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Abstract—To better guide people to evacuate in a given
area, this paper proposes a multi-agent emergency evacuation
simulation system for the adjustment of people’s downward
flow in a dynamic disaster environment. The main goal of this
paper for managing emergency evacuation is to build a basic
model that can simulate the location distribution of people, the
speed of personnel, the pedestrian flow, road congestion and
other situations. The proposed system mainly combines two
multi-agent-based methods, i.e., cellular automata (CA) model
and ripple-spreading algorithm (RSA). The CA model
simulates the road network and the flow of people, the
improved RSA calculates the optimal evacuation path for each
people and improves the system calculation efficiency. With the
proposed system, we test some specific control measures for
high-risk sections in a given area by analyzing evacuation time,
road congestion, etc., and the data after the control measures
are compared with those before the control measures to verify
the effectiveness of the proposed system in the evacuation
process. The results can be used to assess the effectiveness of
emergency control measures in a given area, such as crowed
scenic spot.

Keywords—emergency management, cellular automata
model, ripple-spreading algorithm, multi-agent

[. INTRODUCTION

With the development of economy and society, the
number of large and medium-sized public places with dense
personnel is increasing. For these crowded places, once a
disaster event occurs, if crowd evacuation is not managed
properly, stampede accidents are likely to happen, causing
mass deaths and injuries. Every year, a considerably large
number of disasters occur due to natural events or personnel
faults. Actually, most people's gathering places are subject
to certain space restrictions (such as the gate of subway, the
narrow path of scenic area). These will hinder the activities
of pedestrians, and there will be interference between people
in the pedestrian flow, which increases the complexity of
evacuation during fire and other dynamic disasters. The
evacuation of people in crowded places is considered to be
the core problem of minimizing the loss of life and property
when disasters occur. Evacuating people to designated
locations quickly and safely, and reducing congestion are
two key issues [1].

Researchers have been working on developing
evacuation simulation systems over the past few decades.
They model the environment, human physiology, and
psychology as realistic as possible to make the analysis
more accurate. From the perspective of the evacuation
simulation environment, the establishment of a multi-agent
evacuation model needs to consider personnel behavior
model [2][3]. At present, the evacuation models mainly
include the lattice gas model, agent model, and social force
model [4-7]. Cellular automata (CA) Model is a classic
spatio-temporal dynamic system with homogeneity, spatial
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discrete and state discrete, etc. It can simulate the real flow
of people in dynamic evacuation process. Due to its
characteristics, the research results of CA model are
basically divided into two types. The first category is mainly
for personnel evacuation. Adding the evacuation path
algorithm or idea into model, it can simulate in a static or
dynamic evacuation environment [8-16]. Another category
is mainly for train flow. It’s very popular in traffic
simulation with a variant of the model because it can
simulate a more realistic evacuation environment [17-20].

In reality, when the emergency evacuation starts, each
person is in a different position. In other words, personnel
evacuation is a many-to-many path optimization problem
(POP). To ensure that each person has the shortest path, it is
important to calculate the optimal evacuation paths for all
people at once. The current path optimization algorithms
include breadth-first search method, depth-first search, A*
algorithm and Dijkstra’s algorithm, etc., These search
methods were originally proposed predominantly for the
one-to-one POP and then could be extended to resolve
many-to-many POPs in a computational expensive way. No
matter which algorithm mentioned above is adopted for
many-to-many POP, it can be viewed as a process of
repeating searching the optimal path for each one-to-one
POP [21-25]. Based on a nature-inspired method, i.e.,
ripple-spreading algorithm (RSA), we will report a new
method for many-to-many POP. The modified RSA can
avoid the repetition process and get the optimal paths from
all source nodes to all destination nodes by just a single run
of algorithm. The calculation efficiency is significantly
higher than the other algorithms, which can better serve the
requirements of emergence evacuation.

