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ABSTRACT 
 

This paper proposes and presents the details of an agent-based architecture that has the capacity to model, 
simulate the movement of, and guide crowds with panic behavior in highly-dense areas in the events of man-
made and natural threats. The most populated human gathering in the world, the Muslim pilgrimage event 
(also known as Hajj) which attracts more than two million people in six days is chosen to guide the 
identification of the requirements and main concepts of the agent simulation. The inferred requirements are 
used to guide the selection of an appropriate simulation tool following an extensive survey of potential 
simulation tools. The architecture uses software agents to represent groups of people along with their real 
time characteristics such as density, movements and panic levels, collected from various data sources. 
Support vector machine is combined with the fuzzy logic theory to predict pilgrims' behaviors and 
movements in case of panic situations. Initial simulation tests and results of the SVM model demonstrated 
that it is feasible to minimise the problem of modelling large crowds by selecting the best representative 
crowds that best reflect pilgrims’ behaviors. Furthermore, the implications of this architecture and a future 
plan are presented. 

Keywords: Multi-agent Architecture, Crowd Modeling and Simulation, Crowd Management, Support Vector 
Machine, Fuzzy Set Theory, Behavior Prediction. 

 
1. INTRODUCTION 

 
Several incidents have been documented in the 

Muslim annual pilgrimage (Hajj) with the deadliest 
stampede occurring in 2015 resulting in 
approximately 2400 human causalities [26], [27]. 
The Muslim pilgrimage is a yearly event that takes 
place in Makkah (Kingdom of Saudi Arabia) where 
millions of Muslims gather from around the globe to 
perform the pilgrimage rituals, e.g. 1.9 million 
pilgrims in 2016 [13]. Whilst Hajj pilgrims are 
trained for the pilgrimage rituals and spiritual 
activities extensively, very little or no training is 
provided for any other activities such as how to avoid 
crowdedness, how to act in emergency or panic 
situations, and what are the entry and exit points. 
People tend to behave differently in panic situations 
[12], and different factors influence such behaviors 
of the pilgrims including cultures and customs [10]. 
Human behavior is an important factor in the 
analysis of problems related to overcrowding. 

Crowdedness and emergency evacuation in the Hajj 
scenario [3] is a very interesting yet challenging 
research problem to investigate, for it involves 
complex structures (streets, buildings, tents, 
mosques … etc.) and a huge number of players 
(humans and vehicles) [16] introducing high risk 
factors (as depicted in Figure 1 and Figure 2). 

It is also worth mentioning that when pilgrims get 
separated from their group, they find it very difficult 
to find the directions back to their group [18] and 
[19]. According to a study conducted by Al-
Kodmany [4], foreign pilgrims have little knowledge 
about the physical infrastructure of the sacred places, 
location or facilities, entrances and exits. This 
necessitates the creation of a guidance system for 
pilgrims and visitors of the holy places in Saudi 
Arabia. 
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Figure 1. Mina Pathways Crowded with Pilgrims 

during Hajj (Adopted from [39]) 

 
 

Figure 2. Mina Physical Structures Such as the 
Buildings, Tents, Roads and Pathways (Adopted from 

[40]) 
 

Crowd disasters are known to be caused by non-
adaptive behaviors (e.g. pushing, stampede, etc.) and 
replicating these disasters in reality is impractical, 
mainly because it exposes people to real dangers and 
it is difficult for people to mimic real panic 
situations. Various crowd modelling and simulation 
tools [37] that exist in the literature represent a viable 
alternative, and are indeed applied to a range of 
scenarios in different fields, including architectural 
design, traffic flow, military training, and digital 
entertainment [31]. These tools generally enable 
researchers and practitioners to study the dynamics 
of crowds in both normal situations and panic 
situations with the aim of designing more efficient 
and safer structures and buildings [15]. However, 
most of the existing crowd simulation models in 
emergency situations do not take into account 
potential future behaviors of crowds. This paper 
proposes to use the multi-agent paradigm with a 
particular focus on predicting potential actions and 
behaviors within highly-dense structures and thereby 
helping controlling crowds in emergency situations. 
Agent-based models enable the simulation and 
development of complex ecosystems especially 

where distribution, unpredictability dynamicity and 
heterogeneity are major concerns. 

