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Abstract

This paper proposes a system that supports people being evacuated effectively from dan-
gerous situations by using multi-agent cooperation. The main feature of this system is that
it does not require central servers. The system uses the mobile devices of evacuees (e.g.
phones, mobile PCs, tablets) and performs distributed calculations while assessing the lo-
cations of evacuees. By using this system, the evacuees are able to know the appropriate
evacuation timing. This paper focuses on the formalization of the disaster evacuation prob-
lem and how to solve it using the framework of the Distributed Constraint Optimization
Problem (DCOP). In order to evaluate this system, an experiment was carried out using
multi-agent simulation. The result of the experiment showed that, for the case where the
evacuees can receive evacuation guidance from this system, the evacuation completion time
for all evacuees (in the case) was about 10% - 30% less than in the case where this system
is not used.
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1 Introduction

In times of disaster, or other emergent situations, it is critical for people to be evacuated
in a smooth manner. However, this is not easy to realize, because people often tend to
panic when faced with disaster, crowding the evacuation passageways of buildings in the
event of fire and congesting roads with cars containing people fleeing from predicted hurri-
canes. On the other hand, people do not attempt to evacuate themselves from danger when
the normalcy bias has occurred, and this also makes it difficult to realize an effective and
smooth evacuation. Therefore, evacuation guidance is very important. However, the disas-
ter countermeasures office would be unable to guide all evacuees thoroughly at the time of
any disaster. Evacuees need to take refuge based on mutual-help [1].

To deal with this issue, we propose a system that provides optimal evacuation guidance
autonomously at the time of a disaster. The system works on the mobile devices of evac-
uees, performs distributed calculations using the framework of the Distributed Constraint
Optimization Problem (DCOP) [2], and does not need a central server.
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This paper presents an overview and the evaluation results of the prototype of the dis-
aster evacuation assistance system. The functions required for evacuation systems are de-
scribed in Section 2. This paper focuses on the formalization of the disaster evacuation 
problem, and how to solve it using the framework of the DCOP, which are discussed in 
Section 3. The results of the experiment, using multi-agent simulation in order to evaluate 
our prototype of the disaster evacuation system, are presented in Section 4. The result of 
attitude survey are described in Section 5, and we describe related work in Section 6.

2 Disaster Evacuation Assistance System

2.1 Issues Relating to Disaster Evacuation

To facilitate evacuation when a disaster occurs, information on the current situation of each
site is useful; hence, some disaster information-sharing systems have been proposed [3][4].
Knowing “which evacuation route is safer” (using evacuation support systems or not), the
next issue is “how to evacuate safely and effectively.” However, smooth and effective evac-
uation is not always easy. The provision of additional, appropriate information concerning
evacuation guidance may make it feasible to avoid congestion, and successfully shorten
evacuation times.

Usually, disaster countermeasure offices are set up in organizations, in order to deter-
mine and provide appropriate evacuation routes. However, it is not always easy to plan
and provide appropriate information rapidly. In addition, such countermeasure offices have
limited resources and they are insufficient for guiding the appropriate timing for evacuation
to the evacuees. An effective disaster evacuation assistance system must cope with these
issues.

2.2 Overview of the Disaster Evacuation Assistance System

A. The Premise of Mobile devices
The authors propose a disaster evacuation assistance system based on mobile devices.
In order to meet the requirements of the system, the following premises apply to the
mobile devices:

A-1 Locations of the evacuees: Determine people’s individual locations via GPS, or
their relative position from Wi-Fi based stations.

A-2 Ad-hoc communication: Neighboring mobile devices can communicate with
each other through an ad-hoc communication function.

A-3 Knowledge about the evacuation routes: Mobile devices have knowledge about
the evacuation destinations that are appropriate from the current position of
each evacuee and their evacuation route. Mobile devices also have the function
of path planning

This system requires only mobile devices as the platform; the system does not require
any central server.

B. The Requirements for Evacuation Guidance
The evacuation assistance system proposed in this paper has functions corresponding
to the following guidance:
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B-1 Information sharing about the safeness of the evacuation routes: Information
on obstacles on each evacuation route is shared through ad-hoc communication
between mobile devices. This is the same as discussed in reference [4].

B-2 Planning of the evacuation route: The mobile devices estimate their positions
and can make a plan for an evacuation route.

B-3 Negotiation: The appropriate evacuation start time for each evacuee is negoti-
ated by using DCOP with neighbors.

B-4 Manifestation of evacuation guidance: A mobile device presents user evacua-
tion guidance information through a screen, a sound, etc.

In this research, the system is based on the premises described in A-1 to A-3. The ne-
gotiation of evacuation timing described in point B-3 is the focus of this research. In
order to support evacuation at the time of a disaster, the framework of the distributed
constraint optimization problem (DCOP) is effective in solving a problem without
using a central server [5]. The DCOP framework is used for adjusting the evacuation
timing.

