scenario of evacuation of 30,000 visitors for
the Gion Festival including the disaster weak. Through the simulation, we compared our methods
with conventional methods including the nearest shelter selection method and the exiting method.
As a result, our methods can reduce evacuation time of the disaster weak compared to conventional
methods with sufficient cooperation by evacuees.

Keywords: evacuation strategies; disaster weak; shelter decision method; combinatorial optimization
problem; multi-agent simulation

1. Introduction

When disasters such as earthquakes, typhoons, and floods occur, appropriate evacua-
tion methods for evacuees are crucial to keep evacuees safe. Various factors can determine
the specific situations of evacuees. These include the physical features of individuals,
population distributions, and the environment of the disaster areas. Thus, analyzing the
factors that characterize the particular situations of disaster evacuees can provide a solution
for developing evacuation strategies.

Some evacuees, such as the elderly, children, pregnant women, the injured, and dis-
abled people are regarded as the “disaster weak” [1,2]. Due to their limited physical abil-
ities, they are assumed to have more difficulty evacuating than healthy people. As the
population of elderly people is dramatically increasing in developed countries, espe-
cially in Japan, burdens in disaster situations cannot be ignored. For example, the statis-
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tics of the East Japan earthquake in 2011 by the National Police Agency reported that
the death toll of people who were aged 60 and over accounted for more than 60% of
the total deaths in three prefectures, i.e., Iwate, Miyagi, and Fukushima [3]. In addi-
tion, according to the annual report on the aging society by the Cabinet Office, Japan
(https://www8.cao.go.jp/kourei/english/annualreport/2019/pdf/2019.pdf (accessed on
30 April 2021)), the population of elderly people aged 65 and above is estimated to reach
over 38% of Japan’s total population by 2065. As the number of elderly people significantly
increases, there will also be more vulnerable people in disaster situations. Hence, it is
necessary to develop evacuation strategies from the perspective of alleviating the burdens
and realizing the immediate evacuation for the disaster weak.

Traditional evacuation strategies generally guide evacuees to the closest shelter from
their locations [4–6]. However, if many evacuees are localized to a certain area and all
move to the closest shelter, then some of the evacuees may be refused access because the
shelter is not able to accommodate all the incoming evacuees. This forces evacuees to
look for other shelters and delays evacuation. To solve such a problem, Umeki et al. have
developed an evacuation shelter decision method that considers the bias of congestion
of evacuees in a disaster area [7]. They defined the combinatorial optimization problem
of evacuees and shelters. This method decides destinations for each evacuee depending
on the predicted evacuation time and capacities of shelters. Therefore, the method can
reduce overall evacuation time compared to the traditional methods such as the short-path
selection and the random selection methods because it can assign evacuees to suitable
shelters in advance so that evacuees will not be rejected by shelters. However, the disaster
weak are not considered in our previous research.

Giving priority to the disaster weak for shelter decision, to minimize their evacuation
time, would be a simple and reasonable idea. However, even if an evacuation system
decides the destination for each evacuee, some evacuees may ignore the guidance. Al-
though an evacuee arrives at the shelter that is decided by the system, the evacuee may not
be able to enter the shelter because it is filled. When the disaster weak are refused access
by shelters, the delay will be further increased. Thus, the behavior of evacuees can also
cause delays, so we must consider these behaviors when we develop evacuation strategies.

In this paper, we newly propose two evacuation methods that consider the disaster
weak and evacuee behavior: (1) Fixed-rate Reduction Method (FRM) and (2) Simulation-
based Reduction Method (SRM). To be specific, the first method sets the assignment number
at the same percentage for all shelters, and the second method conducts simulations of
evacuation scenarios before setting the assignment numbers. The challenge in this study is
how we should assign evacuees quickly to shelters, easing burdens on the disaster weak
even if some evacuees are not cooperative with evacuation instructions. We adopt the key
approach that decides destinations for each evacuee depending on predicted evacuation
time and capacities of shelters in order to solve the challenge. The major contributions of
this paper are summarized as follows:

• First, we focus on the issues of the disaster weak and critical support for their quick
evacuation. To support the disaster weak, our strategy not only gives priority to them
but also tries to avoid burdening them further due to evacuees’ selfish behaviors.
To achieve this, we extend the procedure of limiting the assignment number of each
shelter to the method by Umeki et al. [7], and the disaster weak are also given priority
in the shelter decision procedure.

• Second, we further propose a unique method for assigning evacuees to shelters.
We conduct simulations of evacuation behavior to estimate how the disaster weak will
be affected when evacuees ignore evacuation instructions. The estimation determines
how to assign evacuees to shelters. We estimate which shelters get crowded and how
many evacuees will be rejected in advance. Based on the estimation result, we set the
maximum number of evacuees to assign to each shelter.

• Finally, we evaluate our methods using multi-agent system simulations for the sce-
nario of evacuation of 30,000 visitors for Gion Festival to show the effectiveness of
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the proposed methods. As a result, our methods can reduce the average evacua-
tion time of the disaster weak and evacuate more of the disaster weak in a shorter
time compared with the existing methods when the number of evacuees who are
non-cooperative is less than the expected number.

The rest of this paper is organized as follows. Section 2 explains the existing related
work. Section 3 describes the previous research that is the basis of the proposed methods.
Section 4 describes the details of the proposed methods. Section 5 describes the performance
evaluations using multi-agent simulations, and Section 6 discusses simulation results.
Finally, Section 7 concludes this paper.

2. Related Work

In this section, we first describe the existing work for disaster events and evacua-
tion strategies including those that address the disaster weak. Then, we highlight the
shortcomings of the existing work, and we state the research goal of this study.

2.1. Studies for Disaster Events

A number of studies have approached the evacuation problem in a disaster situation
from various perspectives. These approaches include evacuation-route guidance [5,6,8–10],
disaster-map generation [11] and the distribution of non-internet-based disaster communi-
cation system applications [12].

