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Abstract

This paper presents a basic multi-layer model of
human movement process. A behavior model is used to
simulate actions of individual pedestrians while a
cellular automata model is used to simulate their small
scale movements. A modular platform, which
implements the proposed model, is also presented. The
platform is being used to simulate different sections of
the Muslim holy mosque in Makkah. Preliminary
results of the simulation of circular pedestrian
movements in a section of the mosque along with the
algorithm used are reported.

1. Introduction

Modeling and simulation of crowd behavior has
become useful in many different areas. Engineers use
crowd simulation tools to investigate behaviors of
crowd in buildings and environments to minimize
congestion and traffic in public places. Management of
evacuation is another application of crowd simulation.
Evacuation plans are very important for places like
stadiums, large buildings and huge events to avoid
catastrophic situations.

More than two million people attend Muslim
pilgrimage in the holy mosque in Makkah each year.
Thousands of these pilgrims are present in each section
of the mosque at any one time. Understanding the
behavior and the dynamic of such a huge crowd may
help in managing this important event.

Human behavior is complex and this makes it
difficult to build an ideal model of the crowd. In
addition pedestrians in a crowd are different in
specifications and this difference affects the entire
crowd. For example, trained and intelligent pedestrians
can find their way easier and act better in the case of
panic. A crowd with higher percentage of trained and
intelligent pedestrians tends to exhibit better way-
finding behaviors [1,2]. Adding more details to
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available models may help us to achieve more realistic
simulations. Recently models have been built which
consider more extensive parameters such as
physiological, psychological and social specifications
of pedestrians, group effects, communications between
agents and roles of leaders to produce more realistic
simulation results [1].

In this paper we extend the work done in our
previous papers [18,19] and report the achieved results.
Cellular automata model has been used to simulate
small-scale microscopic movements and an intentions
and actions layer provides the pedestrian behavior
simulation.

The organization of the paper is as follows; Section
2 reviews the existing related work. In Section 3 we
first introduce our basic layered model of pedestrian
movement process and then discuss different layers of
the model in our simulation plan. In Sections 4 and 5
we briefly report the methods used and the work done
towards development of our simulation platform. In
Section 6 we describe the model used for an area of the
mosque where Tawaf, an act of moving in a circular
manner is performed and in Section 7 we present
preliminary simulation results. Finally, the conclusion
is given in Section 8.

2. Related Work

Simulation of crowd behavior involves different
layers. Microscopic movement behaviors such as
collision avoidance inside a room are a very important
part of crowd modeling. Macroscopic behaviors on the
other hand are considered as navigation between
different areas. One should differentiate macroscopic
and microscopic behaviors of pedestrians with
macroscopic and microscopic categorization of models.

Models reported in the literature can be categorized
into two main groups. Macroscopic simulations deal
only with general properties of the entire crowd such as
flow, density and speed. These models do not consider
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interactions of individual pedestrians with the
environment and other pedestrians and instead use the
relation of density to walking speed and flow to
calculate overall movements of the crowd.

On the other hand microscopic models simulate the
emerging behavior of the crowd by simulating
behaviors of individual pedestrians and their
interactions. Particle, fluid and gas dynamics methods
like social forces model [3-5] and other force based
models [10,12] use physics based models to simulate
movements of pedestrians. Matrix-based systems like
cellular automata approach [6-8, 14] and distance maps
[11] on the other hand divide environments into cells
and use cellular automata or similar methods to model
movements of the pedestrians within cells.

Recently attempts have been made to improve the
crowd simulation results by adding a human behavior
model on top of the above mentioned models. HIDAC-
MACES system created by N. Pelechano uses
psychological and geometrical rules on top of the social
forces model to simulate hundreds of agents. In this
model, braking and repulsion forces have been applied
in small distances to simulate pushing effect and
collision avoidance [1,13]. Pelechano integrates an
additional PMFserv human behavior model unit on top
of her MACES crowd simulation system which could
influence the decision making of agents at the micro
and macro movement levels to allow more
individualistic behavior and therefore more realistic
crowd simulation [1,15,16].