C. Evacuation Procedure
The procedure for evacuation using the system we are proposing is given below.
When a disaster occurs, the mobile devices shall operate as follows:

C-1 Starting of application: Application is started by the user.
C-2 Acquisition of position information: A mobile device automatically acquires the

position it is near. It does not need to be exact, but it needs to decide in which
room it is.

C-3 Formation of a group: A group is created for every room. Those who are located
in the same room at the evacuation start time belong to the same group.

C-4 Leader finding: The leader of a group is determined. A classic leader finding
distribution algorithm is performed by communication between devices. There
are no conditions for a leader; any device may become a leader. Supposing a
device has an identification number, the device with the lowest identification
number may become a leader.

C-5 Planning of an evacuation route: A leader device searches the evacuation route
from his position on a map, and draws up an evacuation plan.

C-6 Negotiation: A leader device communicates with a neighboring leader device
and exchanges information on an evacuation route. If the same course is used
for the same time, it is decided which group has used an evacuation route pre-
viously. The framework of DCOP is used for this problem solving.

C-7 Evacuation start: A group with previous experience starts evacuation. The next
group negotiates again after a particular period of time.

3 Formalization of Evacuation
In this section, the formalization of the problem is described. The type of evacuation cov-
ered in this paper is a local adaptation evacuation; the planned evacuation of a wide area
is not considered, because this system is based on local area ad-hoc communication and
limited computer resources.
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3.1 Formalization based on DCOP

In order to use the framework of DCOP, it is necessary to formalize the disaster evacuation
problem. Thus, we considered the formalization as follows. An evacuation route is regarded
as a resource. This resource assignment will be solved by DCOP.

Evacuees with a mobile device are considered to be agents A = {a1, ...,aN}. P =
∪{p1, ..., pM} are the places from which people must evacuate. When agent al is located in
time t at place pi, it is recorded as place(al, t) = pi. It entails a large cost for agents al and
ak to be located in the same place at time t.

g(al,ak, t) :=
{

1, for place(al, t) ̸= place(ak, t)
C, for place(al, t) = place(ak, t)

(1)

where C > 1. G(t) is the fundamental constraint of an agent’s move. Let G(t) be the
summation of these.

G(t) = ∑
al ,ak∈A

g(al,ak, t) (2)

At the time of a disaster, the situation is fluid. People may be unable to pass along a
passage. All places pi have a score of val(pi) ∈ N. This score decreases toward the refuge
direction. An agent can search the evacuation routes and calculate the scores for the areas
on the routes. In this paper, the score allocation for all agents is the same, for simplification
purposes. At this time, the utility function (cost function) f for all agents is as follows:

f (A, t) := G(t)× ∑
{ai|place(ai,t)∈P}

val(place(ai, t)) (3)

The summation of val(place) expresses the desire to evacuate, and G(t) is a constraint to
avoid congestion. It is better that the value of f is small.

In this study, evacuation is considered to be a real-time planning problem. The posi-
tion after the movement of an agent in time t + 1 may not be the position that the system
computed at time t. An agent may be unable to move, depending on the situation, which
a system cannot know, or an agent may not follow the guidance of a system. That is, the
evacuation problem at time t is to solve the following expression.

minimize
A

f (A, t +1)− f (A, t) (4)

The above f (A, t +1)− f (A, t) is negative. By solving this expression, the agent knows the
appropriate evacuation timing. To solve this, we adopt the DCOP framework.

Distributed Constraint Optimization Problems (DCOP) are the fundamental framework
in distributed artificial intelligence and have recently attracted considerable attention [2].
Algorithms used to solve DCOP include ADOPT,OptAPO,DPOP,NCBB,DSA, and so on
[2]. As for a complete algorithm, an optimum solution is guaranteed, despite the extended
computing time. When using DCOP for real-world problems, particularly when solving
problems involving robotics and sensor networks, problems must be solved in distributed
environments with minimal computation resources [6][7]. Under such circumstances, seek-
ing an optimum solution with a complete algorithm is not always the best method, and there
is a need for a fast and efficient approximation algorithm. The framework of DCOP does
not need a center server in order to solve problems.
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When treated as a distributed constraint optimization problem, the evacuation problem
can be considered as follows.

An agent has a variable to store the place to which the agent should move. The agent
also decides the position at time t+1 using DCOP at time t. This is continuously performed
as a real-time planning problem. The situation confirmation for every step is indispensable.
At this time, minimization of Formula(3), i.e. minimization of Formula(4), is the objective
function. G(t) (Formula (3)) is the constraint of an agent’s move and can be described by a
binomial constraint.