Sbayti et al. [13] have proposed the modified system-optimal dynamic traffic as-
signment formulation to minimize network clearance time. Their scheduling evacuation
operation recommends departure time, destinations, and routes for each evacuee and
showed significant improvement over the simultaneous case. In their experiments, all
evacuees and vehicles follow the system, thus they did not consider evacuees ignoring
evacuation instructions. Chanta et al. [4] have proposed the optimization model to find
appropriate shelter locations during flood situations. They attempted to maximize the
number of victims that can be covered and reach a shelter within a fixed distance and mini-
mize the total distance of all victims to their closest shelters. This study did not consider
how victims are distributed in disaster areas and evacuation behaviors of evacuees.

Multi-agent systems and simulation techniques are widely used for researching dis-
aster events. Chen et al. [14] have investigated the effectiveness of simultaneous and
staged evacuation strategies using agent-based simulation. In this study, they stated that
there is no evacuation strategy that can be considered as the best strategy because the
performance of the strategies depends on road network structure and population density.
In their experiments, the population density of each block is the same. This means the bias
of congestion is not considered in the study. Mas et al. [15] have introduced an evacuation
model integrated with a numerical simulation of a tsunami and a casualty estimation
evaluation. They use tsunami modeling and developed an evacuation model considering
human behavior from questionnaires. Furthermore, they stated that their evacuation model
allows one to study the behavior of individuals during the complex process of evacuation.
However, this study did not propose an evacuation strategy for each individual.

Bangate et al. [16] have proposed a multi-agent model approach integrating social
attachment and spatial elements of evacuation behaviour in simulating seismic crises.
They provided realistic models of human behavior in evacuation scenarios; however, they
did not show the specific evacuation strategies in the study. Sharbini et al. [17] have
shown the impact of obstacles in crowd evacuation. They referred to the “faster is slower”
theory and stated that obstacles make evacuees move faster while going through an exit.
Makinoshima et al. [18] have proposed the evacuation simulation model using parallel
computing to achieve an urban-scale microscopic evacuation simulation. The model
they developed is capable of evaluating evacuee congestions in small environments and
decreases calculating costs in urban-scale characterization.

Various problems in disaster situations and methods by which to cope with these
problems have been discussed so far. However, these existing studies do not consider
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supporting the disaster weak. Furthermore, many evacuation strategies adopt the shortest
path algorithm or guide evacuees to the nearest destinations from their present locations.
Therefore, these studies do not consider the distribution and congestion of evacuees in
disaster areas with the existence of both the disaster weak and healthy people.

2.2. Studies on People with Disabilities in Disaster Situations

Several studies have addressed evacuees with disabilities in disaster situations so far.
McGuire et al. [19] have explored how the behavioral risk factor surveillance system can be
used to estimate the number of community-dwelling older adults who have a disability for
use in disaster planning and preparation. Arai et al. [20] have proposed the rescue model
for disabled people. This method decides which volunteers should help disabled people
considering the complexity of the road network, the panic level of volunteers, the disability
level of victims, and the disconnectivity between the agent and the emergency center.
A number of studies [21–23] have developed the Exitus system considering individuals
with disabilities for evacuation in high-rising buildings. Christensen et al. [24,25] also have
evaluated how effectively the built environment accommodates the needs of individuals
with disabilities during emergency evacuations by using agent-model. The results of the
experiments conducted show that there is a significant difference in mean evacuation
between populations with disabled people and population without them, and the dif-
ference becomes larger as the population size increases. Furthermore, they emphasized
how vulnerable physically impaired people are during evacuation and the importance of
considering individuals with disabilities in evacuation planning. Still, these studies are for
in-building evacuation situations and do not cover outdoor evacuation situations.

2.3. Our Approach

To the best of our knowledge, not much work has been done on outdoor evacuation
strategies that support the disaster weak as well as situations where a large number
of evacuees are distributed in specific areas. Our study focuses on the disaster weak
in crowded areas. Thus, we propose evacuation methods to evacuate a large number
of evacuees, including the disaster weak, quickly. To develop our proposed methods,
we build upon the previous work that considers the bias of congestion of evacuees by
Umeki et al. [7]. In the next section, as the preliminary work, we explain the details of this
existing method and its problems related to the disaster weak.

3. Preliminary Work

In this section, we describe the existing work [7], the shelter determination method,
which is the basic concept for developing our proposed methods.

3.1. Outline and Prerequisite

In the existing work, they supposed a situation where disaster areas are crowded with
evacuees who are incapable of going home. Evacuees have to evacuate to places in which
people can stay for at least one day. In such a situation, “shelters” refers to buildings that
are able to accommodate several people for a certain period of time. Each shelter has its
own capacity limit. If all evacuees move to the nearest shelters in the disaster situation,
some of them are rejected because it is filled. This causes delays in evacuation. To deal with
this problem, we attempted to minimize evacuation time considering the bias of congestion
and capacities of shelters. The evacuation system collects the location data of evacuees
and shelters and information on whether each evacuee is the disaster weak from sensors
in the city and the evacuees’ devices. Then, the system estimates evacuation time from
these information. Evacuees obtain evacuation instructions on the applications installed
in their devices and evacuate following the instructions. In the scenarios in their work,
they assume that such an evacuation shelter decision system is widespread, and all of the
evacuees have devices that this application is installed in.
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3.2. Method by Solving Combinatorial Optimization Problem

Common evacuation strategies guide evacuees to the nearest destinations. Evac-
uees can move to the nearest shelters when evacuees are evenly distributed. However,
in crowded areas, such as cities with a high population density or sightseeing spots, the dis-
tribution of people is uneven. In such cases, if evacuees go to the closest shelters, some
shelters may not be able to accommodate all incoming evacuees because the number of
the evacuees may exceed the capacities of shelters. Then, some evacuees may be turned
away by the nearest shelters upon arrival. To tackle this, Umeki et al. proposed a method
involving solving the combinatorial optimization problem [7] (hereinafter referred to as
COP). This method considers the congestion of evacuees and capacities of shelters.

