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In public places, the high pedestrian density is one of the direct causes leading to crowding and trample disaster, so it is very
necessary to investigate the collective and evacuation characteristics for pedestrianmovement. In the occupants’ evacuation process,
the people-people interaction and the people-environment interaction are sufficiently considered in this paper, which have been
divided into the exit attraction, the repulsion force between people, the friction between people, the repulsion force between human
and barrier, and the attraction of surrounding people. Through analyzing the existing models, a new occupant evacuation cellular
automata (CA) model based on the social force model is presented, which overcomes the shortage of the high density crowd
simulation and combines the advantages that CA has sample rules and faster calculating speed. The simulating result shows a
great applicability for evacuation under the high density crowd condition, and the segregation phenomena have also been found
in the bidirectional pedestrian flow. Besides these, setting isolated belt near the exit or entrance of underpass not only remarkably
decreases the density and the risk of tramper disaster but also increases the evacuation efficiency, so it provides a new idea for
infrastructure design about the exits and entrances.

1. Introduction

In recent years, the large public activities have become very
common, especially the large public collection that leads to
severe clogging and crowding, which brings high risk of
happening trample incidents and may result in huge casualty
and property losses. According to the statistics, too many
large-scale crowd trample disasters had happened constantly
in the global range, such as the accident in the Beijing
MiHong park in 2004 that led to 37 people dead and 15
people being injured, about 362 dead in the Hajj in 2006;
in 2008, a temple of Indian Rajasthan happened trample
tragedy, 147 dead and 55 being injured; in the electronic
music carnival of the German city of Duisburg, about 21
dead and 500 being injured in 2010. The appearance of these
calamities has made people pay more attention to the safety
of public activities. Presently, China is in the period of society
crisis: the population of city increases rapidly, the social
activities’ organizations are frequent, and the safety problems
are urgently needed to be solved for the development of cities.

Accordingly, it is a critical subject to grasp the characteristics
of occupant’s crowding and evacuation and to find a more
scientific people evacuation mode, which can help us seek
new approaches of reducing the risk of emergency.

The pedestrian movement is more complex than vehic-
ular flow for the reason that people are more flexible and
intelligent than cars. Without the limit of “lanes,” pedestrian
movement is loose and free. Furthermore, the walkers are
easily affected by others as well as the environment around, so
the mutual interactions between people in the public places
are regular, and they include homoplasy and repulsion [1].
Take the following action of pedestrian as an example: it
means that the latter pedestrian walks following the former
one with a uniform speed and route. When a person walks in
a crowd, hemust keep a sufferable distance from surrounding
people as much as possible in order to avoid mutual impact
because it makes people psychologically uncomfortable and
makes the walking speed slower. The differences between
people and cars are that people’s collisions are permissible
and vehicles’ are not. In addition, the movement of people
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is also influenced by surrounding environment, lanes’ con-
ditions, and emergencies. All of these local and individual
interactions, environmental and lanes’ factors, and personal
properties codetermine the pedestrian flow.

Recently, considerable research has been done on the
study of pedestrian flow and has achieved a lot of constructive
inclusions. The existing models studying human movement,
including pedestrian flow and occupant evacuation, can be
classified into two categories.

One is the microcosmic discrete model based on the
traffic flow. The most widely used discrete models are CA
and Gas-kinetic models [2, 3]. In [4–7], Nagatani et al. used
Gas-kinetic model for some certain building structures like
the large hall, bottleneck channel, and T-shaped channel to
study how the structures influence the evacuation efficiency.
Schadschneider et al. [8] provide an extensive overview of
various aspects of pedestrian dynamics, focusing on evac-
uation processes, which reviews empirical results, discusses
many modeling especially on cellular automata models, and
presents some specific applications to safety analysis in public
buildings. Reference [9] puts forward a new CAmodel which
introduced the friction, and the repulsion considering the
mutual function of people-people and people-environment.
The authors of [10] only defined a probability function
for route selecting and analyzed them, but the detailed
mathematic equation of attraction and repulsion and their
coefficients were not given. In [9], the attraction, the friction
and the repulsion were added in their model, while the
attraction produced by the motion directions of the ambient
walkers was not considered, and the applicability for the high
density crowding needs to be discussed since the walkers’
routes selecting is not determined by individual’s will but
depends on the direction of pedestrian flows. Kirchner and
Schadschneider [11] present simulations of evacuation pro-
cesses using a recently introduced cellular automaton model
for pedestrian dynamics which applies a bionics approach to
describe the interaction between the pedestrians using ideas
from chemotaxis. Helbing et al. [12] performed experiments
for corridors, bottleneck areas, and intersections to test
simulation models of pedestrian flows, and the result shows
that the geometric boundary conditions are not only relevant
for the capacity of the elements of pedestrian facilities but
they also influence the time gap distribution of pedestrians,
indicating the existence of self-organization phenomena.

