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Masjid Al-Haram in Saudi Arabia is one of the most crowded pilgrimage locations in the
world. More than two million pilgrims gather in Saudi Arabia annually during the Hajj sea-
son, and it is compulsory for them to perform a series of actions in the mosque. In the court
area, pilgrims perform one of the most important rituals of Hajj, called Tawaf, which con-
sists of seven laps of circular movement around the Kaabah, which is situated in the centre
of the court. After the Tawaf, pilgrims pray in the court and leave from one of several doors.
In this paper, we present a cellular automata model for the simulation of the pilgrims’ cir-
cular Tawaf movement. We also use a discrete-event model to simulate the actions and
behaviours of the pilgrims. The proposed models are used in a software platform to simu-
late the actions and movements of pilgrims in the area. We then present an example appli-
cation of the model in predicting whether specific changes to the architecture could
increase the throughput of the system.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The large crowd of pilgrims attending the Muslim Holy Mosque in Makkah during Hajj makes it one of the most signif-
icant and complicated existing crowd management challenges. Each section of the mosque can host up to several thousands
of pilgrims at one time. During peak periods, such as Hajj, tens of thousands of pilgrims circle around the Kaabah, while some
perform prayers in the main court. The management of this large event requires a better understanding of the dynamics and
behaviour of the crowd. A simulation model could help authorities to increase the performance of the system and to avoid
dangerous incidents [1] by modifying structures or applying optimised rules to crowd movements. Furthermore, evacuation
models could help in planning for emergency situations and in the training of the managing staff.

Fig. 1 shows a sketch of the mosque plan. Two of the most important areas in the mosque are the main court (Tawaf area)
and the area between Safa and Marwah. Two central activities happen in these areas of the mosque. Pilgrims perform a cir-
cular movement around the small 11 � 12 m building, which is called Kaabah, in the centre of the main court. This circum-
ambulation is called Tawaf and is performed seven times in an anticlockwise direction. Most of the pilgrims start and end
Tawaf from an area that starts in front of the Hajar Al-Aswad (Fig. 2). The other important activity is Saie, in which pilgrims
walk between Safa and Marwah seven times (Fig. 1).

Several crowd simulation models are available for either the simulation of evacuation or the normal movements of the
crowd. Furthermore a few commercial products have also been available for a while. However based on our studies [2], these
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Fig. 1. A sketch of the Holy Mosque (Masjid Al-Haram).

Fig. 2. The Tawaf area.
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software are not able to simulate circular movements in Tawaf area with enough accuracy and details. Besides, these soft-
ware normally can handle relatively small crowds. The huge crowd of up to 32,000 pilgrims in the court area cannot easily be
simulated using the available software. The circular model we have proposed and implemented is able to simulate very large
crowd of hundreds of thousands of pedestrians on a single personal computer with considerable amount of details.

In this paper, we focus mostly on the main court of the mosque and, specifically, the Tawaf movement. We present a basic
framework for the actions and movements of pedestrians carrying out the Tawaf movement. We use a statistical discrete-
event approach to simulate the pedestrians’ actions, and use a model based on cellular automata to simulate their move-
ments. We use two separate cellular automata models. One of them is specific to circular movements and the other simulates
free walks between a source and a destination point. The simulation of actions and movements of individual pedestrians
gives us insight into the emergent behaviours of the crowd. In this work we have proposed a circular cellular automata mod-
el which includes new rules, higher accuracy and flexibility compared to the existing models. The model also considers the
details of Tawaf movement and integrates a discrete-event actions model into the crowd simulation. A crowd simulation
architecture has also been created which is able to simulate very large crowds.

The organisation of the paper is as follows: Section 2 reviews the existing related work on crowd modelling and simula-
tion. The social forces model, cellular automata models and rule-based model are discussed. In Section 3, we first suggest a
basic layered model of the process of movement and then apply the different layers of the model to our simulation plan. We
also discuss the relation of the proposed model to movements within the Tawaf area. In Section 4, we briefly present the
architecture of the agent-based simulation platform created for this project. Finally, our conclusions are given in Section 5.
2. Related work

Various methods of modelling crowd movements have been used and reported in the literature. Physics-based models
like particle and fluid dynamics models [3], force-based methods [4–9], matrix-based models [10–20] and, finally, rule-based
models [21,22] are among the most commonly used methods. Fluid, gas dynamics and force-based approaches use physical
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models to simulate movements. Matrix-based systems, on the other hand, divide environments into cells and make use of
cellular automata to model the movements of entities between the cells. In rule-based models, simple creatures like birds,
fishes and animals are simulated in the form of a flock and interact based on their perceptions of the environment.

Each of the models mentioned has its own weaknesses and advantages. Based on the specific requirements and simula-
tion scenario, one model can be more suitable than the others. The social forces model, for example, produces smoother
movements in comparison to cell-based methods due to its continuous nature. However, due to the computational complex-
ity of the model, simulations based on it require a high processing power. In a sample study, Quinn et al. [23] used 11 CPUs to
simulate the movements of 10,000 agents. For a large crowds like the one in the court of Masjid Al-Haram which can reach to
over 32,000 pilgrims, it is not practical to use this method unless we incorporate a parallel processing technique. Moreover,
simulations that result from this model appear like movements of particles rather than people, and at close distances, shak-
ing effects are observed [24]. Pelechano et al. have created a modified model (HiDAC) by introducing braking and repulsion
forces to avoid these unrealistic effects. Their model is also able to simulate the pushing, falling and trampling of pedestrians
in a dense crowd. The HiDAC model has been used to simulate relatively small crowds of a few thousand individuals at a time
[25].