Figure 1 shows the flowchart of COP. The details of COP are as follows. First, the sys-
tem calculates the estimated evacuation time based on the location of each evacuee to
each shelter and makes an evacuation time list. Table 1 is one example of an evacuation
time list involving five evacuees and three shelters. Then, for each shelter, we sort the
evacuation time elements in increasing order. A sorting algorithm is applied to Table 1,
resulting in Table 2. Based on the sorted evacuation time list, destinations for each evacuee
are decided. In emergent disaster situations, quick guidance for evacuees is required. Thus,
an evacuation method should be a method with less complexity and less computational
time. In addition, it is desirable that decisions are acceptable to evacuees. Considering
these requirements, the method preferentially decides the shortest evacuation time set.
Taking Table 2 for example, Evacuee_1 is firstly chosen to evacuate to Shelter 0 because
the evacuation time for Evacuee_1 to Shelter 0 is the shortest (shown in bold in Table 2).
Secondly, Evacuee_2 is chosen for Shelter 1. Next, Evacuee_3 is chosen for Shelter 2 and
Evacuee_4 is chosen for Shelter 2. Finally, Shelter 2 is chosen as the destination for Evac-
uee_5, and the method ends. Compared to the shortest-route-selection method, the average
evacuation time of evacuees is shortened by using COP. COP exhibits better performance
than the shortest-route selection method.

Make the list of predicted evacuation time to shelters 
for each evacuee

All destinations 
are decided?

Predicted time 𝑡𝑖𝑗(evacuee[i] for shelter[j])is 

the smallest of all. 

Is shelter[j] at 
capacity?

Remove shelter[j] 
from the list

Evacuee[i] is assigned to shelter[j].
Remove evacuee[i] from the list

End

Yes

No

No

Yes

Start

Figure 1. Flowchart of COP.

Table 1. Estimated Evacuation Time List.

Shelter 0 (Capacity: One Person) Shelter 1 (Capacity: Two People) Shelter 2 (Capacity: Two People)

Evacuee_1 5 min 35 min 35 min
Evacuee_2 30 min 10 min 20 min
Evacuee_3 25 min 20 min 15 min
Evacuee_4 15 min 20 min 25 min
Evacuee_5 40 min 30 min 25 min
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Table 2. Sorted Evacuation Time List.

Shelter 0 (Capacity: One Person) Shelter 1 (Capacity: Two People) Shelter 2 (Capacity: Two People)

5 min (Evacuee_1) 10 min (Evacuee_2) 15 min (Evacuee_3)
15 min (Evacuee_4) 20 min (Evacuee_4) 20 min (Evacuee_2)
25 min (Evacuee_3) 20 min (Evacuee_3) 25 min (Evacuee_5)
30 min (Evacuee_2) 30 min (Evacuee_5) 35 min (Evacuee_1)
40 min (Evacuee_5) 35 min (Evacuee_1) 40 min (Evacuee_4)

3.3. Problems with COP Involving Disaster Weak

Now, we explain the problem of COP in situations in which the disaster weak are
present. The disaster weak, such as the elderly and disabled people, will take more time to
evacuate than healthy people because of limitation in their physical skills, as well as other
reasons. Table 3 is an example of an evacuation time list that includes the disaster weak.
In this case, Evacuees 4 and 5 are the disaster weak. Since COP sorts the list in increasing
order, elements with a long evacuation time are placed on the bottom of the list. Table 3 is
reordered as Table 4.

Table 3. Estimated Evacuation Time List.

Shelter 0 (Capacity: One Person) Shelter 1 (Capacity: Two People) Shelter 2 (Capacity: Two People)

Evacuee_1 (Healthy People) 5 min 20 min 30 min
Evacuee_2 (Healthy People) 15 min 10 min 30 min
Evacuee_3 (Healthy People) 25 min 15 min 25 min
Evacuee_4 (Disaster Weak) 60 min 65 min 85 min
Evacuee_5 (Disaster Weak) 70 min 50 min 90 min

Table 4. Evacuation Time List Including Disaster Weak.

Shelter 0 (Capacity: One Person) Shelter 1 (Capacity: Two People) Shelter 2 (Capacity: Two People)

5 min [Evacuee_1 (Healthy)] 10 min [Evacuee_2 (Healthy)] 25 min [Evacuee_3 (Healthy)]
15 min [Evacuee_2 (Healthy)] 15 min [Evacuee_3 (Healthy)] 30 min [Evacuee_1 (Healthy)]
25 min [Evacuee_3 (Healthy)] 20 min [Evacuee_1 (Healthy)] 30 min [Evacuee_2 (Healthy)]

60 min [Evacuee_4 (Weak)] 50 min [Evacuee_5 (Weak)] 85 min [Evacuee_4 (Weak)]
70 min [Evacuee_5 (Weak)] 65 min [Evacuee_4 (Weak)] 90 min [Evacuee_5 (Weak)]

As explained above, sets of an evacuee and a shelter with a shorter evacuation time
have high priority for decisions. Therefore evacuees who require a lot of time to evacuate,
such as the disaster weak, have a tendency to be assigned later. Destinations for the disaster
weak will thus tend to be farther than the nearest shelter, which is burdensome for them.
Giving priority to the disaster weak in shelter decisions is assumed to help the disaster
weak evacuate to the nearest shelters in a short time. Furthermore, this idea will be effective
when all evacuees follow the guidance. However, in reality, there is a possibility that some
evacuees will not take action as the system recommends. If an evacuee arrives late at the
assigned shelter, he or she may be refused because the shelter has reached capacity. When
the disaster weak are refused, they will be further burdened, and evacuation delays will
become greater.

In consideration of these serious problems, when we develop evacuation strategies,
we must consider how evacuees act and how to bridge the gap between healthy people and
the disaster weak. In the next section, we explain novel two proposed methods considering
the disaster weak and evacuee behavior in order to tackle these problems.

4. Proposed Methods

In this section, we propose evacuation shelter determination methods which attempts
to minimize evacuation time of all evacuees. To be specific, we focus on shortening
evacuation time of the disaster weak, who have limited physical abilities.



