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Abstract: In Japan, tsunamis and landslides are frequently caused as secondary disasters after earthquakes, and early
evacuation is an important issue to reduce the damage. In this study, the authors propose a method to reduce the
number of evacuation messages based on geographical information while maintaining the time to complete evacuation
using social graphs. We define evacuation target areas and evacuate only designated targets within these areas. The
proposed method relays evacuation status only when there is a person (node) within the evacuation area. This method
reduces the number of messages while maintaining the evacuation completion time. The evaluation results confirmed
that the proposed method can reduce the number of messages during evacuation while maintaining the time required to
complete the evacuation, compared to the case where all nodes outside the evacuation target area relay the evacuation

status and the case where no relay is performed.

Keywords: disaster prevention, evacuation guidance, initiative evacuee, social networking, Multi-Agent Simulation

(MAS), social graph

1. Introduction

In Japan, earthquakes occur frequently, and trench earthquakes
cause tsunami damage in coastal areas. In recent years, an in-
crease in extreme weather events has caused landslides and river
flooding, resulting in deaths and missing persons. Addition-
ally, terrorism may require global-scale evacuations. Numer-
ous studies on disaster prevention and evacuation have been con-
ducted [1], [2], [3], [4], [5]. In emergency situations, local gov-
ernments issue evacuation status early and often. Early evacua-
tion is crucial to mitigate damage. However, it is known that res-
idents do not evacuate early or often, even if they receive evacua-
tion instructions from the local government, influenced by various
psychological factors.

99 <

The concepts of “normalization bias,” “reverse functioning of
experience,” and the “cry-wolf effect” as factors that prevent res-
idents from evacuating [6], [7], [8], [9]. Normalization bias, also
known as normalcy bias, is the belief that one is okay in the face
of an abnormal situation and the inability to take appropriate ac-
tion. The reverse function of experience refers to the psycho-
logical tendency to believe that one will be fine this time, based
on past experiences of disasters. The “cry-wolf effect” refers to
the tendency of people to underestimate the reliability of evac-
uation status issued by local governments due to multiple false
alarms. These concepts can explain the factors that delay evacu-
ation actions and prevent people from taking evacuation actions
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themselves.

In order for many people to evacuate quickly, the trigger that
initiates the evacuation is important. One such trigger is known
as an “initiative evacuee” [10], [11], [12]. An initiative evacuee
is a person who takes the initiative in evacuating by calling out
to those around him or her. By calling out to those around them
to evacuate, the need to evacuate is recognized and evacuation
decisions are guided more easily. Our previous study examined
to reduce the evacuation time by initiative evacuees based on so-
cial graphs, which is a graphical representation of social relation-
ships [13].

Currently, many online services are used for disaster preven-
tion such as governmental websites and SNS. During also dis-
asters, many people are expected to obtain and provide informa-
tion via those services. In our assuming scenario, others’ evacu-
ation is one of important factors for people to decide to evacuate,
especially close people such as family, friends, and colleagues.
For example, one family decides to evacuate by the post on SNS
showing the evacuation of the close friend’s family.

One problem with the previous study [13] is that when the tar-
get area for evacuation is set, the message is sent to all nodes
inside and outside the target area. In this case, messages are sent
even to nodes that do not need to be evacuated. As a result, a
huge number of messages may reduce the reliability of each mes-
sage and cause psychological factors such as the cry-wolf effect.
If the messages are not sent, it is also possible that psycholog-
ical factors such as normalcy bias may be induced because the
residents association has issued an evacuation advisory, but they
do not know whether the people around them are evacuating or
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not. To solve this problem, this study proposes an approach in
which messages are sent only when there are people eligible for
evacuation up to n nodes away.

In this paper, we propose a method to reduce the number of
messages sent to surrounding targets (connected nodes) when
evacuating based on geographical information, by extending the
previous study [13]. The initial version of this paper was pub-
lished in Ref. [14]. In the proposed method, we set a target evac-
uation area and evacuate only the targets (nodes) within the area.
Only when there is a node in the target area n nodes away, a
node outside the target area relays the evacuation status, aiming to
speed up the evacuation completion time and reduce the number
of messages.

As simulation results with the conventional method, we con-
firmed that the proposed method improves the evacuation com-
plete rate by eliminating the equilibrium state. The evacuation
does not proceed in the equilibrium state, and the problem arises
when specific evacuation target areas are set. In addition, we also
confirmed that the proposed method reduces the number of mes-
sages compared to the conventional method. The contributions of
this paper are the following;

e A fast and high evacuation completion rate by initiative evac-

uees based on social graphs.

e Message reduction for evacuation based on geographical in-

formation.

e Clarification of the influence of multiple evacuation target

areas.

As for the rest of this paper, we describe the related work in
Section 2. Section 3 describes the proposed method to reduce the
number of messages based on geographic information, and Sec-
tion 4 evaluates the proposed method in simulation. Finally, we
conclude this paper in Section 5.