Due to the cell structure of matrix-based models, movements of individuals between cells are not realistic. In addition, an
individual’s speed can only have a discrete value (such as 1, 2 or 3 cells in a simulation step). These limitations make such
models unsuitable for applications that need smooth movements, such as animation production. However, the accuracy pro-
vided by these models might be sufficient to model emergent behaviours of a crowd. The simplicity of their transition rules
makes these models very fast and allows them to be used for very large crowds. Modification of the rules and integration of
the model into multi-layered behavioural simulations are also quite easy with such models. Rule-based methods, on the
other hand, are more suitable for low-density crowds, and they can be used to build continuous models that provide smooth
movements. However, these models use waiting rules and collision avoidance. Hence, they are not suitable for simulating
dense crowds and panic situations in which collisions happen most of the time [26,27].

In real life, people move toward different goals and perform different actions in their environment. A lack of a model for
goals and actions will result in a less realistic and comprehensive simulation. For this reason, behavioural models have re-
cently been used on top of the movement models to achieve better simulations. Pelechano et al. [28], for example, integrated
into their crowd simulation system an additional PMFserv human behaviour model that can influence the decision-making
of agents at the microscopic and macroscopic movement levels in order to allow for more individualistic behaviour and
therefore more realistic crowd simulation. In the PMFserv model, decision-making occurs based on emotion, stress level
and physiology. In [29], McKenzie et al. built a cognitive human model that can be used for military simulations and general
applications such as crowd simulation. In [30], Musse and Thalmann described their hierarchical model for simulating hu-
man crowds. In their work, they proposed a hierarchy that includes virtual crowds, groups and individuals. They provided
three methods for controlling individual pedestrians including: innate and scripted behaviours, behavioural rules and exter-
nal control in real time.

A few studies have been published on the court area of the mosque at Masjid Al-Haram. Al-Haboubi et al. [31] proposed a
spiral movement path in the Tawaf area to decrease congestion and hence increase the throughput and the safety of the sys-
tem. In [32], a microscopic simulation model for circular movements in the court area of the mosque was proposed. In this
work, a non-uniform grid of cells is used to model the movements of individuals. The Tawaf area is divided into rings, and
each ring is divided into equal-sized cells. The cell sizes in different rings are different; however, the area of each cell is al-
most equal. Simulation results are given for three different crowd-demand (entry) levels in the Tawaf area, including average
speeds and the effect of different ratios of entries from four main doors on congestion and density. Koshak and Fouda [33]
gathered empirical data from the Tawaf environment using GPS. In this experiment, the position and the speed of a circling
pilgrim were recorded in ten trials on the three most congested days of the Hajj ritual. However, in this study, the low vol-
ume of data and the random movement paths make it difficult to calibrate a simulation. More accurate data on the average
speeds in different positions, or points, in the Tawaf area, along with data on the status of the system during data gathering
(number of pilgrims present, crowd densities and rate of entry into the area) would be useful for this purpose.
3. Models

Creating a model that covers all or most human behaviours could be very challenging and difficult. However, in a crowd,
individuals perform more limited actions. In addition, the behaviours and actions that affect the emergent behaviour of the
crowd are a small subset of all possible human behaviours and actions. Therefore, we have proposed a relatively simple and
basic model that mostly focuses on human movements (Fig. 3). In [5], Helbing and Molnar discussed a similar model that
takes stimuli, psychological/mental processes and actions into account when constructing crowd behaviour.

Typically, human movements start as a result of specific intentions and decisions. For example, after a person decides to
visit a museum, he will perform a series of actions. These actions could include going to a train station, buying a ticket, trav-
elling on a train and so on. Going to a train station is considered as a large-scale or macroscopic movement, which includes
navigation and way-finding behaviours. To perform the macroscopic movements, microscopic local movements such as col-
lision avoidance and shortest path selection take place. During these movements, environmental events and parameters may
also trigger new decisions and actions. Consider an agent who intends to go into a room and exit through another door. From
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Fig. 3. Basic movement process model.
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a macroscopic point of view, the agent should go from an entrance point to an exit point. From a microscopic point of view,
however, agents exhibit very different and complex behaviours during the transition from one point to the other. Other
agents, obstacles and walls may affect the agents’ ‘‘shortest path selection’’ behaviour. Agents may need to make small
changes to their paths: for example, stopping before reaching the next point.

Basic crowd models such as Helbing’s social forces model [5] or the cellular automata model of Schadschneider [34] do
not include a general model for individual actions. In this work, we attempt to create a more realistic simulation of the crowd
by considering all of these concepts (intention and decision, action, macroscopic movements and microscopic movements).

3.1. Action model

The two higher layers in our basic four-layer model (Fig. 3) for human movement processes simulate intentions and ac-
tions. With actions and intentions limited to a specific set, it is possible to add discrete-event simulation methods to this
framework to simulate the actions of individuals in a large crowd. We use the available data gathered from the Tawaf area
in [35] and a few other resources to create the discrete-event model. Several rules (which exist in the real world) are applied
to different layers of the model to reproduce a reasonable simulation of the Tawaf scenario. After achieving a nearly accept-
able simulation, a larger and more accurate volume of data can be used to calibrate the system.

