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Figure 1: (a) Inputs of our system are a scene map and a distribution of evacuees (blue dots). The map is represented as a set of nodes and
edges. Our system computes an optimal evacuation route of each local region such that evacuees can move away from the scene efficiently.
The result is shown in (b), in which color transition from orange to red along each edge indicates the evacuation direction. (c) We also
partition the evacuees into groups according to the exits they will arrive and distinguish the groups by colors. (d) The evacuation time of each
evacuee is indicated by the transfer function.

Abstract
An evacuation plan helps people move away from an area or a building. To achieve a fast evacuation, we present an algorithm
to compute the optimal route for each local region. The idea is to reduce congestion and to maximize the number of evacuees
arriving at exits in every time span. Our system considers the crowd distribution, exit locations, and corridor widths when
determining the optimal routes. It also simulates crowd movements during the route optimization. To implement this idea, we
expect that neighboring crowds who take different evacuation routes should arrive at respective exits nearly at the same time. If
this is not the case, our system updates the routes of the slower crowds. Given that crowd simulation is non-linear, the optimal
route is computed in an iterative manner. The process repeats until an optimal state is achieved. Experiment results demonstrate
the feasibility of our evacuation route optimization.

Categories and Subject Descriptors (according to ACM CCS): I.3.7 [Computer Graphics]: Three-Dimensional Graphics and
Realism—Animation

1. Introduction

Crowd evacuation is important in building design and city planning.
A well designed evacuation plan often contains an efficient evacua-
tion guidance that can lead people to exits in a short period of time.
The shortest path algorithm is the simplest way to crowd evacu-
ation. However, the shortest distance is not equal to the shortest
evacuation time because the method is oblivious to crowd distribu-
tions, corridor widths, and obstacles to exits. Evacuees often jam
at particular places and wait when congestions occur. To prevent
this problem, several mathematical models have been introduced to

compute routes under some constraints [HT02]. These models rep-
resent an environment as a graph consisting of a set of nodes and a
set of edges, which represent intersections and roads, respectively.
Most of these models assume single movement direction of crowd
along edges. They also require moving speed of crowd and road
capacities when computing an evacuation route. However, crowd
speed is time varying. It depends on the attributes of evacuees and
degrees of crowd congestion. Without a physical simulation that
computes the movement of each evacuee, it is difficult to under-
stand whether an evacuation plan is effective. For example, an el-
derly person would move slower than a younger person; evacuees
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in a group would move together to exits; and crowd would have
difficulty when moving from a branch route to a main route. These
phenomena can only be observed from crowd simulation.

Our goal is to compute the optimal route for crowd evacuation.
Given by the attributes and distribution of a crowd, exits, road
widths, and obstacles, the presented system determines the evac-
uation direction of each road that can help people evacuate within
the shortest time span. To achieve this aim, we represent the road
network in a scene map by using a graph and initially set the evacu-
ation direction of each edge based on the shortest paths algorithm.
These directions are then iteratively updated according to the re-
sults of simulation. Note that the crowd on a road could evacuate in
opposite directions. We call the place with this phenomenon a di-
vision point. The goal is to ensure that evacuees around a division
point take similar time spans to arrive at respective exits. As the
initial route is not optimal, our system updates the division points
iteratively until all of them become stable.

To the best of our knowledge, the presented work is the first to
combine crowd simulation and evacuation route optimization. Our
system is able to handle time varying attributes of crowds and scene
structures that are difficult in previous methods. In addition, our ap-
proach is adaptive to the results of crowd simulation. It can handle
transportation such as buses, ferries and elevators. That is, a crowd
of people would move to a specific position, wait, and only a por-
tion of them can leave each time.

2. Related Work

Evacuation. Early evacuation methods are often based on mathe-
matical models. They can be classified into categories such as static
network, discrete/continuous time dynamic networks, and simple
simulation (probabilistic and cellular automata). We refer readers
to the survey [HT02, SKK∗09] for more details.

Pelechano and Badler set leaders that are familiar with the scene
at intersections and guide evacuees to safety regions [PB06]. Di-
makis et al. employed a distributed simulator based on the multi-
agent paradigm for managing emergency [DFG09]. Rodriguez and
Amato [RA10] studied how the types of an interaction affect evacu-
ation strategies. Tsai et al. [TFB∗11] developed a multi-agent evac-
uation simulation to support several agent models such as children,
parent, and authorities. Kretz et al. [KGH∗11] proposed a method
to compute the quickest path for each agent according to a local
simulation. Given that the path is determined according to the in-
formation at the current state, congestion potentially occurs in the
later stage. Agents could move back and forth during evacuation. In
contrast, our system computes the evacuation route of each agent
according to a full simulation so as to derive a stable result.