2. Related Work

Normalization bias, reverse functioning of experience, and the
cry-wolf effect are known as psychological factors to prevent
evacuation. In this section, we discuss studies related to the cry-
wolf effect and the evacuees who take the initiative in evacuation.
Previous research is also discussed.

2.1 Cry-wolf Effect

One of the psychological mechanisms that prevent people from
evacuating is the “cry-wolf effect” [6], [7], [8], [9]. The cry-wolf
effect refers to the fact that repeated misinformation about dis-
asters leads to a decline in trust in such disaster information, so
that when a disaster strikes, no one trusts the evacuation advisory
issued and suffers the damage. The “cry-wolf effect” is so called
after Aesop’s fable “The Boy Who Cried Wolf.”

In Ref. [6], an equilibrium solution between a municipality is-
suing evacuation information and evacuees receiving evacuation
information during an emergency is sought using game theory in
order to investigate the impact of the cry-wolf effect. Two types of
players, i.e., a municipality that decides whether to order evacua-
tion and evacuees who decide whether to take evacuation actions,
are set up, and their respective strategies are defined. The solution
that maximizes the gain of each player is then obtained using se-
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quential equilibrium. Furthermore, when an unannounced evacu-
ation drill is conducted, the benefits of the drill must be carefully
evaluated in light of the reduction in reliability due to the cry-
wolf effect. One way to prevent inefficiency due to the cry-wolf
effect is to improve the accuracy of threat detection devices such
as fire alarms. This is also the case in the literature that analyzes
the cry-wolf effect in false alarms of tornadoes based on a survey
of 4,165 people in the United States [9]. However, it is difficult to
improve the detection accuracy sufficiently due to technical and
cost limitations.

2.2 Initiative-Evacuation

To prevent the cry-wolf effect and reduce the rate of people
who do not evacuate, the presence of “initiative evacuees” [10],
[11] is one of important factors and is known to lead evacuation
for other people[12]. Taking the initiative in evacuation while
calling out to those around you is called “initiative-evacuation,”
and the person who takes the initiative in evacuation is called an
“initiative evacuee.” In the case of terrorist attacks, tsunamis, and
landslides, it is difficult to recognize the increasing danger as in
the case of rising water in rivers. Therefore, the presence of the
initiative evacuee is considered to be particularly effective in pro-
moting evacuation.

Our previous study examined a method to shorten the evac-
uation completion time by initiative evacuees based on the so-
cial graph[13]. A social graph represents social relationships
by assigning individuals to nodes (vertices) and links (branches)
of a graph[15]. The social graph is also called a “social net-
work” [16], [17]. In addition, social network sensors immedi-
ately detect crises by analyzing social networks in real time [18],
[19], [20]. In the previous study, we aimed to accelerate evacu-
ation by propagating messages from initiative evacuees based on
social graphs. Graphs can be broadly divided into directed and
undirected graphs. In the previous study, we used an undirected
graph that shows a bidirectional relationship because we assume
that people know each other in their relationships. Social graphs,
which represent real relationships, are represented as scale-free
networks where the degree (number of links) of each node is bi-
ased and the distribution of the degree follows a power law.

One possible method to promptly evacuate the target popula-
tion is to offer some kind of reward (incentive) to the target pop-
ulation. However, even if incentives such as money, goods, or
coupons are offered, there is a limit to the financial resources of
the local government that calls for evacuation. In addition, the
initiative evacuees themselves evacuate and induce other evac-
uees to evacuate as well. Therefore, in the previous study, the tar-
get evacuees to whom incentives were given were not randomly
selected but were chosen from among those who were more effec-
tive as initiative evacuees. The more effective subjects as the ini-
tiative evacuees can induce other subjects to evacuate more effi-
ciently, thereby improving the percentage of subjects who evacu-
ated (evacuation completion rate), the time to start the evacuation,
and the time to complete the evacuation of all the subjects. Effi-
ciently here means that more subjects can be evacuated quickly
at a limited cost (incentive). Therefore, nodes with more links
are selected as candidates for the initiative evacuee in order of
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the number of links, because selecting a node with more links
as the initiative evacuee will promote the evacuation of the en-
tire population. Our previous study assumes that existing social
network analysis (SNA) [21] tools are used to obtain the number
of links on social networks such as Social Blade [22]. Previous
studies have shown that the time required for all the evacuees to
complete the evacuation differs depending on the method used to
select the initiative evacuee.

2.3 Position of This Study

In Ref.[23], evacuation simulations were conducted using
models of Ishinomaki and Kamaishi cities that were hit by the
tsunami in the 2011 Great East Japan Earthquake. The simu-
lation result showed that initiative evacuees improve evacuation
behavior. However, the challenge is that people are encouraged to
evacuate by calling out to those in front of them to evacuate, but
if there are residentially isolated people, they will be left behind
and become victims of the disaster. Therefore, this study assumes
to use SNS to encourage people to evacuate. By using online
tools such as SNS, the problem can be solved for residentially
isolated people. In addition, our previous study showed that the
time to complete evacuation can be reduced by efficiently select-
ing the initiative evacuees. However, geographical information
is not considered in the previous study. When the target area for
evacuation is set, evacuees with a small number of links cannot
evacuate, and the evacuation completion time becomes long.