Sustainability 2021, 13, 5106 7 of 21

4.1. Outline

As explained in Section 3, due to lack of consideration of the disaster weak, COP can
be burdensome for the disaster weak. Furthermore, evacuees will get a greater burdens if
non-cooperative evacuees do not follow or miss seeing evacuation instructions. To deal
with these serious problems, we introduce two key methods for assigning evacuees to
shelters. These methods set the number of evacuees who are assigned to shelters to be less
than their capacities, assuming that more people will come to shelters than the assigned
numbers. After setting the assignment numbers, the methods assign the destinations
of the disaster weak in the procedure of COP prior to healthy people. To be specific,
the first method, which is called Fixed-rate Reduction Method (hereinafter referred to as
FRM), sets the assignment number at the same percentage for all shelters. The second
one, Simulation-based Reduction Method (hereinafter, referred to as SRM), conducts
simulations of evacuation scenarios before setting the assignment numbers. The objective
of simulations is to see how shelters will be crowded and how many evacuees will be
rejected by shelters. Then, the method sets the assignment number of evacuees to shelters
based on the estimation results of the simulations. To describe in detail our methods, we set
variable definitions as shown in Table 5.

Table 5. Variable Definitions.

Variables Definitions

Ci Capacity of Shelter i
Ai Maximum number of evacuees to assign to Shelter i (Ai ≥ 0)
mi Decreased number of evacuees to assign to Shelter i

fi

Number of healthy people whose destination in the simulation
conducted in Step_1 of SRM is not the nearest shelter,

which is shelter i
r Margin rate for shelters (0 ≤ r < 1)
E The number of all evacuees.
s The number of all shelters.

4.2. Fixed-Rate Reduction Method (FRM)

In this section, we describe the Fixed-rate Reduction Method (FRM). Considering
evacuees who do not follow evacuation instructions, we have to expect that more evacuees
than the number assigned by the evacuation system will arrive at shelters to make some
room and limit the numbers of evacuees assigned to shelters instead of assigning the same
numbers of evacuees as the capacities. Figure 2 shows a flowchart of FRM. The number of
evacuees assigned to each shelter, denoted Ai, is defined as:

Ai = Ci × (1 − r) (1)

where Ci is the capacity of Shelter i and r is the margin rate for shelters (0 ≤ r < 1). When
we set the assigning number, the following condition must be satisfied:

s

∑
i=0

Ai ≥ E (2)

where s is the number of all shelters and E is the number of all evacuees. Next, we apply
COP with priority for the disaster weak to evacuees. In this step, we decide destinations
for the disaster weak first. Then, we decide shelters for healthy people after deciding
shelters for all of the disaster weak. Taking Table 3 for example, this table is reordered as in
Table 6. The method initially decides Shelter 1 as the destination for Evacuee_5 because the
evacuation time of Evacuee_5 to Shelter 1, 50 min, is the shortest time for the disaster weak.
Then, Shelter 0 is decided as the destination for Evacuee_4. After deciding all destinations
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of the disaster weak, decisions will be performed as follows. Evacuee_2 is assigned to
Shelter 1, Evacuee_3 is assigned to Shelter 2, and Evacuee_1 is assigned to Shelter 2.

Make the list of predicted evacuation time to shelters 
for each evacuee

Destinations of the disaster weak will be decided
in the procedure of COP 

End

Start

Set the assignment number of evacuees 
for each shelter

Decision for destinations of 
the disaster weak are done

Destinations of healthy people will be decided
in the procedure of COP  

Decision for destinations of 
Healthy people are done

Figure 2. Flowchart of FRM.

Table 6. Priority for Disaster Weak.

Shelter 0 (One Person) Shelter 1 (Two People) Shelter 2 (Two People)

60 min [Evacuee_4 (Weak)] 50 min [Evacuee_5 (Weak)] 85 min [Evacuee_4 (Weak)]
70 min [Evacuee_5 (Weak)] 65 min [Evacuee_4 (Weak)] 90 min [Evacuee_5 (Weak)]

5 min [Evacuee_1 (Healthy)] 10 min [Evacuee_2 (Healthy)] 25 min [Evacuee_3 (Healthy)]
15 min [Evacuee_2 (Healthy)] 15 min [Evacuee_3 (Healthy)] 30 min [Evacuee_1 (Healthy)]
25 min [Evacuee_3 (Healthy)] 20 min [Evacuee_1 (Healthy)] 30 min [Evacuee_2 (Healthy)]

4.3. Simulation-Based Reduction Method (SRM)

In this section, we describe the Simulation-based Reduction Method (SRM). In FRM,
as the value of margin rate r increases, the condition equation is not satisfied and it is
impossible to decide the destinations of all evacuees due to the lack of decision slots.
To solve this problem, we propose a method for limiting the number of evacuees assigned
to shelters based on the results of simulations to predict congestion in the entire disaster
area. Figure 3 shows a flowchart of SRM. This method is composed of the following
three steps.
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Make the list of predicted evacuation time to shelters 
for each evacuee

Destinations of the disaster weak will be decided
in the procedure of COP  

End

Start

Set the assignment number of evacuees 
for each shelter based on the simulation of Step_1

Decision for destinations of 
the disaster weak are done

Destinations of healthy people will be decided
in the procedure of COP  

Decision for destinations of 
Healthy people are done

Conduct the simulation of FRM(r = 0)Step_1

Step_2

Step_3

Figure 3. Flowchart of SRM.

Step_1: Detecting which shelters will be crowded by simulation

For Step_1, we simulate the following scenario: “FRM with a margin rate r = 0
is applied to evacuees. However, all healthy people head to their nearest shelters in
spite of the evacuation instructions.” The scenario we simulate in this step assumes
that the disaster weak are burdened because all healthy people are not cooperative with
the evacuation instructions, although the disaster weak are given the priority for shelter
decision. The objective of this step is to detect which shelters will be crowded and how
many evacuees will be rejected by shelters due to non-cooperative evacuees’ behavior and
no limitation on the assigning numbers of evacuees to shelters. To be specific, the results
the simulation outputs include the following:

• The number of evacuees who will arrive at shelter i.
• The number of evacuees who will be refused by shelters.