This paper aims to develop a simulation system, i.e., the
cellular automata and ripple-spreading system (CRS), to
study passenger flow regulation for emergency management
under dynamical disaster event scenarios in scenic spots.
Compared with other models that simulate pedestrian
evacuation, the CRS can not only study on agent’s
behaviors, but also optimize the evacuation paths efficiently.
The focus is put on two key modules of the simulation
system, i.e., the simplified CA mode and a modified RSA to
calculate the best evacuation paths in a given dynamical
disaster event for all passengers by just a single run, in order
to improve the computational efficiency of simulation on a
large spatial scale.

II. CRS BASED ON MULTI-AGENT

With the social characteristics of the interaction between
people in the evacuation process, the multi-agent system is
often used as an important simulation tool. It shows a wide
range of excellent characteristics, engineering background
and application prospects. The agent can be a man, a
vehicle, an aircraft or a living organization, etc. Multi-agent



model can describe the system from a micro perspective,
comprehensively considering the relationship between the
various parts of the system, so as to describe the macro
characteristics of the system. Each person in the CRS is an
independent agent. The agent's movement mode is used to
drive the interaction between agents and environment.

CRS needs to be established for emergency management
of pedestrian flow under dynamic disaster scenarios. There
are three main types of input. The first input is road network
data, the second input is people location collected by
sensors, and the third input comes from the path
optimization method, i.e., the modified RSA in this paper.
The simulation system is constructed through the following
five steps, and the structure of the system is shown in Fig 1.

® Build a basic road network based on the collected
data of a given area;

® Establish a people distribution model based on
historical distribution data of people, and establish
personnel behavior model based on the evacuees'
age and gender;

® According to the data provided by the people
distribution model, the optimal evacuation path is
calculated for each agent by RSA;

®  Simulation experiments are conducted based on the
road network data, the personnel behavior model
and the optimal evacuation paths;

® The evacuation results of the simulation are
evaluated, and recommendations are given.

As shown in Fig 1, CRS receives dynamic disaster
scenarios and road network data, and RSA receives agent
distribution data generated by personnel behavior models
and distribution models. RSA is also constrained by CRS.
The constraints are related to dynamic disaster scenarios and
pedestrian flow control measures. Under the conditions of
personnel distribution and constraints, RSA calculates the
optimal evacuation path for each agent under the given
dynamic disaster scenario. Based on this, CRS can simulate
pedestrian evacuation in a given dynamic disaster situation.
The risk analysis and decision tools in the simulation system
can evaluate the pedestrian flow in the experiment and give
CRS some measures to regulate the pedestrian flow. Based
on this regulation, RSA receives suggestions to recalculate
the optimal evacuation path under new constraints, and then
the CRS performs pedestrian flow simulation again. The
control measures and pedestrian flow simulation can be
repeated until a set of optimal control measures are worked
out.

Fig. 1. Framework of the cellular automata and ripple-spreading system
(CRS)

A. Cellular automata model

Here we describe the construction of road network, the
personnel behavior model and the agent evacuation process
in the CRS.

Fig. 2. Traditional (a) and Improved (b) cellular automata model

In this paper, the classic CA model is simplified by
considering evacuation path characteristics. The center cell
of a classic CA model has 8 neighbors (shown in Fig 2 (a)).
In real life, people usually have two directions of the

evacuation path, i.e., the front or the back of their location.
At this time, the evacuation process can be regarded as
agents moving forward or backward on the evacuation path.
Therefore, this paper changes the classical CA model to a
linear CA model. After simplification, central cell of CA
model only has two neighbors which named the predecessor
cell and the successor cell (shown in Fig 2 (b)). In addition,
different cells are allowed to have different capacities
because the actual road widths are different. And different
levels of capacity determine the release ability of the cell.
Such linear model is consistent with the characteristics of
the road in reality. Based on this, the road network is
completed. Finally, according to personnel behavior model
and personnel position senor, agents are assigned to cells.

In real life, the flow of people will cause different levels
of congestion. Congestion should also be considered during
the simulation. In CA model, congestion rules exist in the
cells at both ends of the path. When CRA simulates the
evacuation process, each cell of the both ends of path will
calculate its own current cell capacity and margin, and
determine whether the next time unit can interact with other
cells. If the cell capacity is not saturated, the passenger can
continue to move; otherwise, his movement needs to
determine the situation which whether he needs to wait
according to the congestion model. When more than 1 times,
2 times, 3times the capacity of the current cell itself, the
congestion model will give the 1 times, 1/2 times, 1/3 times
passing rate to the cell, some of passengers are randomly
enter the next cell and the rest are waiting in place.