This research is motivated by the pressing need for 
a specialized agent based simulation tool for the Hajj 
scenario. In our argument, the current crowd 
simulation tools are too generic to be used to satisfy 
the specific needs of the pilgrimage situations (e.g. 
structures, crowds, behaviors … etc.). Moreover, 
pilgrimage attracts millions of Muslims each year. 
The interesting challenge is how the simulation 
problem can be reduced to a reasonable size to 
overcome computational complexities such as 
optimizing the performance, the processing of large 
amount of data, distribution of software agents, and 
the modelling of representative samples. 

This research, therefore, proposes to combine 
support vector machine (SVM) [9] with fuzzy set 
theory [35] to select the best representative crowd 
groups and predict their behaviors in emergency 
situations, thereby enabling appropriate decision-
making and evacuation strategies of pilgrims to 
safety.  

The contributions of this paper are two fold as 
follows:  

1. This paper contributes an agent-based 
architecture for simulating and evacuating 
crowds with panic behavior. The 
architecture promises to employ Support 
Vector Machine’s ability to yield sub-
sample of available training data (e.g., 
movement patterns, human density, etc...) 
in the form of Support Vectors. Later, the 
proposed architecture utilizes the fuzzy set 
theory for fuzzy rule generation using the 
sampled data obtained from SVM to predict 
and thereby guide crowd movements when 
man-made or natural disasters occur. 

2. This paper contrasts multiple simulation 
tools against the key requirements 
satisfying the pilgrimage scenario and 
identifies an appropriate simulation tool. 

The remainder of this paper is organized as 
follows. Section two summarizes studies related to 
crowd management using multi-agent systems. 
Section three describes the pilgrimage case and 
infers the relevant requirements for a multi-agent 
system. Section four outlines the general architecture 
of a multi-agent system for simulating and managing 
crowds with panic behavior and provides the initial 
results of using support vector machine to simulate 
the architecture. Section five summarizes various 
well-known crowd simulation tools and selects the 
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most appropriate tool to satisfy the identified 
requirements. Section six highlights the implications 
of guiding crowds and sets a future research plan for 
implementing and testing the MAS architecture. 

 
2. RELATED WORKS 

 
Multi-agent systems are composed of intelligent 

agents that are able to make autonomous actions to 
achieve particular desires. Generally, these agents 
exist in a common environment where they perceive, 
through sensors, the current state and act 
accordingly, through actuators, in the environment 
[23]. The ability to act independently makes 
distribution a possibility. In addition, agents are 
social entities that interact with others allowing 
cooperation and negotiation in order to reach 
agreements when interests differ. Another important 
aspect of agents is learning. It is far more effective 
for agents to use learning and adapt their behaviors 
instead of relying on pre-programmed behaviors for 
this satisfies the changing circumstances of the 
environment over time [5], [22]. Multi-agent 
systems empower, through abstraction, the modeling 
and simulation of large scale problems, such as 
traffic and crowd management, that are otherwise 
difficult to implement and test in real life, given the 
complexity and required resources.  

Various agent-based systems were proposed to 
tackle the overarching issue of controlling and 
guiding large crowds [31]. Studying crowd reactions 
during danger situations is a challenging task since it 
needs to introduce real agents to a real threat 
surrounding them. To overcome such difficulty, 
computer models and software tools have been 
deployed. Such deployment requires illustrating a 
collection of agents while taking into consideration 
agent motion, speed variation, and collision 
management. Typically, agent behaviors may vary 
depending on their deployed modules from normal 
reactions to panic reactions. 

Evaluating normal pedestrian behavior has been 
documented easily through different means such as 
time-lapse videos, photos and survey [29], [30], [33]. 
Other evaluations were carried out during social 
experiments where experts observe agent reactions 
to some obstacles. Ideally, agents share some 
attributes, such as calmness and least effort principle, 
when making their decisions to overcome obstacles. 
As the agent nervousness increases with panic 
situations, there is less interest in the "least effort 
principle" where it is replaced by the safest appeared 
route principle. Furthermore, agents tend to increase 

their speed and lose the power of orienting 
themselves within the environment [33].  