In the discrete-event method, a system or phenomenon is modelled as a sequence of events happening at specific points
in time. In our case, each intention results in a sequence of actions. For example, people visit the Tawaf area of Masjid Al-
Haram for different reasons. Some pilgrims go to pray in front of the Kaabah only while others carry out their pilgrimage
actions like Tawaf, praying, Saie, etc. The selection of intentions—which will respectively map into sequences of actions—
for each pilgrim will be done based on a random draw from available intention entries. The probability for each intention
item will come from the empirical data. Table 1 shows an example series of intention template entries for the Tawaf sce-
nario. Templates could change for different seasons and periods of the year.

The design of the action layer needs to be flexible in order to cover any combination of actions that a pilgrim might per-
form. In order to reproduce action series for individuals, we first create ‘‘action sequence templates’’. Each template is then
assigned to an intention entry. During the simulation, templates are used to create series of actions for individual pilgrims.
Therefore, it is necessary to define templates that cover action sequences that the majority of pilgrims might perform. In
large crowds, especially when people perform similar series of actions (as do the pilgrims in our case), the actions of the
majority of individuals can be covered by a small number of templates. Table 2 shows an example action sequence template.

The probability for each entry is used during the run time to identify whether the entry will be used for the list of actions
of an individual pedestrian. Besides ‘‘Selection’’ and ‘‘Blocks’’, different actions (e.g., wait, pray, go) may have optional or
Table 1
Example intention entries and the sequence of actions mapped to them.

Intention (template) Possible sequence of actions Probability

Pilgrim intention – A Enter from a door, Do Tawaf, Pray in front of Kaabah, Do Saie, Pray, Rest, Leave 0.33
Pilgrim intention – B Enter from a door, Do Tawaf, Pray in front of Kaabah, Leave 0.11
Pilgrim intention – C Enter from a door, Do Saie, Pray in front of Kaabah, Leave 0.12
Prayer intention - A Enter from a door, Wait for prayer time, Pray in front of Kaabah, Leave 0.12



Table 2
An example action sequence template.

Probability Action P.1 P.2 P.3 P.4

1.0 Selection
0.45 Enter Gate-Abdulaziz
0.14 Enter Gate-Assalam
0.11 Enter Gate-Fahad
0.04 Enter Gate-Umrah
0.04 Enter Gate-Alfath
0.22 Enter Gate-Others
1.0 Selection
0.6 Block
1.0 Go Prayer area 1 Static Least-Effort
1.0 Pray 480 100
1.0 Go Lower area Static Least-Effort
1.0 Wait Exponential 200
0.4 Block
1.0 Go Prayer area 1 Static Least-Effort
1.0 Pray 480 100
1.0 Go Lower area Static Least-Effort
1.0 Selection
0.53 Go Gate-Abdulaziz Static Least-Effort
0.07 Go Gate-Assalam Static Least-Effort
0.12 Go Gate-Fahad Static Least-Effort
0.28 Go Gate-Umrah Static Least-Effort
1.0 Exit

Table 3
A concrete instance of an action sequence generated for a single pedestrian.

Action P1 P2 P3 P4

Enter Gate-Abdulaziz
Go Prayer area 1 Static Least-Effort
Pray 495
Go Lower area Static Least-Effort
Go Gate-Fahad Static Least-Effort
Exit
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compulsory parameters (P1–P4). The ‘‘Go’’ action, for example, needs a target for its first parameter, while the third and
fourth parameters are used to identify the microscopic and macroscopic movement models being used for the ‘‘Go’’ action.
Simple static path tables and least-effort models are used in this example. The template might also use blocks of actions and
selections. During the run, the above template might result in the action sequence shown in Table 3 for a specific pedestrian.

Pedestrians are added to the simulation using a ‘‘Demand Generator Function’’. A Poisson distribution is used for this
function. However, it is possible to use a different distribution for this purpose if the empirical data matches another distri-
bution. In our simulation platform, it is possible to create a schedule that specifies different averages for different periods of
the simulation, such as different times of the day.

The simulation of the next two layers of the four-layer model (i.e., those related to movements) requires us to model mac-
roscopic way-finding and microscopic small-scale movements. To simulate movements in the entire Tawaf area or other
parts of the mosque, we should navigate the pilgrims between different regions, and for the Tawaf, we will simulate the cir-
cular motion around Kaabah. The following sections will discuss the large-scale navigational and small-scale movements of
individuals.
3.2. Way-finding and navigation model

Navigation between rooms and areas in a simulated environment is done in the macroscopic movement layer of our basic
movement process model. For these sorts of large-scale movement decisions, different approaches have been used. A data-
base of way-finding information—such as paths and routes from target to destination places—has been used in simulations
previously [36]. This method is easy to implement and very fast; however, more complex models are also available. Knowl-
edge about the location, communication between pedestrians and leader–follower behaviour is used in such models [28,27].

In a crowded place, finding the way is easier because even small numbers of pedestrians who know the environment, help
others to find their way quickly [28,27]. Based on this assumption, in the simulation of large crowds, we can safely use a static
path-finding table, which is easy to implement and very fast. We assume there are limited numbers of logical and suitable
paths between every source and destination place. Shorter and better routes are given a lower cost in the path table. Table 4



Table 4
An Example of Way-finding Path Table Concept.