3.2 Application

In this paper, we assume the evacuation situation to be in the campus buildings of a univer-
sity. When a disaster occurs, it is difficult to grasp how many people there are in a campus
building. People in a university are not organized like people in a company. Since it is
difficult to control such people’s evacuation, guidance from a central office, the guidance
system which we propose, is effective.

In the case of evacuation from a campus building, the units of place are classrooms,
passages, and stairs. The evacuees use the system to judge whether they should stop at
the present classroom or go into a passage. The system adjusts so that a passage does not
become congested.

Mobile devices, such as a smart phone, are commonly used these days for noting infor-
mation about classes (e.g. about examinations, reports, lecture cancellations). This evacu-
ation assistance system is assumed to be implemented as one of the software applications
at a university. As regards evacuees who may not have such mobile devices (older peo-
ple, children), we assume this issue could be resolved by organizing evacuee groups, and
evacuees with mobiles could input data about the number of evacuees in the group.

Activation of the system is considered as follows: If more than a fixed number of termi-
nals starts a system simultaneously at a certain place, the system assumes that a disaster has
occurred. Then a system wake-up message is sent to a neighboring terminal. The terminal
which receives the message starts the evacuation assistance system automatically.

4 Experiment using Multi-agent Simulation
Multi-agent simulation [8] is often used for disaster evacuation experiments [9] [10][11],
not only for disaster prevention planning, but also for building or city planning. We con-
ducted an experiment using multi-agent simulation in order to investigate the validity of the
proposed system.

In any of the following experiments, evacuees move rationally to an evacuation place
and they move according to the model of crowd walking [12].

The evacuee’s psychological model is not used in this experiment; the evacuee shall
follow the guidance if guidance is available. The simulation assumes evacuation from the
campus building. Evacuation is started from the situation where people are randomly dis-
tributed throughout the classrooms and passages. The evacuation guidance in this exper-
iment negotiates only the evacuation start timing from each classroom by DCOP. If the
population density of a passage drops below the threshold value, evacuation will be started
from any one classroom on each floor. DCOP shall be used for the selection of the class-
room from which evacuation may be started. In this experiment, in order to solve DCOP,
the approximation algorithm DSA [6] was used.
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Figure 1: Multi-agent simulation of a disaster evacuation: simple situation
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Figure 2: Frequency distribution of the
evacuation completion time (with/without
guidance)
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Figure 3: Frequency distribution of the
evacuation completion time (approximate
solution/strict solution)

It is important to solve the problem in a short time in an urgent situation such as disaster
evacuation. In such a case, an approximation algorithm is more suitable than a complete
algorithm. DSA is a randomized algorithm. If the same conditions applied, this decision
would be made at random.

In the first experiment, we set up a two-story campus building with six rooms for the
experimental conditions. On the map of this experiment, the number of evacuation routes
was one. The number of agents was set to 400. The location of the classrooms and the
simulation image are shown in Fig. 1.

We compared the evacuation completion times in the cases with and without evacuation
guidance. If there is no evacuation guidance, evacuation will be simultaneously started from
all the classrooms, but if there is evacuation guidance, evacuation will be started from one
classroom.

The simulation was performed 300 times under these conditions. The resulting fre-
quency distribution of the evacuation completion time of all evacuees is shown in 2. The
evacuation completion time was plotted on the X-axis, and frequency was plotted on the
Y-axis. In this experimental result, when there was evacuation guidance by the system,
evacuation completion time decreased by about 10%. This effect should change according
to the conditions, such as the location of the classrooms, the width of the passage, and so
on.

The approximation algorithm DSA was used for this experiment. For this reason, al-
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Figure 4: Multi-agent simulation of a disas-
ter evacuation: two evacuation routes
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Figure 5: Frequency distribution of the
evacuation completion time (long-tailed)
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Figure 6: The attitude survey result(1)
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Figure 7: The attitude survey result(2)

though evacuation should ideally have been performed from any one classroom on each
floor, evacuation might have been simultaneously performed from two classrooms. This is
a case where a strict solution cannot be found by DSA.

The case where evacuation is performed only from one classroom is called a strict
solution. The frequency distribution of only a strict solution is shown in Fig. 3. In this
figure, the case of the approximate solution was also plotted for comparison. Although a
significant difference was observed between these two as a result of a t-test, the difference
was very slight. In this experiment, there were only three classrooms on one floor, so the
difference between the strict solution and the approximate solution might be small.

As the next step of the experiments, we experimented using a map that can choose two
evacuation routes. The map is shown in Fig. 4. The number of agents was set to 700. From
four central rooms, progress can be made in both of the two directions after coming out into
a passage. Both sides were stairs. In the simulation, we set up a rule that the walking speed
of an evacuee slowed when passing through stairs. This is a part of the large complicated
map.