Overall, crowd simulation models fall into three 
categories, specifically macroscopic, microscopic, 
and mesoscopic [31]. Macroscopic models presume 
that crowds mimic the movement of fluid and thus 
focus on simulating the global characteristics of 
huge-sized crowds as a whole. Microscopic models, 
however, focus on simulating the distinctive 
behavior (e.g. speed, social links) of each individual 
in the crowd and consider the interactions between 
individuals. Lastly, mesoscopic models fall between 
the macroscopic and microscopic modeling 
approaches with a particular emphasis on simulating 
small to medium sized crowds at a high of level of 
detail whilst specifying the behavior and interactions 
at a lower level.  

Data sources are very crucial to acquire accurate 
information about the crowd and later guide them in 
emergency and panic situations. Most of the 
previous work done in crowd management relies on 
multiple sources of data for accuracy and reliability 
of data [11], [14], [25]. In crowd management four 
main sources can be reliably used to gather data 1) 
Mobile Networks 2) Smart Phones 3) 
Personal/Wearable Devices and 4) Sensors [14]. In 
[11], the authors suggest the use of smart phone 
application to get the location information. Big data 
analytic techniques can play a pivotal role to analyze 
the data gathered from various sources and help in 
prediction of crowd behavior. In [32], authors survey 
various big data techniques that are currently being 
deployed for big data sensing and analytics. For 
example, they discuss the use of [11] prediction 
models to improve geometric monitoring framework 
and 2) cloud-based big data architecture for 
supporting sensor services. In [28], the authors 
present a model "NoizCrowd" that includes 
techniques to create large amounts of data by 
combining crowdsourcing, data generation models, 
mobile computing, and big data analytics. 

In respect to crowd management, Dell’Orco et al 
[34] developed a fuzzy-based microscopic crowd 
simulation which incorporates factors related to 
human perception and reasoning and demonstrated 
ability to reproduce evacuation like situations. Li et 
al [36] embedded fuzzy logic within a crowd 
simulation tool where behavior rules were obtained 
from crowd videos and added to pre-defined rules of 
the agents. 

Previous Hajj-related research focused on the 
challenges faced the pilgrims during Hajj. Aborzizah 
[1] estimated a significant increase in the rate of 
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incidents in sacred places in the upcoming years, and 
thereby suggested to classify pilgrims into groups 
and allocate an optional time for each group to 
perform the ritual of stoning. Al-Badawi et al. [2] 
suggested ‘Almhakah’ system to monitor and 
regulate the pathways in various regions where the 
pilgrims are present. Moreover, Sharif et al. [21] 
proposed to educate and inform the pilgrims, through 
awareness programs, in their countries before 
coming to the pilgrimage with a focus on teaching 
the pilgrims evacuation procedures in emergency 
situations in the usual areas of crowdedness.  

Once the evacuation plan has been modeled, the 
next step will be to disseminate the evacuation path 
guidelines to the crowd. Three types of evacuation 
path guideline schemes have been investigated in the 
literature: wireless sensor networks, visual displays 
and smartphones [6]. The increased usage and 
availability of faster communication mechanisms 
with the smartphones (for example, 3g/4G, WiFi 
…etc.) makes smartphones one of the best choices 
for the path evacuation guidelines. Chittaro and 
Nadalutti demonstrated how evacuation guidelines 
can be provided through smartphones as 3D view 
[6]. Other related work can be found in [7] and [24]. 

 
3. THE PILGRIMAGE CASE AND 
RELEVANT REQUIREMENTS 

  
3.1. Description of the Pilgrimage Case 

Hajj is one of the largest gatherings in the world 
with over two million people from about 180 
countries participating yearly [13]. Hajj rituals are 
performed in the city and suburbs of Makkah from 8 
to 13th of DulHija (the 12th lunar month) every year. 
However, people start gathering in Makkah well in 
advance (almost 45 days prior to Hajj) and similarly 
the crowd takes almost 40 - 45 days to get diluted 
after the Hajj. This huge crowd with extremely 
complex nature, containing people from variety of 
ages, ethnicities, and cultures, makes it one of the 
hardest and challenging crowd management tasks. 
Table 1 summarizes the key characteristics of the 
sacred places of Hajj, including the number of 
pilgrims they attract. 

 
3.2. Relevant Requirements for the Multi-Agent 

System 
Agents provide ample opportunity to create 

flexible systems that can model and simulate 
complex scenarios. This section focuses on 
identifying the functions and features required to 
realize our Hajj-dedicated multi-agent system 

architecture. Thus, the architecture proposed has to 
consider the following requirements and properties 
that were inferred from the pilgrimage scenario. 