While the other continuous flow model is based on the
fluid dynamics, the most famous continuous model is the
social forces model which is proposed by Helbing et al.
[13, 14] and focused on the interaction of people-people and
people-environment. Yang et al. [10, 15] present an occupant
evacuation and movement CA model and study the self-
organization phenomena and phrase transition. Burstedde et
al. [16] propose a two-dimensional cellular automaton model
to simulate pedestrian traffic and show that the introduction
of such a floor field is sufficient to model collective effects
and self-organization encountered in pedestrian dynamics,
for example, lane formation in counter flow through a large
corridor. Wen et al. [17] proposed a pedestrian evacuation
model which combined themotionmode of the robot and the
theory of CA. A modified dynamic cellular automata model

is proposed to simulate the evacuation of occupants from a
room with obstacles which takes into account some factors
that play an important role in an evacuation process, such
as human emotions and crowd density around the exits [18].
Cao and Shan [19] propose a new method to estimate the
stock return and use boredom distribution to denote the final
stock return which can reflect the features of technical pat-
terns and investors’ heterogeneity simultaneously. Gauthier
[20] introduces a new class of derivative products that can
hedge this risk which considers the hedging of the risk related
to the cost of suboptimal entry or exit.

In a word, most of the research made use of the social
forces model and the CA model separately. Although [9, 10]
integrated the advantages of the two kinds of models, it
was not perfect to some extent. In this paper, we introduce
a new CA model for pedestrian evacuation and simulate
the evacuation process of a plaza with one exit and a
bidirectional channel, and we also presume that a trample
accident happens in the process when the density of crowd is
in a high level. After setting the isolated belt in the exit and the
entrances of the channel, the causality in the accident sharply
decreases.

2. Establishment of the CA Model

2.1. Hypothesis. The model in this paper is described in the
two-dimensional plane system. The underlying structure is a
𝐿×𝐿 cell grid, where 𝐿 is the system size. Each cell can either
be empty or occupied by exactly one pedestrian.The size of a
cell corresponds to approximately 1/3m × 1/3m. This space
takes the applicability of themodel for the high density crowd
seriously. According to [19], the human’s body can show the
deformation and compression because of the pressure; the
density of the crowd is likely to reach 8 persons per square
meter in limited cases. In [20], the most tolerable density
of our country’s crowd is 9 persons per square meter at an
extreme situation after a precise calculation.That is the reason
why most models do not accurately simulate the evacuation
process.

The neighborhood selection of CA is pivotal as each cell’s
state depends on other cells in its field. The Moore type
neighborhood is adapted in our model and its radius is two
cells. The motion direction of pedestrian in Figure 1 shows
that there are forward walkers moving from their own cells
to the upper cells, the top right walkers moving to top right
cells, and so on. Empirically, the average velocity of a forward
pedestrian is about 1m/s; the speed of the right and left
walkers is also 1m/s while the backward walkers’ is 1m/s and
the others’ is√2m/s.

2.2. Update Rules. The update is synchronous for all pedes-
trians; each pedestrian can move only one cell per time-step.
In the update, two problems, that is, the route choice and the
confliction occurringwhenmore than one pedestrian vies for
a cell, will be solved. Ourmodel has presumed that a cell must
be occupied by one person, so we adopt roulette choosing
method to confirm who can move to the aim cell, and others
stay in their own primary cells.
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Figure 1: The motion direction of walkers.

The route choice is a significant issue, in our model,
we introduce the approximate concept of the social forces
and take the exit attraction, the repulsion, the friction,
the repulsion force between human and barrier, and the
attraction of surrounding people as objects codetermin the
route choice. The definitions are as follows.