Source Destination Cost MidP-1 MidP-2 MidP-3 MidP-4 MidP-5 MidP-6

Gate1 Gate2 1 – - – – – –
Gate1 Gate6 2 Room1 - – – – –
Room4 Room7 3 Room3 Room5 – – – –
. . . . . . . . . . . . . . . . . . . . . . . . . . .
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shows the ‘‘Way-finding table’’ concept. Third entry in the table suggests a path between Room 4 and Room 7. This path needs
the pedestrian to go through two inter-mediatory points. The cost assigned to this path is 3. Paths are then grouped by their
cost and one of the paths are selected using a Poisson random number (k� 1) in such a way that better routes are selected
most of the time. It is possible to integrate parameters such as knowledge level, intelligence and stress level, taken from the
behaviour level model (which simulates pedestrian behaviours) in the selection of paths. In our simulation, we just consider a
few of the better routes for each source and destination point which have similar cost in most cases.

As for the circular Tawaf movement, large-scale navigation around the Kaabah is integrated in the microscopic move-
ments layer in the form of maintaining a circular path around the Kaabah. However when the pedestrian tries to move from
the Tawaf area to the prayer area or the doors, the way-finding layer will be used again.

3.3. Circular movement model

As mentioned before, Tawaf movement is basically a circular movement around the Kaabah building. The main idea behind
the cellular automata model we have proposed in this section is that pilgrims maintain a circular path—or more accurately, a
spiral—around the Kaabah. For other movements in the Tawaf area, such as moving from the Tawaf area toward the gates, we
use a least-effort movement algorithm, which is a separate model. A higher layer of navigational behaviours is used to com-
bine different types of movements (i.e., least-effort and circular) in order to simulate all of the movements of a pilgrim inside
the main court of Masjid Al-Haram. In an earlier paper, we compared different available models for small-scale movements—
such as force-based, cellular automata and rule-based models—and concluded that, because of the large number of crowd
members in Masjid Al-Haram, a cellular automata model can result in faster simulations. We also noted that models such
as social forces require parallel computation methods in order to simulate results in an acceptable time frame [37]. In this
work, therefore, we use cellular automata for small-scale movements. We use agents to represent individuals. Each agent uses
its perception and decision methods to select one of the eight Moore neighbours of the current cell for its next move (Fig. 4).

For the purpose of selecting the next cell, we first determine the desirability of each of the eight neighbouring cells
(Fig. 5). The cell that has the least deviation from the individual’s desired Tawaf radius and that, at the same time, is on
the anticlockwise side of the current position is assigned the highest probability, and the cell that has the highest deviation
from the desired radius and, at the same time, is on the clockwise side of the current position (i.e., the reverse direction of
Tawaf movement) receives the lowest probability. In addition, if the cell is out of the grid or occupied by an object or another
agent, a probability of zero will be assigned to it. In this way, crowd members will not only maintain a circular path, but will
also move in an anticlockwise direction. In reality, however, pilgrims do not always follow a predetermined path, such as a
specific radius from the centre of the circle, or maintain an anticlockwise direction. The probability-based model allows the
agent to move into less desirable cells from time to time.

We use some of the ideas and conventions (e.g., parameter names) employed in [13,17] in our transition probability equa-
tion. These studies present a cellular automata model for the evacuation of an area. The model proposes equations that
determine the probability of moving into each of the neighbouring cellular automata grid cells. Way-finding and local move-
ments are integrated into a single model and use ant-like virtual traces left by individuals to orient other pedestrians. As
described earlier, our navigational behaviours are taken care of in a separate ‘‘macroscopic movement’’ layer.

In the model, the transition probability Pi (the probability of moving into cell i) is given by:
Pi ¼ N Mi ð1Þ
Mi is calculated for each of the neighbouring cells:
Mi ¼ ð1� niÞð1� CmiÞe
b

Dmin
Di ð2Þ

Dmin ¼MinðDiÞ; n;m 2 f0;1g; 0 < C 6 1; b� 0; Di–0
N is used to normalise the sum of probabilities of all eight cells to 1.
N ¼ 1P
Mi

ð3Þ
As described earlier, the idea behind the model is that neighbouring cells with higher desirability and therefore higher
probabilities will be selected most of the time. In the above equations, Di is the deviation of cell i from the desired circum-
ambulation radius. Dmin is the deviation of the Moore neighbour nearest to the desired circular path (i.e., with the desired
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radius). Dmin/Di specifies the ratio of the deviation of a specific cell in comparison to the cell with the least deviation. The
difference between deviation values in Moore cells can be very small, and therefore, the probabilities of moving into each
of the eight neighbouring cells may be very similar. We prefer the pedestrian to select the cell with the least deviation most
of the time. In order to control the sharpness of the probability around the best cell, we use an exponential function. The b
parameter in the exponent will fulfil our purpose. ni identifies whether the ith cell is occupied by an individual. If a cell is
already occupied, then ni will be 1, which will cause the probability of moving into the occupied cells to become zero, thus
providing collision avoidance. mi determines whether the cell is on the anticlockwise side of the previous position. We could
use a (1 �mi) term in our equation to completely filter any movement in the reverse direction of the Tawaf area, but it would
be beneficial if we allowed a very small number of individuals to try cells in the reverse direction. These rare movements
sometimes provide the chance of finding an empty position and leaving a congested area in case all anticlockwise cells
are occupied. We have used a (1 � Cmi) term instead of (1 �mi) to introduce this option. C is a number very near or equal
to 1 (0 < C 6 1).