In our previous paper we have reviewed different
microscopic movement models to see which one is
more suitable for simulation of a huge and dense crowd
such as the crowd in the mosque [18]. In another paper
we also reviewed some of the available simulation
software by investigating their features and capabilities.
We concluded that there is a need in developing
specific software which will enable simulation of
crowd movements specific to the mosque (like the
Tawaf circular movement) since it is not supported by
existing simulation software. We would also be able to
simulate behaviors of individual pilgrims to achieve
more realistic results in this way [19].

3. Pedestrian Movement Process

More complex models of human behaviors (not
specifically for crowd simulation) such as the PMFserv
by Silverman [15-17] have been built. This system has
been able to simulate more than 1000 agents at a time
[15]. However we anticipate that it is not suitable for
simulating a huge crowd. Hence, in [18] we proposed
a simpler human model which provides enough details
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for our purpose. In this model intentions of pedestrians
are mapped into sequences of actions. Actions are
mapped into a series of larger scale way finding and
navigational movements which in turn are mapped into
small scale microscopic movements. Two higher layers
model behaviors and two lower layers present physical
movements (Figure 1).
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Figure 1. Basic movement process model [18]
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This section discusses the details of our human
behavior model which will be used on top of the
microscopic and macroscopic movement model to
simulate the behaviors of individual pedestrians.

3.1. Psychological, Physiological and Social
Parameters

A realistic simulation requires additional parameters
such as psychological, physiological and social
parameters to be taken into account. An impatient
pedestrian acts very differently from a relaxed one.
People change their behavior when they are in a hurry
and in the case of a panic, people may push each other.
An old pedestrian walks slower than a young one. Each
of the four discussed layers of movement process may
become affected by these parameters. We have listed a
few example parameters, which may be considered in
building a realistic agent model (Table 1).

Table 1. Example parameters
Psvehological Belief, Patience, Tension and
sychologica Stress, Risk, Time Pressure

. . Intelligence, Physical ability
Physiological (Age, Health, Energy, Fatigue)
. Knowledge (and training level),
Social Communicability, Culture




Some of these parameters are independent. We can
directly specify the parameter “Age” for each agent.
Some parameters are derived from other parameters —
the desired speed of a pedestrian is determined by other
parameters such as the physical abilities, stress level,
gender and age. Each of the parameters may affect one
or all of the layers of the movement process. We can
specify independent parameters for each agent
separately or prepare agent templates and create
crowds by combining agents with attributes copied
from those templates. We should also be able to tune
and calibrate the crowd model by matching its results
to a specific real world observation. Demographic
information will help us in this regard.

3.2. Group Effects

In addition to the above mentioned consideration,
we may have groups of agents moving together.
Members of a family, a group of friends or colleagues
are examples of such groups. In a simulation platform,
we should be able to assign people to groups. People in
a group move and wait for each other. Big groups
move slower and may act as obstacles to movement of
other pedestrians. They will also communicate and
transfer information concerning path and emergency.

4. Simulation Methods

As highlighted earlier the main purpose of this work
is to achieve a relatively realistic simulation of the huge
and dense crowd in the mosque area. For this reason
we have tried to choose a relatively precise
microscopic model, which is also capable of modeling
big crowds. We have also considered detailed
characteristics and behaviors of each individual agent.
We plan to calibrate the simulation parameters with the
video footages that we have obtained for our case
study. In this section, we describe the methods chosen
to simulate each layer of the movement process.

4.1. Movements Models

As discussed in our earlier paper [18] the huge
number of pedestrians in the mosque area makes it
impossible to use social forces model for microscopic
movements  unless we  incorporate  parallel
programming technique. Because of this, we decided to
use a cellular automata model for our initial studies. At
a later stage of the work we will decide whether we
should move to social forces model.