Firstly, the concept of the “floor field” is described to
show the exit attraction, that is, each occupant is given a grid
map, on which each cell has a degree of attractive force. For
example, the exits have the greatest degree of attractive force
during emergency evacuation. The math expression below is
defined:
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The repulsive force between people-people and people-

barrier is introduced when the distance of people-people
or people-barrier (like wall) reaches a little value; at this
time, in order to avoid the collision and have a enough free
space, walkers stay away from other walkers and barriers.The
formula of the repulsions is
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range of repulsion, 𝑟
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barrier. Besides, we define a repulsive coefficient to embody
the different collision effects since the dissimilar collision can
result in a different damage. That is,
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Figure 2: The possible calculating neighbors of an occupant.

where 𝛼 ∈ [0,∞] is rigidity coefficient indicating the hurt
degree caused by barriers and people.

The friction between two occupants or between occupant
and barrier is considered when the distance between them
is too small because the influence of friction is often much
stronger than the repulsive forces’ in a high density. The
simple equation is given as

𝐹
𝑖𝑗(𝑧)

= 𝑘𝜃𝜑 (𝑧) , (4)

where 𝑘 is a constant and 𝛼 is rigidity coefficient; consider the
following:
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that is to say, the sum distance between two occupants is
larger than the sum radius between them, and two occupants
collide, if 𝑧 < 0, that is the value is zero; 𝜃 is friction coefficient
according to the impacted objects’ roughness.

The occupant-direction-attractive force 𝐷
𝑖𝑗
: in the pro-

cess of evacuation, the “follow” phenomena are often
observed, which means that occupants tend to follow the
movement of the majority. 𝐷

𝑖𝑗
describes the influence of the

direction that most occupants have taken around the cell.
In the model, the walkers may choose the same moving
direction as most people have taken, this force is defined as

𝐷
𝑖𝑗
= 𝛽𝑁

2
, (6)

where 𝛽 is the influencing factor and 𝑁 is the total number
of people within his neighborhood who choose the same
moving direction.

Through analyzing the forces, the final following expres-
sion is defined to identify the occupant route choice:

𝑇
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Considering that the friction and the repulsion have
a hindering effect to walker’s movement, while the exit
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Figure 3: Simulations of evacuation in a stadium.
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Figure 4: Velocity-time relation and density-time relation.

attraction and the occupant-direction- attractive force are
beneficial tomovement,𝑅

𝑖𝑗
and𝐹
𝑖𝑗
are negative and𝐷

𝑖𝑗
and𝐸

are positive. When a man chooses his route, the adjacent grid
with a maximum attraction 𝑇

𝑖𝑗
is selected as his next time-

step aim grid because it is the most favorable one for him.
Figure 2 shows the potential aim grids and calculating

neighbors; the black grid indicates a man, the green grid
is one of his possible aim grids for next time-step; if it is
unoccupied, we view it as the core and calculate its attraction
value 𝑇

𝑖𝑗
according to his seven neighbors except the black;

otherwise, the value 𝑇
𝑖𝑗
equals zero. If a possible grid’s value

𝑇
𝑖𝑗
is a maximum compared with other possible neighbors

described in Figure 1, it is chosen as its aim grid.

In a word, the update rules are summarized as follows:

(1) each occupant chooses another cell near him as his
aim grid, according to the state of his neighborhood
and the route-choice rules;

(2) because one cell can only be occupied by one person
at a time-step in our model, the conflict occurs when
more than one person vies for a cell. In this situation,
we adopt roulette choosing method to confirm who
can move to the aim cell. The others have to stay at
their origin position;

(3) after arriving at aim cell, the occupant will identify a
new attractive-force-degree distribution on his map
based on new environment and select his next aim
cell;

(4) the update is synchronous for all occupants, when all
updates end and turn to (1) for the next update.

3. Simulations and Results

3.1. The Simulation of Evacuation for a Stadium. In the
simulations, we assume a rectangular stadium with a sole
exit, and its size is 60m × 30m; the width of the exit is
2.7m. The rigidity coefficient 𝛼 = 1 (repulsion between
people-people), 𝛼 = 2 (repulsion between people-barrier),
the friction coefficient 𝜃 = 0.1 (friction between people-
people), and 𝜃 = 0.5 (friction between people-barrier).
There are 1200 initial walkers in the stadium, and they are
distributed randomly on the square lattice. Figure 3 shows the
simulations of the occupant evacuation process.