Crowd simulation and road map. Helbing and Molnár
[HM95] introduced a social force model to simulate pedestrian dy-
namics. Van et al. [VdBLM08] presented a reciprocal velocity ob-
stacle method to compute feasible movement directions of agents.
Karamouzas et al. [KHvBO09] introduced the idea of predicting
future collision so that the method can adjust the movement di-
rection of each agent and achieve realistic. Guy et al. [GCC∗10]
computes a biomechanically energy-efficient and collision-free tra-
jectory for crowd. Curtis et al. [CZGM13] set different priorities

to agents and let agents with lower priorities to give way to those
with higher ones. Johansson et al. [JHS07] applied the evolutionary
optimization to compute parameters used in the social force model
from real videos. Durupınar et al. [DGAB12] considered psycho-
logical parameters to form different crowd models. These kinds of
models can be employed for enhancing the realism of crowd sim-
ulation. Van et al. [VTCG12] computed a density map based on
the distribution of agents. Pettré [PLT05] computed the map from
multi-layered and uneven terrains. Patil et al. [PVDBC∗11] com-
puted navigation fields to guide different crowds to their own desti-
nations. Wong et al. [WTL∗15] used particle swarm optimization to
refine the predefined evacuation paths based on a fitness function.

3. Theoretical Background and System Overview

We adopt crowd simulation techniques to optimize evacuation
routes. A crowd of people are represented by agents and their mo-
tions are simulated to obtain the time that demands for evacuation,
i.e., the time taken by the agent to move from its initial position
to an exit. We show an experiment in Figure 2, in which the road
to the left exit is narrow, to explain why simulation is important in
evacuation route optimization. The evacuation plan determined by
the shortest path algorithm is oblivious to the distribution of agents.
A good evacuation plan for 1000 uniformly distributed agents may
not work well for 100 agents because the congestion problems are
different. Accordingly, our goal is to refine the position of division
point so that the evacuation time of the agents around it can be sim-
ilar. To implement this idea, we initially set the evacuation route
according to the shortest paths algorithm and then iteratively up-
date the route until an optimal state is achieved. We also prevent
head-on collision of agents when computing the route to prevent
rapid increase of evacuation time. In other words, the following
constraints should be satisfied:

1. Each edge has at most one division point to divide a crowd into
two groups. In other words, agents in a group evacuate in one
direction; and those in different groups separate from each other.

2. Guidance paths at an intersection cannot across. Otherwise,
head-on collisions potentially occur and evacuees have to take
long time to arrive at exits.

The input of our system is a scene map that indicates the posi-
tions of obstacles and roads. We transform the map into a graph
G = (N,E), where N = {n1,n2, ...nz,} is the set of node posi-
tions, n∈R2, z is the number of nodes, and {i, j} ∈E indicates the
node connectivity. We also denote by Ne ∈N the exits that demand
agents to reach. Our goal is to compute the evacuation direction(s)
of each edge and the division ratio of each node. When agents on
an edge have to evacuate in opposite directions, we also determine
the position of the division point to minimize evacuation time.

4. Evacuation Route Optimization

We initialize the evacuation route according to the distance to exits
and then refine the route by agents’ evacuation time. An optimal
state is achieved when neighboring agents who take different routes
arrive at respective exits simultaneously.

Route Initialization. We apply the shortest path algorithm to
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Figure 2: We show an experiment to demonstrate that the optimal
evacuation route depends on not only the scene structure but also
the crowd distribution. The division point (the vertical red line) di-
vides the crowd into two groups moving along the opposite direc-
tions. The division point is set at the same position in three different
cases. In the experiment results, simulated agents (blue dots) evac-
uate to the left or right exit according to the guidance. As indicated,
the division point should depend on the crowd distribution.

initialize the evacuation route. To implement this idea, we add an
auxiliary node m that connects with all exits ne ∈ Ne. The distance
between m and ne are set to zero. In addition, because the capac-
ity of a road is inversely proportional to the road width, we set the
cost of each edge {i, j} to ‖ni−n j‖ or ‖ni−n j‖

wi j
, where wi j is the

minimal width of the road edge {i, j}. By applying the Dijkstra’s
algorithm to compute the shortest path tree, we obtain the initial
evacuation route. We set the evacuation direction of each edge ac-
cording to the shortest path tree. The directions guide the agents to
evacuate in the simulation process. For edge {i, j} that is in E but
not on the shortest path tree, we set a division point on it because
the paths from ni to m and from n j to m do not cross edge {i, j}.
Ideally, the division point should be set based on the distances from
nodes ni and n j to m, respectively. But we simply set the point in
the middle of ni and n j because the current route is only for initial-
ization and will be updated according to the simulation result.