An exception to the above equations occurs when one of the cells is located exactly at the desired radius from the Tawaf
centre. In this case, if the cell is not occupied, the probability of moving into that cell will become 1 and every other cell will
receive a probability of 0. Also, in extreme conditions (b ?1), our equation will always result in the selection of the cell with
the least deviation from the desired Tawaf movement radius:
Pi ¼
1 Di ¼ Dmin

0 else

�
ð4Þ
In [13], Burstedde et al. suggested that their algorithm be run in two steps. In the first step, the next desired cell for each
individual is identified. All of the movements happen in the subsequent step. If a target cell is already occupied, the individ-
ual will not move in that cycle. However, we use random movement turns for individuals in each cycle. We also use a density
perception concept to control the speed of crowd members in relation to density. This concept will be discussed in
Section 3.5.
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3.4. Simplified circular CA algorithm

In the equation presented in the previous section, the use of large values for the b parameter might pose problems in cal-
culating Mi as a result of a limited range of values in programming language variable types. In addition, the calculation of the
relatively complex formula can be time-consuming. In order to solve the above-mentioned issues, we can use random num-
bers with desired distributions to select one of the cells for the next move. In this method, we first calculate Mi for each of the
cells using the equation:
Table 5
Selectio

Cell

1
2
3
4
5
6
7
8

Mi ¼ ð1� niÞð1� CmiÞ
Dmin

Di
ð5Þ

Dmin ¼MinðDiÞ; n;m 2 f0;1g; 0 < C 6 1; Di–0
We then rank the cells based on their Mi value. The first index points to the cell with the least deviation from the desired
circumambulation radius and should therefore be selected most of the time. Higher-indexed cells are selected less fre-
quently. We then use a random number generator to select a cell from the possible moves based on either a predetermined
probability vector or a specific distribution:
P ¼

p1

p2

� � �
p8

2
6664

3
7775 ð6Þ

X8

i¼1

pi ¼ 1; 0 6 pi 6 1 ð7Þ
In order to avoid the need for predetermined probability vectors and to provide more flexibility, it is possible to use a
random number generator with Poisson distribution. It is easier to adjust the sharpness of the probability using the k param-
eter rather than using several predefined probability vectors; therefore, we prefer this method. Different values for k can be
used for this purpose. Table 5 shows the probability of selecting each of the indexes with different k values.

For the direct-line or least-effort movements of individuals inside the Tawaf area, we created a similar cellular automata
model. This model uses the concept of least-effort [38] path selection as the basis of calculating the probabilities of moving
into each of the neighbouring cells. The details of the least-effort movement model can be found in [39].

3.5. Modelling the effect of density on speed

In crowded areas, individuals tend to move more slowly than their free-flow speed in order to reduce the probability of a
collision. In our direct-line and circular movement CA algorithms, however, crowd members move at their full free-flow
speed until they reach another individual or an obstacle. The effect of density on speed has been studied by several research-
ers, mostly using empirically gathered data. Fig. 6 shows a graph by Fruin [40] that suggests that the speed of movements
quickly drops as the density of pedestrians increases. In this graph, it is suggested that the movement speed reaches a very
small value (close to zero) when the density approaches four pedestrians per square meter.

Based on this assumption, the equation below can be used to describe the density effect. By defining a higher margin for
the effective density (q0), we limit the slowdown in highly dense areas. In sparse areas, the speed decreases as the density
increases, while in very dense areas (for example, denser than four individuals per square meter) the slowdown effect is re-
stricted to avoid stalling movement.
DE ¼
qpath
q0

; qpath < q0

1; else

(
ð8Þ
We define the path as a small adjustable area toward the preferred direction (Fig. 7). This is equivalent to the perception
of nearby obstacles by the pedestrian. Even though the shape of the area is not the same for corner and direct moves, the size
n probability of cells with different standard deviation (r) values.

k = 0.05 k = 0.1 k = 0.5 k = 0.7 k = 1.0

0.951 0.904 0.607 0.496 0.367
0.047 0.090 0.302 0.348 0.367
0.001 0.004 0.076 0.122 0.183
0 0 0.012 0.028 0.061
0 0 0.001 0.004 0.015
0 0 0 0 0.003
0 0 0 0 0.0
0 0 0 0 0.0



Fig. 6. Fruin’s pedestrian speed–density relation graph [40].

Fig. 7. Path area for direct and corner moves with a depth of four cells.
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of each of the areas (12 cells in our example) is equal. In the above equation, qpath is the density of the path area and q0 is the
margin density.

Now we define a probability PMove–Stop such that, in low or zero densities, a pedestrian always perform its move. However,
in higher densities, the pedestrian is prevented from moving in the current time step by the PMove–Stop probability:
Pmove—stop ¼ 1� lðDEÞ 0 < l < 1 ð9Þ
In the above equation, l is an adjustable parameter that allows us to control the overall effect of density on the proba-
bility of moving or stopping at each time step and thus its effect on crowd-member speed. The value of l is adjusted by com-
paring the produced speed–density graph to the empirical graph derived from the empirical data or to other currently
available speed–density graphs. The density margin q0, the size of the path area (or its depth) and the value of l are the
parameters of our density effect model. It is also possible to generalise the density effect function to use any available den-
sity–speed function (or graph) other than the one used here.
DE ¼ f ðdensityÞ ð10Þ
3.6. Desired radius of pedestrians and size of the Tawaf circle

The radius of the circular crowd area is smaller when the number of pilgrims performing Tawaf is lower, and it increases
as the number of pilgrims increases (Fig. 8). The maximum radius of the circle (around 48–50 m) is identified by the size of
the Tawaf area, while the minimum radius is determined by the size of the Kaabah building (Fig. 9). The desired radius for
each pilgrim is therefore randomly selected between these minimum and maximum radii.