The novelty of this paper is to consider geographical informa-
tion and make evacuation also for geographically isolated people.
The target area for evacuation is set, and messages are sent from
people outside the target area to the victims in the target area,
urging them to evacuate, using SNS. However, the method in the
previous study has a problem when the target area for evacuation
is set. If the nodes connect to the isolated evacuees (nodes with
extremely few links) and they are outside the target area for evac-
uation, they do not evacuate. In addition, if evacuation messages
are sent to the out-of-area nodes in order to solve this problem,
the number of unnecessary messages increases, which increases
costs and possibly cause a cry-wolf effect. Therefore, the pro-
posed method in this study takes geographical information into
account and sends messages to nodes outside the target area only
when there is a node in the target area for evacuation up to n
nodes away, and relays the message to nodes in the target area.
Therefore, isolated people can be evacuated and the number of
messages can be reduced.

3. Proposed Method

Evacuation experiments in Refs. [10], [12] have shown that ini-
tiative evacuees increase the evacuation rate. In addition, our pre-
vious study [13] also showed that the time to complete an evac-
uation is reduced by appropriately selecting initiative evacuees.
One problem with the existing method is that it does not take
into account the evacuation target area or the current location of
the evacuees. If an evacuation target area is set, when a node in
the evacuation target area evacuates, a message is sent to all sur-
rounding nodes in the unevacuated state to inform them that they
have evacuated. However, because the message is sent to all the
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surrounding nodes in the unevacuated state, the message is sent
to the target nodes outside the evacuated area that do not need
to be evacuated. This resulted in an increase in the number of
redundant messages.

When an evacuee in an evacuation target area (whether or not
the initiative evacuee is in the target area) starts evacuating, the
message is used to send information about his/her evacuation sta-
tus to those who have not yet evacuated (neighboring nodes). If
there are multiple routes from the node that initiated the evacua-
tion to the node to be evacuated, it is assumed that this message
will be sent from all of them. This is because each node does not
know if it has connectivity with any other node except its neigh-
bors. In this paper, the message is delayed, and it is assumed that
the message is transmitted from the evacuation target to the un-
evacuated evacuation target after the time (in steps) of the least
delay of the multiple routes has elapsed. Therefore, we propose
a method to reduce the number of messages sent to surrounding
targets when they are evacuated based on geographical informa-
tion, extending the previous study [13] that uses social graphs to
reduce the evacuation completion time, with the aim of evacuat-
ing nodes in an evacuation target area more quickly and reducing
the number of messages sent when the area is in an evacuation
state.

3.1 Outline

The initiative evacuee is paid a coupon as a reward for taking
the initiative in evacuation. Also, Incentives for those who relay
evacuation status are not addressed in this paper. The method of
selecting the initiative evacuees is the method proposed in the pre-
vious research, in which nodes with the largest number of links
are selected in descending order.

In this paper, we assume that SNS applications such as X (for-
merly Twitter) are installed on residents’ smartphones and that
evacuation statuses are sent out using the specific functions within
these applications that can be used in the event of a disaster. The
main focus of this study is to use social media such as X to au-
tomatically send the evacuation situation messages to others to
encourage evacuation. This online approach can be used in par-
allel with face-to-face approach such as calling for evacuation to
those in front of people.

The system configuration and flow are shown in Fig. 1, which
is the system configuration of the previous study with additional
target evacuation areas. First, the municipality calling for evacu-
ation detects threats such as disasters and terrorist attacks using
observation equipment. Next, based on the detected information,
the municipality reviews the information and decides whether to
issue an evacuation status to the target population. The local gov-
ernment then decides who to request for priority evacuation based
on incentives, but the proposed method assumes that some kind
of social graph has been constructed among the evacuees and de-
termines the candidates based on this information. In this case,
we shall select the initiative evacuees in descending order from
the node with the highest number of links, which is the most ef-
fective. This study assumes that an SNS application is installed
among evacuees with real-time disaster information updates, and
that immediately after a disaster occurs, the local government can
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6. The first evacuee takes the initiative in
evacuating, and notifies other evacuees linked
to him or her, thereby triggering evacuation by

others.

3. gather information about the
social graph

evacuation target area

4. determine candidates to
request an initiative
evacuation

1. detecting
disasters

Illl/é: 20, :>

disaster municipality

2. decide to issue 5. request an initiative

| Evacuees (Nodes)
evacuation

evacuation orders

Fig.1 System configurations.

collect information on the social graph among evacuees. It is also
assumed that the method of selecting people with many links as
initiative evacuees is by obtaining the number of links (in the case
of X, the number of followers) using an analysis tool of this SNS
application. After the candidates are determined, the municipal-
ity requests the initiative evacuee who is the target person to take
the initiative in evacuation. The initiative evacuee requested by
the municipality takes the initiative to evacuate, triggering the
evacuation of unevacuated targets in the target evacuation area.
In the process of inducing evacuation, it is assumed that informa-
tion can be communicated based on the social graph. In addition
to the timing of collecting information and providing incentives
immediately after the occurrence of a disaster, it is also possible
to provide incentives on a regular basis during normal times. The
collection of detailed information is difficult due to privacy issues
and may be limited to information such as node connection sta-
tus, location information of neighboring nodes, and whether the
link is unidirectional or bidirectional.