Route Optimization. We have assigned the initial evacuation
direction based on the shortest path algorithm. A crowd can move
along the evacuation direction to exits. But this approach does not
consider the actual movement of agents and congestion problems.
Therefore, we apply the crowd simulation method to estimate the
evacuation time of each agent. The evacuation time of each local re-
gion is then determined as well. To implement this idea, we adopt
an iterative method to 1) refine the division points on edges and
2) determine the division ratios at intersections to solve the men-
tioned problem. The refinement stops when the system converges
or a prefined maximum number of generations is reached. By the
preliminary tests, we set the prefined maximum number of genera-
tions to ten.

Refinement of division points. Let {i, j} be the edge that has
a division point q, our goal is to refine the position of q (denoted
by nq) to ensure that crowds evacuate in opposite directions will
arrive at respective exits simultaneously. To illustrate this idea, we
further denote by Ti and Tj the evacuation time if an agent starts
evacuation from node i and j, respectively, and ∆Tqi and ∆Tq j the
time that agents have to take to move from nq to ni and n j, respec-

tively (Figure 3). Considering that the two crowds should arrive at
respective exits at the same time, we give the constraint

Ti +∆Tqi = Tj +∆Tq j. (1)

If the constraint is not satisfied, we need to update the division
point. Because crowds seldom congest when they start evacuation,
∆Tqi and ∆Tq j can be estimated for the next iteration by applying
linearly proportion according to the distance from nq to an end of
{i, j}. Let the division ratio φ = ‖ni−nq‖/‖ni−n j‖. The new φ

′

should satisfy the constraint and thus we have:

Ti +
φ
′

φ
∆Tqi = Tj +

1−φ
′

1−φ
∆Tq j. (2)

Here, φ
′

φ
and 1−φ

′

1−φ
are the changes of the length ratios of the two

edge segments of edge {i, j}, respectively. Let α =
∆Tqi

φ
and β =

∆Tq j
1−φ

, the division point q is updated by the new division ratio:

φ
′ =

Tj−Ti +β

α+β
. (3)

Our system then refines the position of division point q and the
evacuation routes. Note that φ

′ could be outside the interval [0,1].
It means that the division point should not be on edge {i, j}. If the
valance of node i or j is two or higher, we propagate the division
point to the adjacent edge(s) of {i, j} if the evacuation time of the
agents on the adjacent edge(s) is longer. Then we repeat the process
until a stable state is achieved.

Figure 3: The travel times of agents along an edge with a division
point. The division point divides the edge into two parts.

Crowd Simulation. We improve on the crowd simulation
model [WTL∗15] and simulate the crowd motions according to
the guidance of the evacuation routes, obstacles, and crowd den-
sity of neighboring regions. Agents move along edges while avoid-
ing collisions until they arrive at exits. As crowd simulation is not
the major contribution, we ignore the implementation details in the
rest of the paper. Other crowd simulation models are also possi-
ble. To obtain the evacuation direction of each agent, we find the
edge {i, j} ∈ G that is closest to the agent. The temporal destina-
tion d = nδ is then computed, where δ ∈ {i, j} is set based on the
evacuation direction of edge {i, j}.

5. Experiment Results

We implemented the presented algorithm and executed the code
on an Intel R©CoreTM i5 CPU @ 3.20GHz with 8 GB RAM. To
evaluate the performance of our method, we tested the presented
system in various scenes, including indoor (Exhibition) and out-
door (Island) environments. There were 25000 and 20000 agents in
Exhibition and Island, respectively. In the figures, agents and ob-
stacles are represented as dots and gray polygons, respectively. We
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(a) (b)

(c) (d)

Figure 4: In this example, we compare the results determined by
the shortest paths algorithm (top) and our method (bottom). (a) and
(c) show the exit of each agent. (b) and (d) reveal the evacuation
time of each agent. As indicated, agents who follow the guidance
determined by our method can evacuate faster than those by the
shortest paths method.

also applied the transfer function to colorize the dots/agents so as
to represent their evacuation time. Overall, our system took eight
generations on average to obtain the optimal evacuation route. The
average training times (sec) per generation were 27.24 and 49.99 in
Exhibition and Island, respectively.