REQ1: The system architecture should support 
macroscopic modelling where group flow, behavior 
and attributes (e.g. travel time, human density and 
flow) are modelled and investigated instead of 
individual persons’ attributes. In this type of 
modelling individuals of the same crowd are 
assumed to behave similarly. 

REQ2: The architecture should be scalable to 
accommodate varying and complex infrastructure 
and large number of pilgrims. 

REQ3: The architecture should simulate the 
physical structures and the properties of the 
environment. Initially, the architecture will simulate 
the physical environment at a very high level, as a 
two dimensional grid composed of nodes. However, 
as this research progresses more specific structures 
including buildings, mosques, bridges, tents, 
hallways, and streets will be featured in the 
simulation. Some properties that the architecture has 
to address include the area, capacity, location of exit 
points. Each node in the grid could hold crowds if it 
is free and is not an obstacle.  

REQ4: In case of threats, the architecture should 
detect these incidents instantly and react to them in a 
timely manner. Execution speed is an important 
aspect here. 

REQ5: When panic situations occur, the agents 
should communicate, negotiate and reach mutual 
agreements to realise effective evacuation strategies. 

REQ6: The ability to predict crowd behavior 
under uncertainty and emergency situations, 
especially when pilgrims are expected to show non-
adaptive and destructive behavior. The architecture 
should incorporate machine learning theories, such 
as the fuzzy set theory, to estimate dangerous crowd 
behavior (e.g. herding and flocking behavior).  

REQ7: The architecture should be able to 
calculate and disseminate evacuation routes in order 
to guide crowds to the safest exits. 
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Table 1. Hajj Sacred Places and their Characteristics 

Sacred Place Total Days of Crowdedness Characteristics of Place 

The Grand Mosque, 
Mecca 

12 days (1-12 DulHija-the 12th 
lunar month) 

Area: 1470,000 square meters 

Number of pilgrims: 2 million (approx.) 

Facility type: buildings 

Mina, Mecca 5 days (8-13DulHija) 

Area: 20 square kilometres 

Number of pilgrims: 2 million (approx.) 

Facility type: 45,000 Air-conditioned tents, streets, 
vehicles 

Arafat, Mecca 1 day (9 DulHija) 

Area: 18 square kilometres 

Number of pilgrims: 2 million (approx.) 

Facility type: Air-conditioned tents  and open spaces, 
streets, vehicles 

Muzdalifah, Mecca 1 day (10 DulHija) 

Area: 18 square kilometres 

Number of pilgrims: 2 million (approx.) 

Facility type: Air-conditioned tents  and open spaces, 
vehicles 

Jamaraat, Mecca 3 days (10-13 DulHija) 

Area: Part of Mina 

Number of pilgrims: 2 million (approx.) 

Facility Type: bridge, and open spaces 

4. A MULTI AGENT ARCHITECTURE FOR 
HAJJ 
 

4.1 Overview of the Multi-Agent System 

The general purpose of this simulation is to model 
both the physical infrastructure, representing the 
environment, and crowds, along with their 
properties, and efficiently evacuate people to safe 
zones when emergency situations are triggered. This 
requires knowledge of current status of the 
environment at all times and ability to estimate 
human behaviors and reactions to such threats using 
fuzzy set theory. Crowd agents model the physical 
structure as a grid of cells, with each cell 
representing an area in the environment. The cell 
takes either of the three states, free, occupied, or 
obstacle. Free cells are areas with zero human 
occupancy but can host crowds according to their 
capacity. Occupied cells are areas that already hold 
crowds with a particular density at a particular time. 
Obstacle cells are impassable areas that cannot be 
used to host crowds. Possible directions of crowd 
flow from one cell to another are represented using 
the arrows. Exit point locations are also specified in 
the environment.  

Nowadays, crowdsourced data is prevalent 
through different sources such as surveillance 
cameras, mobile phones, sensors, RFID readers and 
tags which provide real time information about the 
crowds in the form of GPS coordinates, human count 
and spatial dispersion. These statistics enable 
accurate identification of human densities and 
movement patterns in the environment which could 
be examined to anticipate potential threats (e.g. 
stampedes). The system will act based on the 
gathered intelligence and generate guidance to be 
delivered to various devices, including mobile 
phones (through text messages and smartphone 
applications) and large screen displays. 