Next is the agent evacuation process in the simulation.
Given a road network G = (V, E, C), V, E, C are the sets of
Nn nodes, Ni links and Q cells, respectively. Road links are
represented by a NyxNy matrix R. R (i, j) = m>0 means that
there is a link between 2 nodes and the length is m,
otherwise R (i, j) = 0, and there is no self-link at a node, i.e.,
R (i, i) = 0. Ewm(i, j) represents the link number between node
i and node j. R (Ewm (i, j)) represents the largest cell number
on the Ey link.

For agent k (1 <k < T), W(k) = 1 means the agent can
pass normally, W(K) = 0 means the agent stops passing
because of congestion.andrepresent randomly selected and
unselected agents who stop passing, respectively. Matrix
MpL represents the optimal path set for evacuation, Mpy (K, j)
represents the jth node on the evacuation route of agent k,
Ci«(Em, k) = (Em (Mp(k, 1), Mpi (K, ])), k) represents the cell
number of link Ew (i, j) where the agent K is located at time
t. Ct (Em, k)=0 represents the agent k has reached the
destination node. Ec (Em, K)>0 is the capacity of the cell
where agent k is located. Then the position of agent k at time
t can be expressed as P: (K, i, ) = (Em, Ct (Ewm, K)). If Pt (K, i,
J) = (Ewm, 0), the agent has reached the destination node.

Fig. 3. The process of cellular automata (CA) model

The current capacity Ecp of cell g in link Ey is expressed
as:

When Ci(Ewm, k)>0,

(1
: 2
At time t, the total number of agents in the road network

is:
: A3)
Due to multi-agent systems has the characteristics of
social, autonomous and cooperative, it means that agents



have cooperation, negotiation, competition and other
behaviors. Considering these behaviors in emergency
evacuation, in the congestion rules, some people wait in situ
because they are courteous to others or weak, and some
people go first because they are commissariat or strong. The
specific rules as:

When C; (Ewm, K) satisfies the following conditions, the
pass rate of the congestion rules takes work:

or. (4
The formula (5) is used to determine whether agent
needs to wait:

©)

Where and are:

- (6)
. (7

The evolution process of CA model is shown in Fig 3.
B. Ripple-spreading Algorithm (RSA)

In emergency management, proper planning of people
evacuation plays a vital role, and the key is to resolve a
many-to-many path optimization problem (POP), as people
in different locations needs to be evacuated to different exits
or assembling points. In this section, we give a method to
address the many-to-many POP, in order to provide the
optimal evacuation path for each person.

There are currently two popular types of practices for
path planning. One practice is to publish the best static paths
from each location to its closest exit or assembly station.
Unfortunately, such static paths are often not feasible in a
dynamical disaster event. For example, a fire could occur
just on such a static path, which means the published path is
not accessible at all. The other practice is to online re-plan
evacuation paths for each person according to the current
disaster situation. However, such dynamically planned paths
could often lead to turning back and going around behaviors,
which implies a waste of time [26]. To find out the
theoretical optimal path, here we adopt a relatively new
nature-inspired method, i.e., ripple-spreading algorithm
(RSA), which is actually a decentralized, multi-agent-based
simulation model [26].

The principle of RSA comes from the natural ripple-
spreading phenomenon. A ripple spreads on the liquid
surface in all directions at the same speed. Therefore, the
ripple always reaches the closest spatial point first. By
mimicking the ripple-spreading phenomenon in nature, RSA
can find the shortest path of one-to-one path optimization
problem. This paper modifies the RSA developed in
reference [26]. Assuming that each agent’s location is
regarded as a source node, and each safe evacuation location
as a destination node. Then finding all people optimal
evacuation paths can be viewed as solving a many-to-many
POP. After modification, the RSA can solve many-to-many
POP, and it only needs to calculate once in a given dynamic
disaster environment to find the optimal evacuation paths for
all people. Here, we complete the third step of constructing
CRS.