There is no need to share the location information of all people
except among adjacent nodes, and it is only a matter of the local
government issuing evacuation warnings, etc., knowing the loca-
tion of all people. It is up to the municipality to decide whether to
have its own evacuation status relayed and since this evacuation
status prevents psychological factors that may hinder evacuation,
it is not necessary to know the location information of each per-
son. When the initiative evacuees and evacuees start evacuating,
they send a message to their neighboring nodes in the evacuation
area that have not yet evacuated, informing them of their evacu-
ation status. When an evacuee including the initiative evacuees
sends a message, this research does not assume an active method
such as confirming the transmission of each message but assumes
that the message is sent simultaneously to all the targets when the
evacuee presses a button or performs some other operation when
the decision to evacuate is made.

3.2 [Establishment of Evacuation Target Areas

An example of a social graph for an evacuation target area is
shown in Fig.2. The original decision criterion for evacuation
was whether or not each evacuee (node) evacuates, and it was as-
sumed that if x% of the nodes adjacent to the node had completed
evacuation, the node would also evacuate. In Fig. 2, the red nodes
are those that have not evacuated, and the green nodes are those
that are the initiative evacuees. The gray background indicates
that the node is within the evacuation zone. Therefore, the nodes
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Fig. 2 Example of a social graph when setting up an evacuation target area.

to be evacuated are Nos. 5, 7, 8, and 10, which are in the unevac-
uated state. Here, the initiative evacuee is selected regardless of
the target evacuation area. This is because the initiative evacuee
is selected from the node with the largest number of links, and
the node with the largest number of links can send evacuation
status to more targets regardless of whether it is inside or outside
the evacuation target area. For example, let x = 30% in the so-
cial graph shown in Fig.2, and consider the case of whether to
evacuate node 10. Since the number of adjacent nodes is three,
3% 0.3 =0.9, one or more nodes must be in the evacuation state.
Here, node 10 can be evacuated because two nodes are in the
evacuation state.

Thus, while it would be desirable if evacuation could proceed
using only the original evacuation method, when an evacuation
target area is set, only nodes within the target area will evacuate.
Therefore, if nodes outside the evacuation target area do not re-
lay evacuation status, an equilibrium state is reached such that the
evacuation rate does not increase from a certain state. In this case,
the result is a longer time to complete the evacuation. Therefore,
the method proposed in Section 3.3 is used to solve this problem.
Relaying an evacuation status means that if there is a node in the
evacuation target area that does not satisfy the condition that its
node also evacuates if x% of the surrounding nodes have com-
pleted evacuation, the node outside the evacuation target area that
is adjacent to the node in the evacuation state relays the evacua-
tion status to the node in the area. This means that the target node
is evacuated by relaying the evacuation status to a node in the re-
gion. For example, in Fig. 2, node 5 cannot evacuate unless node
10 evacuates because there is no adjacent node in the evacuation
state. Therefore, node 4 outside the region can evacuate node 5
by relaying an evacuation status from adjacent node 6, which is
in the evacuation state, in the order of 6 — 4 — 5.

Therefore, the definition of evacuation completion in this pa-
per is defined as the completion of evacuation when either the
criterion of evacuation when x% of the surrounding nodes have
evacuated, which is the conventional method, or the criterion of
evacuation when the proposed method sends a message inform-
ing the evacuation status only when there is an evacuation target
n nodes away from the person (node) who has already evacuated,
and when the node receives the message, which is the proposed
method. The evacuation is considered to be complete when one
of the criteria is met. Although this paper does not assume move-
ment, the time required for evacuation is included in the delay in
sending the message. Therefore, it is assumed that the evacua-
tion is completed after several steps (time in the simulation) have
elapsed since the start of the evacuation, even though no move-
ment has occurred in the simulation.
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3.3 Methods for Reducing the Number of Messages

If all nodes outside the evacuation zone relay the evacuation,
the time to complete the evacuation will be faster. However, as
mentioned earlier, this will also inform the nodes that do not need
to evacuate that they have evacuated, increasing the number of
redundant messages. If the number of messages increases, two
problems may occur. The first problem is that if a message is
sent to people outside the evacuation target area notifying them
that others around them have evacuated, this may promote evac-
uation, but is more likely to cause a cry-wolf effect when they are
targeted for evacuation. Therefore, it can be said that reducing the
number of messages sent to people outside the evacuation target
area will reduce the possibility of causing the cry-wolf effect and
prevent a decrease in reliability. The second problem is the load
on the network. If messages are sent that are not needed during
a disaster, they will overload the network, which is critical dur-
ing a disaster. These factors call for a reduction in the number of
messages during a disaster.