Step_2: Setting the number of evacuees to assign

For Step_2, we use results from the simulation to set assignment numbers for shelters.
Our proposed method attempts to minimize refusal from shelters and the burdens on the
disaster weak. We arrange the assignment numbers for the shelters where the disaster
weak will be refused. Limiting the number of evacuees assigned to shelters to less than
the total capacity of shelter can increase the number of evacuees who will take more time
to evacuate and may not follow the instructions from the system. The variable mi, which
denotes the decreased number of evacuees to assign to shelter i, can be defined as follows:

mi = Ci − Ai (3)

At the same time, mi represents the number of healthy people who will arrive at
shelter i regardless of evacuation instructions. The capacity of the number denoted as
mi will be used for these non-cooperative healthy people. From variables mi, fi and the
margin rate denoted as r, the following equation can be defined as:

mi = ( fi + mi)× r (4)
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From Equations (3) and (4), Ai is defined as:

Ai =

{
Ci − fi × r

1−r (Ai ≥ 0)
0 (else)

(5)

In some cases, Ai can be negative. However, as shown in Table 5, Ai must be greater
than or equal to 0. Therefore, if Ai is negative, Ai will be 0. Of course, when we set the
assigning number, the following condition must be satisfied:

s

∑
i=0

Ai ≥ E (6)

Step_3: Combinatorial optimization problem method with priority for disaster weak

For Step_3, similarly to FRM, the disaster weak will be given the priority for shel-
ter decisions.

5. Performance Evaluations

In this section, to show the effectiveness of the proposed methods, we conducted the
performance evaluations by utilizing multi-agent system simulation. Table 7 shows the
parameter setting of the simulation. We first describe the evaluation environments in this
simulation. Then, we describe the simulation parameters and the comparison methods.
Finally, we describe the results obtained from the simulation.

Table 7. Parameter Settings.

Parameters Values

Map Size 2.5 km × 2.5 km

Number of Evacuation Shelter 32 shelters

Number of Evacuees Healthy People 30,000 people
Disaster Weak 6000 people

Standard Walking Speed Healthy People 1.0–1.5 m/s
Disaster Weak 0.4–0.7 m/s

Margin Rate 0.2, 0.4, 0.6, 0.8

5.1. Evaluation Environments

In the evaluation, we used Scenargie, the simulation framework and Scenargie Multi-
Agent Extension Module produced by Space-Time Engineering Japan Inc. (https://www.
spacetime-eng.com/en/ (accessed on 30 April 2021)). The computer specs used in this
evaluation have the following performance:

• OS: CentOS 7
• Memory: 125.7 GiB
• CPU: Intel Core i7-6850K CPU @ 3.60 GHz × 12

As an example of crowded sightseeing areas, we used the Kyoto Gion Festival, which
is one of the most famous festivals in Japan, as the evaluation scenario. Geographic informa-
tion system (GIS) data were taken from OpenStreetMap (https://www.openstreetmap.org/
(accessed on 30 April 2021)). The map for the simulation has an area of 2.5 km × 2.5 km. Fur-
thermore, several articles [26–29] reported that the festival had approximately 150,000 vis-
itors in two days in 2019: 17th July, Sakimatsuri, and 24th July, Atomatsuri. A total of
120,000 of the people visited on 17th, and the remaining, 30,000 of them on 24th. Based
on these reports, we set 30,000 agents as evacuees. We set the percentage of the disaster
weak based on the surveys of sightseeing in Kyoto city [30] and population estimation by
Statistics Bureau of Japan [31]. To be specific, the survey of Kyoto city [30] reported that

https://www.spacetime-eng.com/en/
https://www.spacetime-eng.com/en/
https://www.openstreetmap.org/
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approximately 44% of the visitors are aged 60 and over. Furthermore, Statistics Bureau of
Japan [31] reported that the population of Japan aged 75 and over is around 18 million,
accounting for approximately 40% of the population aged 60 and over. Considering the
surveys, we assume that 40% of the visitors aged 60 and over are over 75 years old; that
is, they make up 17% of all of the visitors. Moreover, taking into account children under
10 years old and people with disabilities, we set the percentage of the disaster weak at 20%
in this scenario, therefore, 6000 agents (20% of the agents) were set as the disaster weak.

5.2. Parameters

In this section, we describe the following simulation parameters: (1) walking speed;
(2) initial locations; (3) shelter capacity; (4) evacuees behavior.

5.2.1. Walking Speed

Due to their physical abilities, the walking speed of the disaster weak differs from that
of healthy people. We define v which is the standard walking speed of an evacuee as the
following equation:

v =

{
1.0 ∼ 1.5 [m/s] (If an evacuee is healthy.)
0.4 ∼ 0.7 [m/s] (If an evacuee is disaster weak.)

(7)

Here, the standard walking speed means the walking speed of a person at which
he/she freely walks on a road without any obstacles. However, the actual walking speed
of an evacuee in the event of disasters dynamically changes due to road situations such as
the population density on the road (the congestion level). Thus, referring to the Cabinet
Office’s document (http://www.bousai.go.jp/kaigirep/chuobou/senmon/shutohinan/
pdf/081027/sanko03.pdf (accessed on 30 April 2021)) and Dr. Fruin’s article (https://
www.gkstill.com/Support/crowd-flow/fruin/Fruin3.html (accessed on 30 April 2021)),
we define Vi, which is the actual walking speed of evacuee i as the following equation:

Vi =


vi (p < 1.5)
vi − (vi − 0.1)× p−1.5

4.5 (1.5 ≤ p < 6)
0.1 (6 ≤ p)

(8)

where vi is the standard walking speed of evacuee i. Here, p is the population density on
the road which is defined as follows:

p =
PR

rw × rl
(9)

where PR is the number of people on the road, while rw [m] is the road width and
rl [m] is the road length. Both values of rw and rl are obtained from road objects in
the OpenStreetMap.