We roughly estimate the size of the Tawaf circle in relation to the number of pilgrims using the graph presented in Fig. 10.
The lower bound of the range is identified by considering the size of the Kaabah building itself (see Fig. 9). For the upper
range, we have assumed that when the number of pilgrims passes a capacity margin, the entire area of the circle is used,
and the size of the circle reaches its maximum. Based on the pictures of the Tawaf area, we estimate this margin to be around
3000–5000 pilgrims.



Fig. 8. Smaller number of pilgrims causes a smaller Tawaf circle.

Fig. 9. Minimum and maximum size of the Tawaf circle.

Fig. 10. An estimation of the relation between number of pilgrims and size of the Tawaf circle.
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The maximum radius of the Tawaf circle at any moment is therefore:
Max Radius ¼
mN þ Rmin; N < Margin capacity
RMax; N P Margin capacity

�
ð11Þ

M ¼ Rmax � Rmin

Margin capacity
ð12Þ
In this equation, Rmin and Rmax are the lower and higher bounds of the Tawaf circle (i.e., 7 m and 50 m). N is the number of
pilgrims in the Tawaf area at the moment, and m is the slope of the graph line.

The use of a uniform distribution to generate a random radius between RMin and RMax for pilgrims will result in an excessive
crowd density near the centre of the circle, because an equal number of individuals are assigned to both the smaller area near
the Kaabah and the larger area farther from it. Instead, for the initial circumambulation radius for each pilgrim, we first use a
uniform random process to find an unoccupied cell in the Tawaf circle area, considering the maximum Tawaf radius at any
moment. We then use the distance of that free cell to the Tawaf centre as the initial circumambulation radius of the individual.
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In this way, when the density of the crowd increases to excessive amounts in the areas near the Kaabah building, newly enter-
ing pilgrims will avoid choosing a radius near the building to avoid the very dense crowd—as would happen in reality. This is,
however, an estimate, and a determination of the actual distribution requires sufficient empirical data and careful analysis.

As mentioned earlier, pilgrims tend to go gradually closer to the Kaabah (some even try to touch the Kaabah), creating a
spiral trajectory. The amount of radius reduction in each time step is assumed to have a normal distribution for all pilgrims.
The average reduction and standard deviation are adjustable parameters in the model.

3.7. Determining cell sizes, time step length and free-flow speed

Burstedde et al. [13] asserted that the velocity distribution of pedestrians is sharply peaked and that this fact leads to a
model with a Vmax = 1 cell in each time step, meaning that only transitions to neighbours are allowed. A greater maximum
velocity would be difficult to implement in two dimensions due to the higher number of possible target cells and the need to
check whether the path is blocked by other pedestrians; this makes the situation even more ambiguous for diagonal motion
and crossing trajectories. In a dense crowd, the above assertion makes even more sense because crowd members are not free
to move with whatever speed they want. They follow the crowd most of the time, and therefore, the maximum speed is
mostly determined by the crowd. Individuals might want to move more slowly than the crowd, but again the crowd will
somehow force them to adjust their speed to move with the crowd. We use a very similar approach. All crowd members
(despite their differences) have the same minimum and maximum speed in our simulation, and individuals move either
one cell at each time step or do not move at all.

The free-flow speed of pedestrians is the speed at which an individual will walk in the absence of any obstacle or other
crowd members. The relation between density and speed in a crowd is shown in the form of speed–density graphs. Different
average speeds and speed–density graphs have been suggested in which average speeds are between 1.0 m/s and 1.4 m/s. In
[41], a list of possible reasons for the differences between the suggested fundamental speed–density graphs is given. These
include cultural and population differences, differences between uni- and multidirectional flow, short-ranged fluctuations,
the influence of psychological factors and the type of traffic (commuters, shoppers). In most cellular automata-based simu-
lations such as the one used in [42], the average free-flow speed of crowd members is assumed to be 1.3 m/s. However,
the walking speed of an individual is influenced by environmental parameters such as the temperature and humidity, as well
as individual parameters like age, health, energy, fatigue and so on. Moreover, the free-flow speed decreases with time if the
individual is walking a long distance. A good summary of these effects on the average speed of pedestrians has been studied in
[43]. We do not have enough empirical data on the average walking speed of the people attending Tawaf. However, consid-
ering the length of the walk (between 30 min and sometimes more than 1 h) and the fact that 45% of the people attending Hajj
are older than 46 years old (18% older than 55) [35], it is safe to consider a lower estimated free-flow speed of 1.1 m/s for the
Tawaf area. Our simulation settings therefore produce an average speed of around 1.1 m/s in very low (close to zero) densities.

The cell size we have selected for this simulation is 40 cm � 40 cm, which matches most other cell-based simulations
(such as [11,14,15,29,37,40,41]). The length of each simulation time step considered for the Tawaf simulation is 0.4 s.

3.8. Movement speed error

An important point to consider in the simulation is the difference between moving into the four corner Moore neighbour
cells in comparison to the other four cells. Moving into corner cells displaces the individual about 0.56 m (considering a
0.4 � 0.4 cell size) while moving into direct cells will result into a 0.4 m displacement (Fig. 11). Within a similar number
of cell transitions, an individual who moves mostly into corner cells will have a higher actual speed in comparison to a crowd
member who moves into direct cells most of the time. Due to the discrete nature of the cellular automata and time steps, it is
difficult to solve this problem completely. However, to make things better, we introduce a limit to the distance an individual
can move in a specific time interval based on the maximum free-flow speed of a pedestrian. If an individual’s next move
exceeds the allowed distance one can move in 1 s, the movement will be prohibited.