In this experiment, the evacuees who came out of these rooms into the passage chose
either one of the two staircases with a ratio of 60:40. (Nearby stairs accounted for 60%.)
The simulation was performed 300 times under each condition.

In this experiment, when there was no evacuation guidance, great confusion was ob-
served in the vicinity of the center of the passage. When confusion occurs, the evacuation
completion time might become very long. The frequency distribution of the evacuation
completion time of the experimental result is shown in Fig. 5. The distribution is long-
tailed when there was no evacuation guidance. As shown in Fig. 5, this tail is short if
there was guidance on evacuation timing. Accidents, such as a fall, may occur due to such
confusion. The guidance system is effective in order to avoid such confusion.
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5 Survey on Consciousness of Evacuation Guidance

Making people follow guidance may be one of the most important issues affecting an evac-
uation system, because it will affect the effectiveness of the evacuation. To understand the
extent to which people will obey evacuation guidance exactly, conducting an experiment
with a huge number of experimental evacuees would be desirable. However, this would not
be realistic, especially in the requirement analysis phase. Therefore, the authors conducted
an attitude survey. Data collection took place as internet survey in November, 2014. Totally,
110 samples were collected.

Fig. 6 shows the answer for the question “Do you think you could wait according to
the evacuation guidance, even if you did not have absolute proof that other people would
obey the system?”. It seems to be effective if evacuees can recognize that other people
will also follow the system eachother. Fig. 7 shows the answer for the question. “Do
you think you could wait according to the evacuation guidance, if you recognized that your
waiting would contribute to the overall efficiency of the evacuation?”, and the answer shows
that, by understanding their contribution to the overall evacuation, many people could wait
for a while. From the survey results, by understanding their contribution to the overall
evacuation, more than 60% of people could wait for a while. Clarifying the effect of waiting
would motivate people to follow the system, and wait.

6 Related Work

In [3] and [4], disaster information sharing systems are proposed. This research has not
discussed evacuation timing. Our research has focused on evacuation timing. We use
distributed processing (DCOP) in order to calculate a solution, and no central server was
needed. However, it will be necessary to mutually complement this research in order to
realize the evacuation assistance system.

[14] discussed the application of DCOP for coordination in a disaster management sit-
uation. Authorities must assign tasks and resources in disaster scenarios; unfortunately,
accomplishing this in real time is currently difficult. They argue that the framework of
DCOP is uniquely suited to meet the requirements imposed on coordination mechanisms
in these settings. [5] extended DCOP to Stochastic DCOP(SDCOP) in order to apply it to
disaster management, as proposed by [14]. In SDCOP, the constraint rewards are determin-
istic values but are sampled from known probability distribution functions called reward
functions. They proposed an algorithm that solves SDCOP. This research specializes in the
resource (or shelter) assignment problem at the time of a disaster, and has not made refer-
ence to evacuation guidance. Since the purpose of this research is algorithm development
for SDCOP, it has not mentioned a detailed application. We used the simple DSA algorithm
in order to solve DCOP. We may consider the use of the algorithm for SDCOP in the future,
in order to solve the problem of complicated conditions.

Evacuation problems can be modeled in dynamic network flows [15]. The standard
approach to solving dynamic flow problems is to transform the graph into a time-expanded
network. However, the expanded graph is large. The major computational bottlenecks are
the time and memory required to construct the expanded network. Some heuristic algo-
rithms have been proposed for this problem [15]. [16] considered capacity constrained
routing heuristics. [17] considered the problem of planning evacuation routes in deterio-
rating networks, where nodes become unavailable over time. In this research of heuristic
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algorithms, it is assumed that problem solving is performed in a non-distributed environ-
ment. Our research is incompatible with this, since such calculation systems need a central
server.

There is also some related work concerning disaster evacuation simulation systems us-
ing multi-agent simulation [9][10][11].

7 Conclusions

We aimed to develop a system that provides optimal evacuation guidance autonomously at
the time of a disaster. This system enables assistance to be given in the form of evacuation
guidance to relieve congestion, by calculating evacuation routes and timing via an ad-hoc
network of evacuees’ mobile devices, without a central server.

In this paper, the problem of disaster evacuation was formalized and we examined how
to solve it using the framework of the distributed constraint optimization problem. In the ex-
periments using multi-agent simulations, when there was evacuation guidance using DCOP,
the evacuation completion time decreased by about 10%-30%. Even when it was solved
with an approximation algorithm, the effect on the evacuation completion time was small.

One of the characteristics of the system proposed in this paper is the control of traffic
congestion during disaster evacuation. This system is fundamentally applicable to various
scenarios. At present, the prototype of the system we are proposing in this paper is based
on a simple case in university campuses. However, adding other functions based on various
use-cases will provide a broader coverage for the effectiveness of this system.
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