Therefore, we propose a method to relay evacuation status only
when there is a node in the region up to n nodes away, with-
out sending evacuation status to nodes outside the evacuation tar-
get area. It is assumed that evacuation orders are broadcast from
the local government to all residents in the event of a disaster
or emergency. In this paper, what is relayed is the evacuation
status, which indicates whether the target person (node) in the
evacuation area has evacuated or not. Therefore, the system can
promote evacuation by not only relaying the evacuation instruc-
tions received by the node when it starts evacuating but also by
informing the people around it of the status of its own evacua-
tion. Figure 2 illustrates the proposed method. Messages are sent
to neighboring unevacuated nodes when a node changes to the
evacuated state. Therefore, when node 6, the initiative evacuee,
switches to the evacuated state, messages are sent to its neigh-
bors 2, 4, 8, 9, and 10 nodes that have not evacuated, so the total
number of messages sent is five. However, nodes 2, 4, and 9 are
outside the evacuation area and therefore do not need to be evac-
uated, so the number of redundant messages will increase. The
proposed method relays the evacuation status only when there is
a node in the region up to n nodes away. n = 2 and node 6, which
is the initiative evacuee, is considered to have already evacuated.
First, the message is sent to nodes 8 and 10 in the evacuation area.
Next, looking at nodes 2 and 9, messages are not sent to nodes 2
and 9 because they are not connected to nodes in the evacuation
target area, which are nodes that need to be evacuated. Finally,
looking at node 4, a message is sent to node 4 because it is con-
nected to node 5, which is a node in the evacuation target area.
The number of messages sent is reduced from five to three.

The next case is when n=3 and node 6 is evacuated. Nodes 8
and 10 remain the same and receive the message. Node 2 is con-
nected to node 5 in the evacuation target area via node 1 and 4, so
it receives the message and relays the message to node 5. In ad-
dition, node 9 is also connected to node 5 in the evacuation target
area via node 1, so it receives a message and relays the message
to node 5. Here, the message to node 5 is duplicated, but since
this paper considers the reliability of the message, it is assumed
that all messages are sent if they satisfy the conditions of the pro-
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posed method, even if they are duplicated. Here, the number of
messages is 3 since messages are sent from 6 to 2 to 1 to 5, and the
number of messages sent from node 6 to node 5 is 9 since there
are 3 different routes. Thus, if » = 3 and node 6 is evacuated,
the total number of messages is 11. As the number of messages
is larger for n = 3 than for n = 2, it can be seen that the larger
n is in the proposed method, the larger the number of messages
is. In this example, when comparing the number of messages for
the proposed method with n = 3 and the case where messages are
sent to nodes that do not need to be evacuated, the number of mes-
sages for the proposed method with n=3 is larger, but the increase
in the number of messages for the proposed method with n = 3
becomes slower as the evacuation proceeds, whereas the number
of messages for the case where messages are sent to nodes that
do not need to be evacuated is smaller than that for the proposed
method with n = 3. However, as the evacuation progresses, the
number of messages for the proposed method with n = 3 slows
down, whereas the number of messages for the method withn = 3
remains the same and increases.

As for the tool used to send messages, it is assumed that SNS
applications such as X (formerly Twitter) are installed on resi-
dents’ smartphones and that the specific functions within these
applications that can be used in the event of a disaster are used
to disseminate the evacuation status. When a person starts evacu-
ating, the SNS application is used to notify people who meet the
above criteria. n = 2, when node 6 evacuates, node 4 is outside
the evacuation area, but node 5 is inside the evacuation area, so
the message is sent from 6 to 4 to 5. In this case, the message
is sent from node 5 to node 4. In this case, we are considering
displaying a message on the smartphone of node 5, to which the
message was sent, via an SNS application, stating that “a friend
of node 4 has started evacuating”. At this time, to protect privacy,
we will not send personal information such as names of people
with whom we are not directly connected.

4. Evaluation

In this study, the proposed method is evaluated by simulation.

4.1 Simulation Environment

The artisoc Cloud is a platform for multi-agent simulation,
which is used for designing social systems [24]. By describing
the behavior of the agents themselves and their interactions with
each other, changes in the state of the agents can be observed over
time (steps). Figure 3 shows the artisoc Cloud execution screen.
The program can be edited, compiled, and executed on a Web
browser without the need to build an environment. In addition,
program inheritance is easy, making it relatively easy to modify
the model. Python is used as the programming language. Several
functions are provided in advance to manipulate the agents in the
simulation.