Figure 3 shows the typical process of evacuation, and
their separate corresponding time-steps is 𝑡 = 100, 150, and
200; the practical corresponding time is 𝑡 = 33 s, 20 s, and
67 s. We can clearly observe the basic evacuation dynamics
phenomena from the plots, including arching and stagnation
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Figure 5: The simulation of evacuation process for a stadium setting the isolated belts.
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Figure 6: Velocity-time relation and density-time relation.

phenomenon; too many people assemble close to the door
and form a serious blocking state, and there is too little space
to move or even no free space to move, of course these are
tallied with the actual situation.

Figure 4 shows the relation between walking velocity and
time-steps and the relation between density and time-steps.
The velocity is the average value that is calculated by the
sum velocity of walkers in the range of 4m2 nearby the
exit. In Figure 4, at the starting moment, the average speed
approaches the maximum 1.41m/s; the density of crowd has
a small value which is about 1.5m2/per man, so there is a
large free space for pedestrians to walk. After a brief time,
the density becomes higher and higher with the passage of
time, which increases from about 0.67 people/m2 to about

7 people/m2, while, at this stage, the moving speed decreases
gradually from the maximum to about 0.2m/s, so we can
conclude that the moving speed of a crowd depends on the
crowd density, but not the individual speed, the higher crowd
density, and the slower moving speed; when the density
comes to the limit value (here it is 7 or 8 people per square
meter), the moving speed comes to zero; this inclusion is
consistent with [21].

In the above simulations, we find that the crowd density
reaches 7 people/m2, and its moving speed reaches 0.2m/s.
If people stay for a long time in a higher density crowd
which will induce some physiological uncomfortableness,
such as dyspnea, hypoxia of the heart and brain, and crowd
panic, this uncomfortableness is easy to induce the trample
disaster; therefore, we assume that a trample disaster happens
nearby the exit once the density of crowd is over 6 people
per square meter and the number of fatalities is noted at
the same time. Through simulating the above evacuation
using the same parameters, we get that the total number of
casualties is 28 people at 100 time-steps, 71 people at 150
time-steps, and 122 people at 200 time-steps. According to
this circumstance, some isolated belts are set to prevent the
emergencies happening. The results are as follows.

Figure 5 shows the typical process of evacuation process,
and their separate corresponding time-steps is similar to
Figure 3. The isolated belts setting shows in the graphs, the
distance between two vertical belts is 8m, and the distance
between vertical belts and transverse belts is 2m of walking.
In Figure 5, we can also observe the arching phenomena, but
there are somedifferences comparedwith Figure 4; obviously,
the number of the rest of evacuation pedestrians is palpable
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Figure 7: Simulations of evacuation for a bidirectional underpass.
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Figure 8: Velocity-time relation and density-time relation of simu-
lation for the underpass.

fewer than that in Figure 3 at the same simulation time-steps,
this sufficient improves that the moving speed is more faster.

Figure 6 shows the relation between walking velocity
and time-steps and the relation between density and time-
steps. In the graph, the density of crowd increases rapidly
to 2–2.5 people/m2 with the passage of time, and the speed
gradually decreases to 1.3m/s. With the further passage of
time, the density does not increase greatly and its value stays
at 3 people/m2 for a long time until 180 time-steps; from
then on, the density starts to decrease because most people
have evacuated and the people in the density statistical area
descend. Form the analysis, we know that setting isolated

belts can advance the evacuation efficiency substantially and
decrease the crowd density, so the risk of accident happening
is weakened to a great extent.

3.2. The Simulation of Evacuation for a Bidirectional Under-
pass. This paper also simulates an evacuation process for
a bidirectional underpass whose length is 10m and width
is 8m. At the initial moment, there are 1200 pedestrians
distributed randomly on the bilateral 2-dimensional planes
of the underpass.