Because RSA does not use the route network of CA
model to calculate the shortest path, road network of RSA is
different from CA model. Assuming that the road network
Go = (Vo, Eo), Vo, Ep are the sets of Ngr nodes and Lg links,
and represent the set of the source nodes and destination
nodes, . The Nr xNg matrix A represents the road links. A (i,
J) = n > 0 indicates that there is a link between node i and

node j, and n is the link length. A (i, j) = 0 means there is no
link between node i and node j, A (i, i) = 0 means node i is
not connected to itself. R(i) records node information in a
path, i =1, ***, Nre, NrL > 2 indicates how many nodes in this
path. R(1) is the source node, R(Ngp) is the destination node.
The cost of route R is:

: (8)

represents the set of all feasible routes connecting the

source node and destination node. The many-to-many
shortest path is:

: )

Suppose F(i)=j>0 indicates that ripple i has been

activated by ripple j. rr(i) is the radius of the current ripple i,

and letanddenote the sets of inactive and active ripples,

respectively. Then, the modified RSA includes the following
steps.

The evolution process of RSA is shown in Fig 4.

Fig. 4. The process of ripple-spreading algorithm (RSA)

III. THE CASE STUDY

This section simulates the personnel evacuation in a part
of the Summer Palace, Beijing, China, in order to verify the
effect of passenger flow regulation which is provided by
CRS.

A. Introduction to the study area

Here we will test the proposed CRS by simulating
personnel evacuation in a scenic spot, i.e., the Summer
Palace, which is a famous scenic spot in China. The paths in
the Summer Palace are relatively narrow. In 2019, the
annual passenger flow of the Summer Palace has reached
6.12 million. As a large annual passenger flow in China, it is
important to have a proper plan for personnel evacuation. In
this paper, the area near the Hall of Jade Ripples in the
Summer Palace is selected as the simulation research area.
The narrow path sections have been the bottleneck of
passenger flow on the tour route for a long time, such as
from East Palace Gate to Hall of Jade Ripples, Yiyun House,
and Yaoyue Gate tour route. In the event of a fire in this
area, it is crucial to evacuate tourists in a timely and safe
manner.

B. Parameters

According to the three inputs of CRS, we need to obtain
three categories of data, namely road network data (Fig 3),
tourist data and evacuation path data (Fig 4).

Fig. 5. Topographic map before(a) and after(b) the opening of the
emergency route

In the Fig 5, red lines are the wheelchair emergency
channel and blue lines are the square emergency channel.
When the emergency channel is not opened, the Summer
Palace road network has 832 nodes, 933 links, a total of
31509 cells; when the emergency channel is opened, the
wheelchair and square access of the research area is opened,
the Summer Palace road network has 832 nodes, 937 links,
31617 cells. The length of each cell is 1m.

By analyzing and organizing the passenger’s data for the
Summer Palace in the "October 1st" week in 2019, we set
610 people at the Hall of Jade Ripples randomly, and the
390 people in other areas randomly. We set the maximum



speed of passengers is 1.25 cells per second (1.25m/s), and
the minimum speed of passengers is 1 cell per second
(1m/s). We randomly assign these speeds to passengers, to
get closer to the real situation.

Fig. 6. Optimal evacuation path before(a) and after(b) emergency passage
opening

This paper makes a comparative simulation experiment,
i.e., when the emergency channel is opened, and when the
emergency channel is closed. According to the distribution
of tourists and the dynamic disaster model, the optimal
evacuation paths calculated by many-to-many RSA is shown
in Fig 6 before and after the emergency channel is opened.
The red solid circle in the Fig 6 represents the evacuation
endpoint, and the blue solid square represents the evacuation
starting point, i.e., where tourists are located at the
beginning of evacuation.

C. Results

Fig. 7. The experimental simulation diagram at time t = 20

Fig 7 shows the experimental comparison results at t =
20s. It can be seen from the Fig 7 that the congestion of cells
after the regulation is reduced when compared with that
before the regulation. After regulation, the congestion of
passengers at nodes 246 and 234 is significantly reduced;
the number of passengers at the Hall of Jade Ripples area
has also reduced (the blue frame area in Fig 7).