5.2.2. Initial Locations

On 24th July, the Day of Atomatsuri, the Yamahoko float parade is the highlight of the
festival. The two groups of parades pass through the streets of Gion. Figure 4 shows the
routes of each group (Yamahoko and Hanakasa). Most of the visitors are assumed to gather
alongside the routes. Therefore, we divide the evacuees into five groups. Areas 1, 2, 3, and
4 are shown in Figure 5. Furthermore, the number of members and the initial location of
each group are as follows:

• Group 1: 4000 evacuees start from Area 1.
• Group 2: 8000 evacuees start from Area 2.
• Group 3: 4000 evacuees start from Area 3.
• Group 4: 4000 evacuees start from Area 4.
• Group 5: 10,000 evacuees start from random points on the map.

http://www.bousai.go.jp/kaigirep/chuobou/senmon/shutohinan/pdf/081027/sanko03.pdf
http://www.bousai.go.jp/kaigirep/chuobou/senmon/shutohinan/pdf/081027/sanko03.pdf
https://www.gkstill.com/Support/crowd-flow/fruin/Fruin3.html
https://www.gkstill.com/Support/crowd-flow/fruin/Fruin3.html
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Yamahoko

Hanakasa

Figure 4. Parade Routes in Simulation.

Area 1

A
r
e
a
2

Area 3 Area 4

Figure 5. Initial Location Areas in Kyoto Gion Festival Simulation.

5.2.3. Shelter Capacity

We set 32 shelters as destinations in the map based on actual shelters in Gion
(http://www.bousai-kyoto-city.jp/bousai/map/sheltermap.htm (accessed on 30 April
2021)). When the East-Japan earthquake occurred, shelters in Tokyo held 5 to 10 times
the number of evacuees compared to shelter capacities. Based on this fact, we set the
capacities of shelters to five times the original capacities, making the total capacity of all
shelters 54,385.

5.2.4. Evacuees Behavior

The system assigns the shelters to evacuees, and evacuees head to their destinations
along the shortest path. If evacuees are refused at shelters, then they restart evacuation
actions and head to the nearest shelter from their position at that point. Evacuees who
do not follow evacuation instructions will randomly come from groups of healthy people,
the destination of which, as decided by the system, is not the nearest shelter.

http://www.bousai-kyoto-city.jp/bousai/map/sheltermap.htm
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5.3. Comparison Methods

In this simulation, to evaluate the performance of the proposed methods, we compare
our methods to traditional methods: (1) Nearest-shelter selection method, (2) COP, (3) FRM,
(4) SRM. We also evaluate how evacuees’ behavior affects evacuation. We set the percentage
of evacuees who do not follow evacuation instructions to be 0, 20, 40, 60, 80, and 100%.
Each pattern of the method is simulated 20 times. We briefly describe each method and
scenario in the following sections.

5.3.1. Nearest-Shelter Selection Method

All evacuees head to their nearest shelters by taking the shortest route. If a shelter
that an evacuee reaches is filled to capacity, the evacuee resumes moving to the nearest
shelter from that point. If a shelter has space to accommodate people, the evacuee succeeds
in entering the shelter. This indicates that the evacuee has finished evacuation. When all
evacuees finish evacuation, the simulation will end.

5.3.2. COP

Destinations of each evacuee are decided by the method as explained in Section 3.
Evacuees take the shortest route to the shelter. Evacuation time will be calculated from
the standard walking speed of an evacuee and movable road distance, which starts from
the location of an evacuee and ends at the location of a shelter. As in the Nearest-shelter
Selection Method, if an evacuee fails to enter a shelter that is filled, the evacuee will head
to the nearest shelter from that point. When all evacuees finish evacuation, the simulation
will end.

5.3.3. FRM

The value of margin rate r will be set at 0, 0.2, 0.4, 0.6, and 0.8. As explained in
Section 4.2, the assigning numbers of evacuees to each shelter will be set by the margin
rate r; then destinations of each evacuee will be decided in the procedure of COP with
priority to the disaster weak. If an evacuee failed to enter a shelter that is filled, the evacuee
will head to the nearest shelter from that point. When all evacuees finish evacuation,
the simulation will end.

5.3.4. SRM

In this method, we set the variable r to refer to the percentage of evacuees who are
assumed not to follow evacuation instructions. The values of r are set at 0.2, 0.4, 0.6, and
0.8. As explained in Section 4.3, the assigning numbers of evacuees to the specific shelters
will be rearranged based on the simulation results and the variable r. Then, as in FRM,
destinations of each evacuee will be decided in the procedure of COP with priority to the
disaster weak. If an evacuee failed to enter a shelter that is filled, the evacuee will head to
the nearest shelter from that point. When all evacuees finish evacuation, the simulation
will end.

5.4. Results

In this section, we describe the evaluation results. In the simulations, we set the
following evaluation indicators: (1) the average evacuation time and (2) the completed
evacuation rate. In the disaster situations, as delays in evacuation time increase, evacuees
will be more at risk of harm. Thus, evacuees had better evacuation in a shorter time, so we
evaluate these two indicators. Each simulation outputs results of the average evacuation
time and the completed evacuation rate.

5.4.1. Average Evacuation Time

Figure 6 shows changes in the average evacuation time of all evacuees. The average
evacuation time becomes 1103.2 s, the highest value, when the nearest shelter selection
method was applied to evacuees. When all evacuees follow FRM with a margin rate 0,
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which only gives priority to the disaster weak for shelter decisions, the average evacuation
time of all evacuees becomes 513.7 s, the minimum value. However, the average evacuation
time increases sharply as a result of the behavior of non-cooperative evacuees. When the
rate of healthy people who did not follow evacuation instructions is 20%, the average
evacuation time increases by 28%. If all healthy people are non-cooperative, the average
evacuation time, which is 1060 s, becomes closer to that of the nearest route-selection
method. Regarding COP, the average evacuation time increases gradually with the increase
in the number of non-cooperative healthy people. If all evacuees are cooperative to the
evacuation instructions, the average evacuation time is 590.5 s. When all healthy people
are non-cooperative, average evacuation time is 858.1 s.
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Figure 6. Average Evacuation Time of All Evacuees.