Figure 7 shows the simulations of evacuation process for
a bidirectional underpass, and their separate corresponding
time-steps are 𝑡 = 50, 100, and 150; the red grid points
represent walkers who pass through the underpass from
upper plane to under plane, while the black ones are just
contrary. In Figure 7(a), pedestrians move to the entrances
of the underpass at start evacuation moment, and form a
typical arching, in Figure 7(b), the crowd density ascends
furthermore, and “segregation phenomena” appears, and a
steady jam phase forms inside the underpass. We can see that
people separate into three blocking layers, and a few people
in the heterogeneous directional crowd have passed the
underpass.The reasons of the “segregation phenomena” have
two aspects, one is that the heterogeneous pedestrians have
no consciousness to prevent collisions between other people;
another is the following action which incurs more people to
join the clogging. In Figure 7(c), the layer phenomenon is
more obvious, and the more density of the crowd is, the more
congestion is produced.

Figure 8 shows the velocity-relation and density-time
relation of simulations for the underpass. At the startmoment
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Figure 9: Simulations of evacuation for a bidirectional underpass after setting isolated belts.

of simulations, the density and the speed of crowd inside the
underpass are zero, because the initial conditions assume that
there are no pedestrians in the underpass. After a period,
walkers move into the underpass, and the density of crowd
ascends gradually; at the moment of 110 time-steps, the
density stays at 6.2 people/m2 and stays in this value for
the rest of the time. The coming of this state is there is a
steady “layer blocking” has formed and the walkers have to
stay in their original positions. We see from Figure 8 that
the density increases with the increase of time-step, and the
velocity has the same trend. However, the variation of speed
at the density of 4.5 people/m2 is lager, which will increase
the risk of conflict and interference between pedestrians.
So, in the simulation, we presume that a crowding accident
happens when the density is over 4.5 people/m2; the number
of casualties are 0, 3; and 4 people at the time-steps 50,
100, and 150. We assume that the walkers’ speed of red
grid points is negative, while the walkers’ speed of black
ones is positive, so the sum of these two speeds counteracts
each other and very small. At the start moment, the speed
is zero because there is no one in the underpass. After
a period, the walkers move into the underpass, but the
density is still very small, and the summary speed counteracts
to zero. When the density increases to about 2 people/m2,
the heterogeneous directional walkers start to interact and
the mutual avoiding actions and surpassing actions appear,

which lead to the speed fluctuated at zero. After the time-
steps of 110, the speed stays at zero because of the blocking
phase.The tramper disaster happened in the electronicmusic
carnival of the German city of Duisburg which was similar to
our simulations.

In order to prevent the occurrence of blocking phrase, we
also set the isolated belts at the entrances of the underpass.

Figure 9 shows the pedestrians’ evacuation process of the
bidirectional underpass; the parameters are similar to the
above instance. The setting of isolated belts displays in the
plots; the full isolated belt is placed at the center of the tunnel;
we design that all pedestrians walk by the right then turn
right after passing the underpass and leave the system. In
the figures, we can see a lower density outside the tunnel
compared with Figure 7 as the isolated belts restrict the
movements of walkers; the density of people inside the tunnel
is more lower and there is no disturbance for bidirectional
walkers; therefore, the number of walkers passing the tunnel
is much more than the number of isolated belts, and the
evacuation efficiency is advanced greatly.

4. Conclusions

In this paper, a cellular automata model is presented to
simulate the two-dimensional pedestrian movement. Based
on the characteristic of pedestrian movement and the social
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forces model, we have established a set of rules for route
choice in pedestrian movement. The differences compared
with previous research are that five kinds of “forces” are intro-
duced to describe these effects, and the detailed expressions
are given as well, analyzing the evacuation characteristics
results of entrance and exit with isolated belts and without
isolated belts. Using these behavioral rules and artificial
instances, evacuation simulations is operated and emergency
accidents are studied in our research. These simulations have
improved the good applicability of our model and recurred
the evacuation processes including crowding, blocking, and
arching phenomena. In the simulations for a bidirectional
underpass, the “layer blocking” phenomenon is found; it is
a very important factor for crowding and clogging.

Besides, in order to prevent the occurrence of emergency
for a high density crowd, we set the isolated belts for
the exits and the entrances of the underpass and simulate
the same instances; the results reveal that the setting of
isolated belts can decrease the density of crowd and increase
the evacuation efficiency remarkably. These conclusions are
hopeful to monish the risk of crowd tramper disaster and
prove some references for designer.
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