Fig. 8. Statistics on congestion time of each node in the study area

Fig 8 reflects the congestion time of each node in the
study area in the experiment. By comparing the congestion
time regulation of each node, the congestion time of most
nodes is greatly reduced after regulation, and the congestion
time of a few nodes increases slightly. Only a few nodes
(such as 232 and 235) become more congested. The reason
is that the total number of passengers remains unchanged,
but passengers moved from one road to another. Due to the
evacuation time of the part and the whole area is reduced, it
is acceptable that the congestion time of a few nodes
become longer. From the overall analysis, the proportion of
the gray part in the Fig 8 is significantly lower than that of
the orange part, that means, the congestion time of the node
in the experiment is significantly reduced.

TABLE 1. Case simulation results

L . Before After Whether
Evacuation time (unit: s) regulation regulation g:ec Egl:e .
Hall of Jade Ripples 75 37 Yes
Difference value of part 38 Yes
The whole area 204 183 Yes
Difference value in total 21 Yes

TABLE 1 records the complete simulation data. The
comparison of simulation results shows: After regulation,
the evacuation time of Hall of Jade Ripples was shortened
by 38 seconds, and the evacuation time near Hall of Jade
Ripples was shortened by 21 seconds. Through the
comparison of the data obtained after CRS simulation, it can
be found that the evacuation time of study area is greatly
reduced after regulation. Through CRS simulation, we can

clearly observe the evacuation status and congestion level of
each spots at any moment, which provides data support for
the regulation of passenger flow and scientific advice for
emergency management. The experiment proves that the
simulation base on the reported CRS can be useful to study
the regulation of emergency evacuation.

IV. CONCLUSION AND ANALYSIS

In this paper, we built CRS on the basis of the simplified
CA model and the improved RSA, combining the
characteristics of multi-agents, we develop an effective
simulation system which aims to provide reasonable
regulation of passenger flow suggestions for emergency
management through simulation. By improving one-to-one
RSA to many-to-many RSA and simplifying the traditional
to a linear CA model, we enhance the calculation efficiency.
It is successfully proved the goal of CRS through the case
study of Summer Palace. In the future work, in order to
make the system simulate more realistic evacuation
conditions, the personnel behavior model in the simulation
system can be improved, and more regulation measures can
be introduced.

Acknowledgements

This work is supported by the National Natural Science
Foundation of China (Grant No. 61472041).

References

[1] Wenjun Lei, Chuanmin Tai, “Effect of different staircase and
exit layouts on occupant evacuation,” Safety Science, vol. 118,
pp. 258-263,2019.

[2] Sharad Sharma,Kola Ogunlana,David Scribner,Jock Grynovicki,
“Modeling personnel behavior during emergency evacuation
using intelligent agents: A multi-agent simulation approach,”
Information Systems Frontiers, 2018, vol. 20 (4), pp. 741-757.

[3] Coskun Sahin,Jon Rokne,Reda Alhajj, “Human behavior
modeling for simulating evacuation of buildings during
emergencies,” Physica A: Statistical Mechanics and its
Applications, 2019, vol. 528.

[4] Juhai Wang, “Research on Evacuation Simulation of Large-scale
Stadium Staff,” Proceedings of 2018 5th International
Conference on Electrical & Electronics Engineering and
Computer Science(ICEEECS 2018), pp. 503-506.

[5] Jin Guozheng, Yu Zan, “A review of personnel evacuation
models,” Industry and Technology Forum, 2014, vol. 13(13),
pp. 135-136.

[6] Helbing D, Illes J Farkas, P Molnar, et al., “Simulation of
Pedestrian Crowds in Normal and Evacuation Simulation,” In
pedestrian and Evacution Dynamics Schreckenberg and S.D.
Sharma(eds), 2001.

[71 Li Nao, “Agent-based scenic tourist behavior simulation

modeling and application Taking the Summer Palace as an
example,” Journal of Tourism, 2014, vol. 29(11), pp. 62-72.