In artisoc Cloud, the first step is to set up the space in which the
agent will run. There are two types of spaces: continuous space
and square lattice space. In continuous space, the coordinates of
the agent are real numbers, while in square lattice space, they are
only integers. When simulating a chess or Othello game in which
the field is lined, the agents must be correctly placed within the
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Fig.4 Example of a social graph created with 100 nodes.

lined field. In such cases, a square lattice space that takes only
integers should be set up. Since this research is a simulation of
evacuation, it can be said that detailed coordinate settings are nec-
essary. In addition, since the agents are not supposed to move, a
continuous space is used in this study. Next, we set up agents that
move into the space. Although multiple agents can be set up for
each action, in this study, only “point,” which corresponds to an
evacuation target, is used.

Many types of social graphs represent social relationships.
The social graph assumed in this study was generated using the
Barabasi-Albert model, which is a scale-free graph in which some
nodes have many links. The graph of the Barabasi-Albert model
was created by repeating (1) to (5) until a given number of nodes
is reached.

(1) Add one new node

(2) Generate a random number between 1 and N, where N is the
total number of links in the graph, and set R

(3) Number all links sequentially

(4) Linking nodes with Rth link and the added node

(5) Returnto (1)

The algorithm generates a graph by adding nodes one by one.
When adding nodes, the probability of forming a new link is in-
creased for nodes that already have more links, resulting in a bias
in the number of links per node. In addition, the number of links
tends to be higher for initially created nodes. An example of a
social graph created using the algorithm with 100 nodes is shown
in Fig. 4.

In this simulation, the number of steps required for all nodes
in the evacuation area to complete evacuation was evaluated as
the evacuation completion time as an evaluation index. The num-
ber of steps required for all the nodes in the evacuation area to
complete the evacuation was used as the evaluation index. The
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Table 1 Simulation conditions.

item terms
Number of nodes 100
Rate of priority evacuees / 10, 20%
Selection of priority evacuees Number of links
Surrounding evacuation rate x% 15, 30%

Percentage of evacuation completed 100%
at the end of the simulation

Number of simulations 100 times
Simulation area 0<x,y<50
Evacuation area 25 < x,y <50

number of messages sent at each step to notify the initiative evac-
uee and the nodes in the evacuation area that they have evacu-
ated was evaluated as the cumulative number of messages sent at
each step. The evaluation items, reducing the time to complete
evacuation and reducing the number of messages, are important
in evacuation, and there is a trade-off between the two. There-
fore, this paper evaluates the evacuation completion time and the
number of messages. These two evaluations were conducted by
comparing the following four methods.
(1) Relay only when there are nodes in the evacuation area up to
n = 2 nodes away (proposed method)
(2) Relay only when there are nodes in the evacuation area up to
n = 3 nodes away (proposed method)
(3) A method in which nodes outside the evacuation area relay
all evacuation status to nodes within the area (WithRelay)
(4) A method in which nodes outside the evacuation area do not
relay evacuation status to nodes within the area (WithoutRe-
lay)

The simulation conditions are shown in Table 1. The total
number of nodes was set to 100, and the percentages of the initia-
tive evacuees were set to 10 and 20%. 20 nodes were selected as
the initiative evacuees when the percentage was 20%. The initia-
tive evacuees are selected in descending order from the node with
the highest number of links, which is the number of connected
nodes. This is because our previous study reduces the most evac-
uation completion time by the initiative evacuees selected with
the highest number of links first. In addition, we assume to obtain
the number of links using existing social network analysis tools.
If x% of the surrounding nodes are evacuating, the percentage of
evacuees is set to 15% and 30%, respectively. This means that
if there are three connected nodes and one of them is evacuated,
1/3 = 0.333.... = 33% and if the value of x is smaller than this
value, the node can be evacuated. The simulation is terminated
when 100% of the nodes in the evacuation area have completed
evacuation. The simulation is repeated 100 times from the cre-
ation of the social graph to the evacuation. The simulation area
is defined as 0 to 50 in x, y coordinates, and the target evacuation
area is defined as 25 to 50 in x, y coordinates, which is one-fourth
of the simulation area.

We also analyzed the effects on the evacuation completion time
and the number of messages when the evacuation target areas are
divided into several groups in the proposed method. In the case of
an actual disaster, there is rarely a single evacuation target area,
and usually, several areas at a distance from each other are tar-
geted for evacuation. Therefore, this study uses simulation to
evaluate the impact on evacuation completion time when the tar-
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Fig. 5 Evacuation completion rate by elapsed time (steps) at x = 15%,
[ =10%.
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Fig. 6 Evacuation completion rate by elapsed time (steps) at x = 15%,
1 =20%.

get areas for evacuation are divided into groups of 1, 2, 4, 8, 16,
32, and 64 without changing the total area of the target areas for
evacuation.