Simulation of macroscopic navigation behaviors is
being done using static path tables. We first specify a
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number of logical and suitable paths between source
and destination rooms and areas. Better routes have
lower cost in the path table. Pedestrians will choose
one of those routes depending on their knowledge level
and other parameters coming from the multi-agent
behavior simulation engine.

In the next phase of the work, each agent will have
its own mental map of the geometry, which can be
different from other agents and may change upon
receiving new information during communication with
other agents or after visiting a place. Congestions,
dangerous events, stress, fatigue and personal status of
the agent will affect this mental map.

4.2. The Crowd at the Mosque

The pilgrims perform different actions in the
mosque. The most important action in the mosque area
is Tawaf (circumambulation) which consists of circling
seven times around an 11 meter by 12 meter building in
the center of the mosque court called Kaabah in
anticlockwise direction. Most of the pilgrims tend to
start and end their Tawaf from a line which starts in
front of the Hajar Al-Aswad. (Figure 2.)

Hajar Al-Aswad Area
The start and end line)
Kaabah

Tawaf (Anticlockwise circumambulation)

N\ /

Figure 2. The Tawaf Area

The pilgrims typically move with specific intentions
such as “go to pray”, followed by “go to Tawaf” etc.
“Going to Tawaf” is considered as an intention
according to our movement procedure model. Each
intention results in a series of actions. As an example,
to perform Tawaf, the person must go to the mosque,
perform the Tawaf, and then perhaps pray inside and
leave the mosque. We need to map each intention to a
series of actions and map each movement action to a
series of macroscopic movements — in this case “Going
to the Mosque”, “perform Tawaf’ and “leave the
mosque”. Agents should be able to react to specific
events such as danger (which may suddenly appear in a
place, e.g. a tear gas). These events may result in new
intentions, decisions and actions.



The simulation of the next layer requires us to
model the macroscopic movements. To simulate Tawaf
motion, we ought to navigate around the Kaabah and
maintain an approximate radius around it. To achieve
an intention we may have several alternative lists of
actions forming an action graph. In a more general
scenario, we may want our multi-agent behavior system
to determine the intentions, actions etc.

As mentioned earlier, since cellular automata and
social forces model focus on the lower-layer
microscopic motions so we need other parameters on
top of them to build a more realistic simulation. Adding
two additional layers on top of the movement process
will help us to achieve this objective. These additional
layers will simulate behaviors of pedestrians leading to
movements in the physical world.

5. Simulation Platform

We are currently developing a simulation platform,
which will cover all the layers of our movement
process model. We hope that we could use the platform
to simulate different sections of the mosque.

¥ Simulation Engine

MABS
(Multi- Ag ent
Behavior Simulatar)

Geometry Editor

MiCS
(Microscopic
Crowd Sirnulatar)

Event Recorder m

Event Analyzer

Figure 3. Architecture of the system [18]

The simulation platform consists of a simulation
engine which is responsible for the physical movement
(MiCS - Micro-macro Crowd Simulator module) and
also the behavior (MABS - Multi-Agent Behavior
Simulator module) of the pedestrian (Figure 3). MiCS
module reads geometry information from the geometry
data and receives the information on the subsequent
action from multi-agent behavior engine. A navigation
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path is then selected to achieve the movement action. It
then simulates the movement using a cellular automata
model and output/results are recorded using event
recorder module of the software.

The role of MABS is to generate the crowd
behaviors. Though many agents are copied from a
single template, each one will act autonomously. Each
agent will decide for its next action. Multi-agent
behavior module consists of a perception module that
can be used to understand the environment and events
happening in its surrounding area. This module uses a
simple cognition process to determine decisions and
actions according to certain rules. For the purpose of
this study we chose a relatively simple human behavior
model since we anticipate a complex model will
consume a lot of computing power.

We use standard Java language and “Repast J”
libraries for our current development work. Using
existing agent-based simulation libraries and toolkits
reduce the development time. This toolkit is an open
source library which provides features like object grids,
graphical output screens, GIS utilities and basic agent
and event scheduling infrastructures.