[8] Zhou Yuan, “Emulation research of emergency population
evacuation algorithm,” Science and Technology and
Innovation, 2019, vol. 08, pp. 12-14+18.

9] Jin Zeren, Ruan Xin, Li Yue, “Study on Pedestrian Flow
Evacuation Simulation Based on Cellular Automata,” Journal
of Tongji University (Natural Science Edition), 2018, vol.
46(08), pp. 1026-1034.

[10] Liu Wenning, Wang Jiawei, Tang Xueqin, “Personnel
evacuation model based on cellular fish swarm algorithm,”
Computer system application, 2019, vol. 28(05), pp. 131-136.

[11] Feng Huandong, Yang Jing, Liu Bo, Zhu Jingwei, “Pedestrian
flow evacuation simulation based on cellular automata,”.
Construction Technology, 2017, vol. 07, pp. 64-66.

[12] Yue Hao, Shao Chunfu, Yao Zhisheng, “Pedestrian evacuation
flow simulation based on cellular automata,” Journal of
Physics, 2009, vol. 58(07), pp. 4523-4530.

[13] Lv Chunshan, Weng Wenguo, Yang Rui, Shen Shifei, Yuan
Hongyong, “Personnel evacuation model in fire environment
based on motion mode and cellular automata,” Journal of
Tsinghua University (Natural Science Edition), 2007, vol. 12,
pp. 2163-2167.



[14]

(1]

[16]

[17]

(18]

(19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

Jin Xiaogang, “ Simulation Design of Cellular Automata Based
on Matlab,” Computer Simulation, 2002, vol. 04, pp. 27-30.

Zhao Daoliang, Cellular Automata Simulation of Special
Behavior of Personnel Evacuation under Emergency
Conditions, University of Science and Technology of China,
2007.

Chen Honglu, Deng Yiran, “Research on architectural escape
scheme based on game theory and Dijkstra’s algorithm,”
Digital technology and application, 2019, vol. 37(07), pp. 125-
127+130.

Qi Shanshan, Peng Qiyuan, “Research on Improved Cellular
Automata Train Traffic Flow Simulation Model,” Computer
Engineering and Application, 2019, vol. 55(24), pp. 254-258.

Zhang Hongying, Yang Xuwei, Luo Qian, “Modeling and
simulation of airport flight flow based on cellular automata,”
Journal of System Simulation, 2018, vol. 30(08), pp. 2864-
2874.

Wu Yi, Research on cellular automaton model based on three-
phase traffic flow theory, Jilin University, 2018.

Amit Kumar Das,Ujjal Chattaraj, “Heterogeneous Traffic
Simulation for Urban Streets Using Cellular Automata,”
Arabian Journal for Science and Engineering, 2019, vol. 44
(10), pp. 8557-8571.

Stuart Russell, Peter Norvig, Artifical intelligence: A modern
approach, Prentice Hall, Englewood Cliffs, New Jersey, 2010.

E. W. Dijkstra. A Note on Two Problems in Connexion with
Graphs, Numerische Mathematik, vol. 1, pp. 269-271, 1959.

Hart,P. E., Nilsson, N.J., and Raphael, B., “A formal basis for
the heuristic determination of minimum cost paths,” IEEE
Transactions on Systems Science and Cybernetics, vol. 4(2),
pp. 100-107.1968.

Sniedovich,M., “Dijkstra’s algorithm revisited: The dynamic
programming connexion,” Control and Applications, vol. 49(1),
pp. 161-176, 2006.

Lei Deming, Yan Xinping, “Multi-objective intelligent
optimization algorithm and its application,” Science Press,
2009.

Hu Xiao-Bing, Wang Ming, Leeson Mark S, Di Paolo Ezequiel

A,Liu Hao, “Deterministic Agent-Based Path Optimization by
Mimicking the Spreading of Ripples,” Evolutionary
computation, 2016, vol. 24(2), pp. 319-346.

Chen Xi, “Overview of personnel evacuation speed model,”
Security Technology, 2010, vol. 03, pp. 46-48.