Table 6 shows possible combinations of movements for three consecutive moves for cell sizes of 0.4 m � 0.4 m. In the case
in which a pedestrian tries to move to a corner three times in a row, the last move will be avoided.

Without applying the cap, the difference between the maximum and minimum displacement (MaxMove and MinMove)
in three consecutive moves will be:
Fig. 11. Displacement of moving into the four corner cells and the other four cells.



Table 6
Actual displacement of pedestrian in three moves after applying the cap.

1st Move 2nd Move 3rd Move Default displacement (m) Actual displacement (m)

D D D 1.2 1.2
D D C 1.36 1.36
D C D 1.36 1.36
D C C 1.52 1.52
C D D 1.36 1.36
C D C 1.52 1.52
C C D 1.52 1.52
C C C 1.12
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Difference Error ¼MaxMove�MinMove
MinMove

¼ 1:68� 1:2
1:2

� 100 ¼ 40% ð13Þ
By applying a cap of 1.52 m in three time steps, we have a slightly lower error level:
Difference Error ¼ 1:52� 1:12
1:12

� 100 ¼ 35:71% ð14Þ
Even though this method is used to minimise the error, it can introduce more error itself if the capping limit is not chosen
correctly; therefore, we use a simple program that examines all possible moves and selects the best cap value to be applied
to a specific number of moves. It can be shown that applying a cap at a higher number of moves produces better results. For
the case study of the Tawaf area, we have cell sizes of 0.4 m � 0.4 m, and each time step is equal to 0.4 s. If we want to apply
the cap every five moves, the best cap value will be 2.32 m (1.16 m/s). The errors for our cell size with and without the cap
level will be:
Difference Error ¼ 2:8� 2
2

� 100 ¼ 40% ð15Þ

Difference Error with Cap ¼ 2:32� 1:92
1:92

� 100 ¼ 20:83% ð16Þ
4. Simulation platform architecture

The simulation platform consists of a simulation engine and a few supporting modules (Fig. 12). The simulation engine
itself consists of two sub-modules. MiCS (Micro–macro Crowd Simulator module) is responsible for the physical movement
of the crowd members while MABS (Multi-Agent Behaviour Simulator module) simulates their actions and behaviours.
Output  Recorder

Geometry Editor

MABS
(Multi-Agent 

Behavior Simulator)

Geometry
data

MiCS
(Microscopic

Crowd Simulator)

Agent Editor

Output  Analyzer

Agent data
(Intention/Action
Templates, ...)

Visualizer

Simulation Engine

Fig. 12. Architecture of the software platform.
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Agent Editor and Geometry Editor are modules that feed the system with pedestrian and geometry input data. The Visualiser
module displays the results, while the Output Recorder and Output Analyser help to produce reports. The software was
developed using Java SE 1.6. The resulting software proved that the proposed model is capable of simulating a very large
crowd. In contrast to social forces implementations, which are limited to a few thousand pedestrians on a single computer,
we were able to simulate around 22,000–23,000 agents in real time (1 s of simulation time using 1 s of computing time).
Optimising the code and using more parallel techniques will allow for the simulation of even larger crowds using a single
computer.

5. Simulation results

In this section, we first compare the speed–density graphs obtained from the simulation to the available graphs obtained
from empirical observations. In addition, we compare simulation snapshots with photos taken at the actual place. We then
present a graph showing the duration of Tawaf in relation to the demand level (hence the number of people doing Tawaf)
and, finally, use the system to predict whether opening the Al-Hateem wall in the northern part of the Kaabah building
would provide a meaningful increase in the system throughput.

5.1. Speed–density graph

In Section 3.8, we mentioned that different empirical speed–density graphs are available. Even though the graphs are
different, the speed decreases when the density increases in all of them. We do not have any strong reason to select
one of the available graphs over the others, and unfortunately, we are not aware of any empirical graphs for this mosque
or for the Tawaf movement. Therefore, we compare our results with only two of the graphs listed in [41]. Fruin’s and
Predtechenskii–Milinskii’s (PM) graphs can be considered as the extremes among the available graphs. Fruin’s graph has
the highest free-flow speed (1.4 m/s), while PM’s graph shows the lowest (1.0 m/s). Fruin’s graph suggests that a density
of 4 pedestrians/m2 will cause the crowd to stop, while PM’s graph suggests that a crowd with a density of higher than
8 pedestrians/m2 can continue moving with speeds of under 0.2 m/s. In places close to the Kaabah, where extreme densities
of over 6 pedestrians/m2 can sometimes be observed, pilgrims continue to move at slower speeds. As a result, we are inclined
to conclude that the real speed–density graph for this mosque, the specific type of movement—moving as part of a ritual—
and the crowd of pilgrims should be similar to that described in Predtechenskii and Milinskii’s graph.

Different sections of the Tawaf area in the Masjid Al-Haram court have different properties. We have therefore divided the
Tawaf circle into sub-sections in order to have separate speed–density graphs for each of them (Fig. 13). The Kaabah walls,
especially those parts that are in section I4, are very attractive to pilgrims (simulated by attraction points), and they attempt
to reach and touch the walls and pray near this section. Additionally, people normally move slower as they near the walls. In
sections I4, M4 and O4, there is an arbitrary Tawaf start–finish line or area. People make a small delay in the area (simulated
by delay marks) and then start their Tawaf or cross the Tawaf circumambulation to exit. We prefer the O1, O2, O3, M1, M2
and M3 areas for comparison because they lack such special features.