If FRM with a margin rate 0.4 or SRM is applied to evacuees, changes in the average
evacuation time of evacuees are quite different from those for the case in which COP is
applied. Increases in the rate of healthy people who did not follow evacuation instructions
mean that more healthy people will arrive at the nearest shelters. Thus, decreases in
the average evacuation time have been observed. From the point at which the rate of
non-cooperative healthy people is 20% or 40%, the average evacuation time starts to rise
again. SRM with high assumed rate values (r = 0.6 or 0.8) sets the assignment number of
the specific shelters, which will be too crowded, to much lower values than the capacities.
Compared to COP, SRM with a high assumed rate shows a shorter average evacuation time
when several healthy people do not follow evacuation instructions. Results of FRM with
a margin rate 0.6 or 0.8 are not able to be output because the condition of the assigning
number of shelters and the number of evacuees is not satisfied. The same thing will happen
regarding to the other evaluation results we explain later in this section.

Figure 7 shows changes in the average evacuation time of healthy people. By applying
COP to evacuees, the average evacuation time of healthy people is the lowest value,
396.6 s, when all evacuees are cooperative. As an increasing number of evacuees become
non-cooperative, the average evacuation time increases. When the proposed method is
applied, changes in the average evacuation time of healthy people are similar to those for
all evacuees.
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Figure 7. Average Evacuation Time of Healthy People.

Figure 8 shows changes in the average evacuation time of the disaster weak. When
all evacuees follow evacuation instructions, the average evacuation time of the disaster
weak becomes shortest, 681.1 s, by FRM with a margin rate 0. However, without limiting
the number of evacuees assigned to shelters, evacuation time sharply increases when the
rate of non-cooperative healthy people is more than 20%. Gradual changes in average
evacuation time of the disaster weak are observed when COP is applied. If all evacuees
follow COP, the average evacuation time is 1366.1 s. On the other hand, when all healthy
people are non-cooperative, it becomes 1529.8 s. When we try to evacuate the disaster
weak earlier compared to COP, limiting the assignment numbers of shelters has a positive
effect. Gradual changes in the average evacuation time of the disaster weak are shown by
the proposed method as compared to the method without limitations on the assignment
numbers of shelters. When the assumed rate r is 0.2, the average evacuation time is 823.8 s
when all healthy people follow, while the average evacuation time is 837.2 s when the rate
of non-cooperative healthy people is 20%, an increase of only approximately 1%. However,
when the rate of non-cooperative healthy people is 40%, the average evacuation time is
1295.8 s. When all healthy people are non-cooperative, the average evacuation time is
2190.6 s. When we apply SRM with a high assumed rate, the effect is remarkable. The value
of the average evacuation time of the disaster weak becomes shorter by SRM as compared
to COP, even if some healthy people do not follow evacuation instructions. When the value
r is assumed to be 0.6, earlier evacuation of the disaster weak is anticipated if the rate of
healthy people who did not follow evacuation instructions is less than 80%. When the
assumed rate r is 0.8, the average evacuation time is 942.7 s when all evacuees follow the
evacuation instructions. Although the average evacuation time increases as the percentage
of healthy people who did not follow the instructions increases, the average evacuation
time is 1125.4 s at 60% and 1340.8 s at 80%.
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Figure 8. Average Evacuation Time of Disaster Weak.

5.4.2. Total Evacuation Rate

We also compared changes in the total evacuation rate of each method. As explained
above, we set the percentage of evacuees who do not follow evacuation instructions to
be 0, 20, 40, 60, 80, and 100%. We compare the methods under the condition of the same
percentage of non-cooperative healthy people. Figures 9–11 show the results for each
percentage value.

As shown in Figure 9, methods that give priority to the disaster weak has a great
effect on quick evacuation for all evacuees when all evacuees follow the instructions.
The proposed method apparently evacuates all people earlier than COP and the nearest
shelter selection method. While COP evacuates all people in 3646 s, FRM and SRM complete
evacuation in between 1780 and 2150 s.

However, if some evacuees do not follow evacuation instructions, the results are
different. In Figure 10, delay in evacuation of a large number of the disaster weak is
observed. Concerning FRM and SRM, the method with a smaller value of the margin rate,
the number of the disaster weak who can evacuate earlier than COP decreases.
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Figure 9. Total Evacuation Rate (when all evacuees are cooperative).
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Figure 10. Total Evacuation Rate of disaster weak (when percentage of non-cooperative healthy
people is 60 and 80%).
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Figure 11. Total Evacuation Rate (when all healthy people are non-cooperative).

Figure 10a shows changes in total evacuation time when the percentage of evacuees
who do not follow evacuation instructions is 60%. When FRM with a margin rate 0 is
applied, evacuation for around 50% of the disaster weak is delayed compared to COP
Method. When FRM with a margin rate 0.2 or 0.4 is applied, more of the disaster weak can
evacuate early. However, more than 30% of them arrive later. About SRM, as the values of
the margin rate increases, more of the disaster weak can arrive earlier compared to COP or
FRM in 2000 s. If the value of the margin rate is 0.2, 70% of the disaster weak evacuate in
shorter time. Furthermore, if the rate is 0.4, early evacuation of 80% of the disaster weak is
possible. When SRM with a margin rate 0.6 or 0.8 is applied, 85% of the disaster weak can
evacuate earlier than COP. Furthermore, SRM with a margin rate 0.8 evacuate all evacuees
in the shortest time, 4617 s.

In Figure 10b, increased delay in evacuation of several number of the disaster weak is
observed in the case of both FRM and SRM. When FRM is applied, evacuation of more than
40% of the disaster weak is delayed compared to COP. When SRM with a margin rate 0.2 or
0.4 is applied, around 30% of the disaster weak have longer evacuation time. If the margin
rate is 0.6, 75% of the disaster weak can evacuate in a shorter time. SRM with a margin rate
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0.8 evacuate 80% of the disaster weak earlier than COP; however, the remaining 20% of
them arrive later. As shown in Figure 10b, COP evacuate all of the disaster weak in 6461 s,
the earliest of all.