4.2 Simulation Results for a Single Area

The number of steps required for all nodes in the evacuation
target area to complete the evacuation was evaluated as the evac-
uation completion time. The number of messages sent at each
step to inform the initiative evacuee or the nodes in the evacua-
tion target area that they have evacuated was also evaluated as the
cumulative number of messages sent at each step. The simulation
was performed with two different parameters: / = 10,20% for the
percentage of the initiative evacuees, and x = 15, 30% for the pa-
rameter x indicating whether a node would evacuate itself if x%
of its surrounding connected nodes had evacuated.
4.2.1 Evacuation Completion Time

The results of the evacuation completion time, which is the
number of steps required for all nodes in the evacuation target
area to complete the evacuation (the evacuation completion rate in
terms of elapsed time), are shown in Fig. S to Fig. 8. The horizon-
tal axis represents the number of steps (time in the simulation),
and the vertical axis represents the cumulative percentage of sub-
jects who completed the evacuation (evacuation completion rate).
The evacuation completion rate indicates what percentage of all
nodes in the evacuated area have completed evacuation. There-
fore, it is calculated by dividing the number of nodes in the evac-
uated area that have been evacuated by the number of all nodes
in the evacuated area. In all graphs, (1) the proposed method for
n = 2 is shown in blue, (2) the proposed method for n = 3 is
shown in orange, method (3) is shown in green, and method (4)
is shown in green.
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Fig.7 Evacuation completion rate by elapsed time (steps) at x = 30%,
1=10%.
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Fig.8 Evacuation completion rate by elapsed time (steps) at x = 30%,
1=20%.

As the parameter x is increased, the evacuation completion rate
decreases in the case of no relay. This means that the node is in an
early stage of equilibrium where it cannot evacuate itself without
an increase in the evacuation rate of surrounding nodes.

The lower the percentage of the initiative evacuees, the greater
the number of steps required to complete the evacuation. In ad-
dition, when no relay is used, the evacuation completion rate de-
creases significantly for both x = 15,30%. However, the number
of steps to complete the evacuation is almost unchanged in the
proposed method. In all graphs, the proposed method proceeds
with evacuation almost as fast as WithRelay.

4.2.2 Number of Messages

Figure 9 to Fig. 12 show the cumulative number of messages
sent at each step to inform the initiative evacuees and the nodes in
the evacuation area that they have evacuated. The message is used
to send the status of the evacuation to neighbors who have not yet
evacuated when evacuees in the target area (regardless of whether
the initiative evacuees are in the target area or not) begins evac-
uating. If there are multiple routes from the node that initiated
the evacuation to the node to be evacuated, it is assumed that this
message will be sent from all of them. This is because each node
does not know if it has connectivity with any but its neighbors.
This is also because this paper takes message reliability into ac-
count. The message is delayed in this paper, and it is assumed that
after the time (in steps) of the least delay of the multiple paths has
elapsed, the message is transmitted simultaneously from the evac-
uation target to the unevacuated evacuation target. The horizontal
axis represents the number of steps (time in the simulation) and
the vertical axis represents the accumulated number of evacuation
messages sent in each step. The methods (3) and (4) are assumed
to have information only on adjacent nodes. Because of privacy
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Fig. 10 Cumulative number of messages sent in each step at x = 15%,
1 =20%.
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Fig. 11 Cumulative number of messages sent in each step at x = 30%,
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Fig. 12 Cumulative number of messages sent in each step at x = 30%,
[ =20%.

issues, this information is assumed to be limited to the status of
whether or not a node is evacuating and its location. For this rea-
son, messages sent to neighboring unevacuated nodes when they
change to evacuation status are sent regardless of whether or not
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the node to which they are connected has a node to be evacuated.
In the case of methods (1) and (2), it is assumed that information
is available up to n nodes away. Therefore, as in the proposed
method, a message is sent only if there is a node to be evacuated
up to n nodes away. When the parameter x is varied, there is little
change in any of the graphs. This indicates that this parameter is
not related to the number of messages.

It can be said that the number of messages at step O is generally
smaller when the percentage of the initiative evacuees, /, is low-
ered. This is because messages sent when the initiative evacuee is
switched to evacuation status are sent at step 0, so the number of
messages decreases relatively when the number of initiative evac-
uees is reduced. As the number of initiative evacuees decreases,
the number of unevacuated nodes outside the area to be evacu-
ated and the number of unevacuated nodes inside the area to be
evacuated increase relative to each other, resulting in an overall
increase in the final number of messages for the [ = 10% case
compared to the / = 20% case.

The number of messages is compared between the proposed
method and the comparison method. The proposed method sig-
nificantly reduces the number of messages compared to With-
outRelay (3), which had almost the same evacuation completion
time. Also, for [ = 10%, the proposed method (2) with n = 3 has
a larger number of messages than WithoutRelay (4), but in the
proposed method (1) with n = 2, the proposed method (1) with
n = 2 reduces the number of messages more than the method (4)
without relaying.

Comparing proposed methods (1) and (2), proposed method
(2) with n = 3 completes evacuation slightly earlier than pro-
posed method (1) with n = 2 in the evacuation completion rate
by elapsed time. On the other hand, the proposed method (1)
with n = 2 can significantly reduce the number of messages com-
pared to the proposed method (2) with n = 3. Here, the proposed
method (1) for n = 2 is superior to the proposed method (2) for
n = 3 because the objective of this study is to reduce the number
of messages and the time to complete evacuation is almost the
same.