6. Tawaf Movement Algorithm

Basic assumption in modeling of Tawaf is that
pedestrians circling the Kaabah try to maintain a
circular path around it. As a result, our cellular
automata algorithm will try to maintain this circular
macroscopic path while performing collision avoidance
and best cell selection. Some of the pedestrians
however may try to go nearer to the Kaabah during
Tawaf. In each time step pedestrian will select one of
the eight possible Moore neighbors to move in. We use
an algorithm called “Best Anticlockwise” (Algorithm
1.) to determine which of the eight Moore neighbors
will be selected. In the algorithm, we first determine
the desire level of each pedestrian to move into each of
the 8 possible cells (Figure 4.). Desire level is used as
the probability of moving into each cell. If selection of
the cell causes the pedestrian to move out from his
desired diameter, the cell will get a lower probability.
Also if the move helps in finishing Tawaf sooner (i.e. is
in anticlockwise side of previous position) a higher
probability will be assigned to the cell. If the cell is out
of the grid or it is occupied by an object or pedestrian
then the desire level will be zero for that cell. To avoid
shaking of the pedestrian between the current position
and the next position we determine whether the cell is
within an anticlockwise direction of the previous
position and if the cell is in the wrong direction it will
have a very low probability.



Point BestAnticlockwise()
{
for(all 8 neighbors)
{
if( PointInGrid )
if(CellNotOccupied)
if(CelllsinAntiClockWiseSideOfCurrentPosition)
{
ComputeDiameterDifferenceFromDesired()
MoveToCell=0K
}
}

for(OKCells)
{

SelectTheCellWithLeastDifferenceFromDesiredDiameter()

}

return Point

}
Algorithm 1. Tawaf next cell selection
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Figure 4. Cellular automata next cell selection

The cell selection algorithm is run for all
pedestrians before any movement takes place. After the
selection of next cell has been done for all pedestrians
the update of the cells will take place.

Burstedde et al. [14], justify that the velocity
distribution of pedestrians is sharply peaked and that
this fact leads to a model with Vmax = 1 cell in each
time step (in discrete space) i.e. only transitions to
neighbors are allowed. A greater maximum velocity
would be harder to implement in 2 dimensions. The
number of possible target cells increases quadratically
with the interaction range. In addition we will need to
check whether the path is blocked by other pedestrians
which will become more ambiguous for diagonal
motion and crossing trajectories. We have used the
same approach to determine the speed of the
pedestrians. All pedestrians will have the same speed of

658

1.3 m/s in our simulation therefore by assuming the
size of each cell to be 40cm, each simulation time step
will be equal to 0.3s.

7. Preliminary Results

Initial position of pedestrians and also the initial
diameter of circling in our simulation are determined
by a random parameter. To simulate the effect of the
desire to go nearer to the Kaabah, we use another
random process to determine which pedestrians move
closer to the Kaabah.

In addition to the above algorithm, we have
simulated the effect of a line which results in a denser
crowd near Hajar Al-Aswad (see Figure 2. above) that
is the start and end of each cycle of Tawaf. To simulate
the effect, we have forced most pedestrians to start and
end their seven laps within this area and also
introduced a small delay (when pedestrian checks to
see if he is on the line).

Figure 5. Similar effects for both
simulation (top) and satellite (bottom) photos

A quick development of a prototype using the
above algorithm on our platform has been able to
generate results similar to the effects seen in the
satellite photo taken from Tawaf section of the mosque
(Figure 5). However more work is needed to calibrate
the model to the data gathered from the mosque. GIS



data regarding speeds and movement paths in a
Koshak’s report [9] is also being used for this purpose.

8. Conclusions

In this paper, we have presented our pedestrian
movement and behavior models. We have also
presented the development of the crowd simulation
platform which is based on the model. Our multi-agent
system has been able to simulate some of the crowd
effects seen in the Tawaf area of the holy mosque. Our
future work includes the improvement of the human
behavior model which will help us to have a more
realistic simulation of the behaviors of pilgrims in the
holy mosque area.
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