Figure 11 shows changes in total evacuation time when all healthy people are non-
cooperative. When we apply a method without limitations on the assignment numbers
of shelter, more than 50% of the disaster weak get refusal from shelters and lower values
of total evacuation rate are observed at the same evacuation time compared to COP.
A method that sets the assignment number of the specific shelters to much lower values
than the capacities, as does SRM with a high assumed rate, can evacuate all evacuees earlier
than COP.

6. Discussion

The proposed method is an attempt to support the disaster weak in crowded areas and
in situations in which some evacuees do not follow evacuation instructions. Our research
takes notice of the fact that there are different types of evacuees, including the disaster
weak, in real disaster situations. It also discusses how quick evacuation, specifically that
of the disaster weak, is affected by evacuees’ behavior assuming that they are not always
cooperative in actual fact. Considering the existence of evacuees with non-cooperative
behavior, we have proposed two different ways to limit the assignment numbers of shelters.
FRM limits the assignment numbers for all shelters uniformly. On the other hand, SRM
limits the number of evacuees assigned to shelters based on the results from simulations
of evacuee flow. SRM detects shelters that are expected to be crowded and limit the
assignment numbers for specific shelters. The method predicts how congestion will occur
in the whole areas and properly disperse evacuees based on the prediction. Thus, as shown
in Figures 9–11, SRM can evacuate more of the disaster weak in a shorter time than FRM.

Figure 8 shows that the proposed method has a positive effect on evacuation of the
disaster weak if the number of non-cooperative healthy people is in the range of the
number of evacuees assumed. Estimating that more evacuees do not follow evacuation
instructions can control the increase in evacuation time of the disaster weak, even if
many evacuees do not act as per instructions. SRM with a margin rate 0.8 can keep
average evacuation time of the disaster weak lower than that of the COP, and 80% of the
disaster weak can evacuate earlier when the non-cooperative healthy people rate is 80%
(Figure 10b). However, evacuation of the remaining 20% of them is delayed, and the value
of total evacuation time of all evacuees is higher than that of COP. The results indicate that
smooth evacuation of the disaster weak can be achieved with help of a certain number of
cooperative evacuees.

Evacuation simulations are effectively utilized for predicting evacuation time and
developing disaster management plans [15,32]. Mas et al. [15] have proposed a simulation
using tsunami and evacuation model that enables observation of complex human behavior
in evacuation. Chu et al. [32] have proposed the simulation framework for evacuation
of residents community to create emergency management. The target of these studies
is mainly local residents in disaster areas, while flows of visitors in unusual situations
like festivals are not considered. These visitors are unfamiliar with the areas and can
act against evacuation instructions. Thus, how cooperative they are will depend on who
the visitors are (the elderly, children or the disabled, etc.) and how many people possess
devices in which applications to get instructions are installed. Through the simulations,
we have shown how much time is required to evacuate, how many of the disaster weak
are refused by shelters, and how we should assign evacuees to shelters in every pattern
of settings of shelter margin and the rate of non-cooperative healthy people. Providing
security organizations these results can help them develop plans of disaster management
for evacuees including the disaster weak and guards arrangement in situations of crowded
evacuees like festivals. Considering this, our methods have potential to be useful in real
disaster situations.
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The average evacuation time of healthy people is longer when using the proposed
method than COP. This is due to the fact that the proposed method assigns some healthy
people to shelters other than those located nearest to their position. In future work, we
must consider how giving priority to the disaster weak imposes burdens on healthy people
and propose a better method in order to bridge the gap between the disaster weak and
healthy people.

In the simulation conducted in this paper, the behavior patterns of agents that represent
evacuees are quite simple. There are only two choices for the first destination that can be
selected by agents, namely the nearest shelter or the shelter decided by the evacuation system.
In order to achieve more realistic simulations, introducing a complex evacuation behavior
model of both healthy people and the disaster weak into simulations is required. Developing
a method to predict evacuees’ behavior and decisions based on realistic evidence, such as
statics or surveys, is also a challenge for more effective evacuation support.

7. Conclusions

In this paper, we have proposed two evacuation shelter decision methods to provide
the disaster weak with support: (1) FRM and (2) SRM. The first method sets the assign-
ment number at the same percentage for all shelters, and the second method decides the
destination for each evacuee based on the simulation results of several scenarios. In this
study, we investigated via multi-agent simulations the evacuation behavior of both healthy
and vulnerable individuals, with a particular focus on the disaster weak. The proposed
methods limited the numbers of evacuees assigned to a given shelter in order to give
priority to the disaster weak when selecting shelter destinations for all evacuees. Therefore,
our methods have a positive effect on reducing evacuation times of all evacuees. To be
specific, the following are primary the findings of this study:

• Giving priority to the disaster weak can make healthy people take longer time for evac-
uation. When some healthy people are non-cooperative with evacuation instructions,
the disaster weak can be turned away by shelters. Thus, it is important to assume
non-cooperative evacuees’ behavior for strategies that attempt to ease burdens on the
disaster weak.

• FRM with a margin rate, which sets the assignment number at the same percentage
for all shelters, can reduce the evacuation time of the disaster weak compared to the
method that only gives priority to them. However, if the value of the margin rate is
too high, FRM is not able to decide the destinations of evacuees.

• SRM, which estimates how congestion in disaster areas occurs by simulations, sets the
assignment number for shelters based on estimation instead of limiting the assignment
numbers for all shelters uniformly like FRM. Compared to FRM, SRM can evacuate
more of the disaster weak earlier.

• SRM can reduce the average evacuation time of the disaster weak and evacuate more
of the disaster weak compared to COP when the number of non-cooperative evacuees
is less than the assumed number.

In the future, we will plan to investigate how the proposed methods work in other
scenarios and to develop better methods to bridge the gap between healthy people and the
disaster weak.
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