Exhibition. Figure 4 shows the evacuation time of the agents
that follow the routes determined by the shortest path algorithm and
our method. The agents were evenly distributed in the scene. Given
that the shortest path algorithm would guide agents to the nearest
exits, the congestion problem potentially occurs. The problem of-
ten appears when the agents move from a branch to a main route
because of collisions. In contrast, although our approach may ask a
portion of the crowd to move to farther exits, it disperses the crowd
to minimize the congestion and helps them evacuate efficiently.

Island. In this example, 20000 agents are unevenly distributed
in the island due to the placement of facilities (Figure 5). Given
that there are three exits at the right of the island, most agents can
evacuate efficiently. We compare the evacuation time of agents that
follow the guidance determined by the methods.

Island + transportation schedules. Considering that evacua-
tion can be achieved by public transportations, we tested the pre-
sented system on an island, in which agents periodically leave the
island whenever vacant ferries arrive at the pier. Specifically, we
assume that the top left exit in Figure 6 to be a pier. The gate in

Figure 5: Island example. Evacuation time of each agent that fol-
lows the guidance determined by the shortest paths algorithm (left)
and our method (right).

Figure 6: In this example, agents have to take ferries to evacuate
from the top left corner. Since they have to wait for transportations,
the evacuation from this direction could be slow. Our system thus
guides more agents to another exits.

front of the pier opens every 1000 time steps and then closes af-
ter 200 agents get on the ferry. The distribution of agents are the
same to that in the previous example. Since agents have to wait for
ferries during evacuation, our method guides more agents to other
exits and successfully minimizes the evacuation time.

Other crowd models. The presented system is flexible to crowd
simulation models. To verify this issue, we integrated the social
force [HM95] and reciprocal velocity obstacle (RVO) [VdBLM08]
models into our framework. In general, compared with the shortest
paths, the last agent simulated in these models saves 24% to 35%
of time to evacuate if it is guided by our optimal route.

6. Discussions and Limitations

The inputs of our system are a scene map and the distribution of
a crowd. The former is easy to obtain because the map simply in-
dicates the positions of the obstacles. The latter could be a little
bit difficult in some scenarios. Fortunately, people in urban cities
usually have smart phones and their locations can be sensed by
the global positioning system or wifi signals. There are also some
surveillance cameras that can be used to estimate a crowd distribu-
tion [DG14]. When routes are determined, they can be conveyed by
wireless devices [ISIK08] [Che12] and guide the users to evacuate.
Dynamic exit signs can also be considered [DG14].

Our system relies on the results of crowd simulation. One of the
strengths is its flexibility. However, as crowd behaviors are often
difficult to simulate because of various psychological issues, no
simulation models can be considered perfect. For example, peo-
ple could become aggressive and cut into lines frequently if they
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do not feel good during evacuation. Our current system simply as-
sumes that people are patient and willing to follow the guidance
to evacuate. The simulation can work well in the situations such
as the end of a concert or a happy new year party. But it is not
able to simulate the crowd behaviors when a serious earthquake oc-
curs. Accordingly, the evacuation route computed by our system is
not guaranteed the optimum. Furthermore, as the entire simulation
must be executed, the computation cost may be too high for a large
scene. It is desirable to employ parallel computation techniques to
reduce the computation cost. Finally, we will consider to apply data
driven approaches for simulating believable crowd evacuations.

7. Conclusions and Future Work

We have presented a novel approach to combine crowd simulation
and evacuation route optimization. Our system can handle crowds
with various attributes and environments that are difficult to pre-
vious methods. Thanks to the integration of simulation, our ap-
proach is adaptable to elevators and public transportations that are
commonly seen in evacuation. Although our system assumes that a
crowd distribution in a scene is known in advance, the distribution
is not difficult to estimate because of widely used smart phones and
surveillance cameras. When the optimal evacuation route is com-
puted, a simple and practical way is sending the route to each smart
phone and guide the user to exits. In future, we plan to discuss this
evacuation guidance with potential users, seek their feedback, and
eventually develop the presented system to reach a practical level.
Another issue is that the priority of evacuation in different zones are
different. For example, people would prefer staying outside than in-
side a building because of many reasons such as fresh air and safety.
Accordingly, we may compute the evacuation route in order to help
people leave the first-priority zone efficiently. Finally, evacuation
routes may be considered in traffic animation [LWLT16] and lay-
out design [FYY∗16].
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