In Fig. 14, we have compared the speed–density graphs of the M1 and M2 areas to Fruin’s (SPFE) and Predtechenskii and
Milinskii’s (PM) graphs. As can be observed, the graphs of these two areas follow the PM graph. However, the initial free-flow
speed in the PM graph is around 1.0 m/s, while in our case, the free-flow speed is set at around 1.1 m/s. Considering the dif-
ference between our free-flow speed and that of the PM graph, it can be concluded that the speed-density graphs for M1 and
Fig. 13. Dividing the Tawaf circle into sub-areas for speed–density investigation.



Fig. 14. Speed–density graphs for the M1 and M2 regions.
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M2 are very similar to the fundamental PM graph. It should be mentioned that the maximum density in our cellular auto-
mata model is 6.25 pedestrians/m2 (dictated by our cell size of 0.4 m � 0.4 m). In addition, even with very high demand lev-
els, we could not reach densities higher than 5 pedestrians/m2 in the M1 and M2 regions.

5.2. Visual comparison

As mentioned above, the Tawaf system has several features in its different areas. The ‘‘start–end line’’, attraction points
such as Hajar Al-Aswad and Maqam-Ibrahim, the shape of the Kaabah, the semi-circular Al-Hateem wall on the north side of
Fig. 15. Congested area in the east side of the Kaabah (top), simulation snapshot (bottom left) and satellite photo (bottom right).



S. Sarmady et al. / Simulation Modelling Practice and Theory 19 (2011) 969–985 983
the Kaabah and the shape of the Tawaf area have the most important roles in the system. The centre of the circumambulation
of Tawaf is based on the visual perception of the pilgrims of the Kaabah building and the lines drawn on the floor. Pilgrims try
to circle the Kaabah by maintaining a circular path around it (or spiral for some of the pedestrians). However, the Al-Hateem
wall is an extension of the Kaabah, and it produces additional resistance against circular crowd flow. This resistance against
the anticlockwise Tawaf motion creates a highly dense and congested area near Al-Hateem. This congestion, combined with
the congestion created by the attractions on the east side of the Kaabah, causes a highly dense area in that side of the Kaabah,
while the other side of the Kaabah is less congested. Fig. 15 shows a snapshot of the simulation at a medium demand level. As
can be seen, the simulation has reproduced the congested area in the east side of the Kaabah as well as the gathering around
Maqam-Ibrahim. On the right side of the court is a place where pilgrims pray, and in the lower section, they stand and some-
times rest. All of these details can also be seen in the simulation snapshot. The circular form of the crowd can also be ob-
served in the satellite photo.
5.3. Tawaf duration and speed

A larger number of pilgrims in the Tawaf circle will result in a slower Tawaf motion. In Fig. 17, the simulation has
been run for five different demand levels: 5000, 7500, 10,000, 12,500 and 15,000 pilgrims per hour. These levels reflect
low, medium, high, very high and extremely high demand levels. We then calculated the average Tawaf time for the first
2000 pilgrims finishing their Tawaf action. It can be easily observed that the Tawaf average duration increases when the
demand level increases. It can also be observed that demand levels higher than 10,000 pedestrians per hour cause a
sharp increase in Tawaf time (Fig. 16). The simulation animation reveals that, at this demand level, congestion starts
to develop behind the Tawaf start–end line. This congestion could spread to even larger areas in the Tawaf circle and
cause longer and longer Tawaf durations. High congestion levels might become dangerous because people might push
each other in such situations.

The average speeds of the Tawaf movement and the duration of Tawaf in our simulation match the ranges of speeds and
duration given in Koshak and Fouda’s work [33]. However, more data is required to more accurately calibrate the simulation
parameters.
5.4. Example applications of the simulation

We have used the simulation of the Tawaf area to identify whether specific changes to the area or the operation rules
would pose a considerable change to the throughput of the system. In one of the experiments, we opened the Al-Hateem
wall (the semi-circular wall in the north of the Kaabah building) to the pilgrims during Tawaf. We should mention that this
change might not be possible in reality due to the religious significance of the wall. Based on the results of our simulation,
the opening of Al-Hateem would be expected to have a considerable effect on the throughput of the Tawaf system. This is
because the removal of the Al-Hateem section would cause the shape of the object in the centre of the Tawaf, the Kaabah
building, to be more similar to a square than to a rectangle. A square would generate less resistance to the circular movement
of the crowd, and the minimum walking length needed to finish Tawaf would be shorter. The graph in Fig. 17 shows the
results. The opening of the Al-Hateem area to Tawaf, according to our simulation (demand level: 7500 pedestrians per hour),
would provide 1580 pedestrians or 17% more throughput in a 2-hour period.
Fig. 16. Duration of Tawaf action in different demand levels.



Fig. 17. Throughput in the current design and if the Al-Hateem area was open.
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6. Conclusion

In this paper, we have presented an approach that we believe to be suitable for simulating large and dense crowds in the
Tawaf area and other congested places. We presented a basic model for pedestrian movement processes and developed mod-
els for each of its layers. We used discrete-event methods to simulate the actions of individuals in a large crowd. We also
used a cellular automata model to simulate their small-scale movements. A circular cellular automata model was devised
to simulate the Tawaf movement. A crowd simulation platform was developed and used to study the crowd in the area.
The software was used to predict whether changes to the area or to the operation of the place would create a significant gain
in the throughput of the system. Future research will continue in two directions: creating a more accurate small-scale move-
ment model that considers specific issues of dense crowds, such as pushing, falling and grouping of individuals, and a better
model of crowd members that considers physiological, psychological and sociological aspects of human actions in order to
produce more realistic simulations of crowds.
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