In this study, with the objectives of evacuating the targets
(nodes) in the evacuation target area more quickly and reduc-
ing the number of messages sent to them when they are in an
evacuation state, we extended previous research that used social
graphs to reduce the evacuation completion time and proposed a
method to reduce the number of messages sent to surrounding tar-
gets (connected nodes) when they evacuate, based on geographic
information [13]. We proposed a method to reduce the number
of messages sent to surrounding targets (connected nodes) based
on geographical information. In addition, the proposed method
does not send evacuation status to nodes outside the evacuation
area but relays evacuation status only when there is a node within
the evacuation area up to n nodes away. In the evaluation, the
four methods were compared, and it was confirmed that the pro-
posed method reduced the number of messages while maintain-
ing the evacuation completion rate, even when simulations were
performed with various parameters.
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Fig. 13 Examples of evacuation target areas when grouped into 4 and 16.
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Fig. 14 Evacuation completion rate by elapsed time in the proposed method
for n = 2 (1) when the evacuation target areas are divided into mul-
tiple areas.
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4.3 Simulation Results for Multiple Areas

In this section, we analyze the impact on the evacuation com-
pletion time and the number of messages when the evacuation
target area is divided into several groups in the proposed method.
This is because, in the case of actual disasters, evacuation target
areas are rarely limited to a single region. The reality is that usu-
ally several distant areas are targeted for evacuation. Figure 13
shows an example when the evacuation target areas are grouped
into 4 and 16 groups. Each evacuation target area is arranged in a
regular manner so that they are not adjacent to each other. There-
fore, this paper evaluates the impact on the evacuation completion
time when the evacuation target areas are divided into multiple
groups of 1, 2, 4, 8, 16, 32, and 64 without changing the total
area of the evacuation target areas in the proposed methodology
through simulations. The two methods used for evaluation are
the proposed methods (1) and (2), and the evaluation items are
the evacuation completion time and the number of messages.

Figure 14 and Fig. 15 show the evacuation completion rate by
elapsed time (step) for groups of 1 to 64 without changing the
size of the evacuation area itself. Although there is a slight dif-
ference in the progress of evacuation, the evacuation completion
rate by elapsed time is almost the same, and it can be said that
there is almost no effect on the evacuation completion time when
the evacuation target area is divided into several groups.

Figure 16 and Fig. 17 shows the cumulative number of mes-
sages according to the elapsed time (step) when the target evacu-
ation area itself was divided into 1 to 64 groups without changing
the size of the target evacuation area. Similarly, the division of
the target evacuation area into multiple groups has almost no ef-
fect on the number of messages.
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Fig. 15 Evacuation completion rate by elapsed time in the proposed method
for n = 3 (2) when the evacuation target areas are divided into mul-
tiple areas.
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Fig. 16 Cumulative number of messages in the proposed method for n = 2
(1) when the evacuation target area is divided into multiple areas.
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5. Conclusion

In this paper, with the objectives of evacuating the targets
(nodes) in the evacuation target area more quickly and reduc-
ing the number of messages sent to them when they are in an
evacuation state, we extended previous research that used social
graphs to reduce the evacuation completion time and proposed a
method to reduce the number of messages sent to surrounding tar-
gets (connected nodes) when they evacuate, based on geographic
information. We proposed a method to reduce the number of mes-
sages sent to surrounding targets (connected nodes) based on ge-
ographical information. In addition, the proposed method does
not send evacuation status to nodes outside the evacuation area
but relies on evacuation status only when there is a node within
the evacuation area up to n nodes away. In the evaluation, the
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four methods were compared, and it was confirmed that the pro-
posed method reduced the number of messages while maintain-
ing the evacuation completion rate, even when simulations were
performed with various parameters.

Future issues include the consideration of the actual region and
current location of evacuees and the weight of links that repre-
sent relationships among social graphs. The relationship here can
be weighted individually according to the depth of the relation-
ship value. In addition, the time associated with the movement of
agents is included in the message delay time in this paper. How-
ever, the actual evacuation may require a longer time for evac-
uation, so the time associated with agent movement should be
considered separately.
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Editor’s Recommendation

This study proposes a method to maintain the evacuation com-
pletion rate while reducing the overall number of messages of
evacuation suporting system by using geographic information and
social graphs during a disaster. One of the most critical pieces of
information for making evacuation decisions during a disaster is
the information posted by family, friends, colleagues, and other
close people on social networking services (SNS). Since these
messages are sent both inside and outside the evacuation area,
using social graphs and geographic information can promote ef-
fective evacuation while reducing network traffic. The effective-
ness of the method is evaluated through simulations under various
conditions. This paper is interesting study that anticipates the cre-
ation of new consumer-oriented services and is recommended by

the COMPSAC CDS workshop 2023 organizers.
(Chief Examiner of IPSJ SIG on Consumer Devices &
Systems, CDS 2023 Workshop Organizer, Hiroshi Mineno)
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