 
Figure 3: Example Physical Structure 
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The guidance will rely on the results of a safety 
function which, given various variables, would 
calculate the safety level of each potential evacuation 
route in the environment. To this end, the 
environment will be divided into interconnected 
nodes, with each node representing a typical area that 
hosts a number of people. Each node is characterized 
by constants (type, size of area, capacity, and 
neighboring nodes) and real-time variables (e.g. 
human density per square meter, and human traffic 
flow per second) as depicted in Figure 3. It is well-
known that non-adaptive crowd behaviors highly 
contribute to the destructive actions (e.g. stampede) 
in emergency situations. This multi-agent system 
simulation will incorporate non-adaptive crowd 
behaviors (e.g. pushing). 

 
4.2 The Proposed MAS Architecture 

To realize the above requirements, we propose a 
system architecture comprising agents of different 
roles, namely: a sensor agent, crowd agents, panic 
creator agent, human behavior predictor agent, 
emergency route finder agent, guidance customizer 
agent, and visualizer agent (See Figure 4). Each of 
those agents has a dedicated role and communicates 
with the other agents to enable effective control and 
management of crowds with panic behavior.  

The simulation environment hosts all living 
agents, and leads the tasks of instantiating, starting, 
pausing, and killing the agents as required. For the 
purpose of this research, synthetic data about both 
geometric (e.g. grid dimension, types of cells and 
capacity) and crowd information (e.g. population 
density, real-time behaviors and movements) are 
generated using a standalone simulation (source data 

simulator). These data are sensed and collected by 
the sensor agent at the beginning of the simulation 
and at regular intervals (e.g. every minute). The 
sensor agent forwards this information to the crowd 
agents in order to update their real-time status. The 
crowd agents are instantiated to model and simulate 
the physical structure of the environment in the form 
of nodes, groups of crowd and their properties (e.g. 
density, panic level).  

At the beginning of the simulation, the human 
behavior predictor agent receives historical data 
about crowd distribution, their pre-defined ritual 
routes and their behaviors which are used first to 
train the prediction model and select the best 
representative groups to simulate, as depicted in 
Figure 4. Subsequently, the model estimates future 
behaviors and movements under normal 
circumstances and under panic situations. To this 
end, support vector machine classifies the data into a 
specific category using a non-probabilistic binary 
linear approach. The outputs of SVM will be fed into 
a fuzzy set theory-based engine to predict crowd 
behaviors and trajectories. These predictions, along 
with the current state of the crowds, serve as input to 
the emergency route finding agent whose main task 
is to calculate the safest evacuation routes based on 
an accumulative safety function. Unpredicted 
emergency situations are incorporated into the 
simulation through the panic creator agent. Once 
evacuation patterns are found, a guidance customizer 
agent customizes the evacuation instructions 
according to the type of devices and language of 
crowds. Finally, the visualizer agent renders the 
simulation results, including the environment, 
crowds and evacuation routes. 

Figure 4: MAS Architecture for Simulating Crowds in Panic Situations using Behavior Forecasts 
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4.3 Crowd Evacuation using Behavior Forecasts 
In emergency cases, the emergency route finder 

agent will calculate evacuation routes for the crowds 
based on movement and behavior predictions 
estimated by the human behavior predictor agent. 
This agent encompasses a behavior prediction 
engine comprising support vector machine and fuzzy 
set theory as illustrated in Figure 5. 

A support vector machine (SVM) is an algorithm 
that learns by examples to predict the class of future 
instances [8]. SVM employs a novel form of learning 
and prediction compared to other machine learning 
algorithms. For classification problems, SVM aims 
to obtain a maximal margin hyperplane that 
separates the points of two classes as far as possible, 
by minimizing the risk of misclassifying the training 
samples and unseen test samples. Unlike other 
machine learning algorithms, only the training points 
that are closest to the optimal separating hyperplane 
are treated as most important for prediction 
purposes, and these are called support vectors. The 
number of support vectors extracted is very little 
compared to the actual training data. Indeed, support 
vector machine has shown superior performance 
when finding a global optimum solution for a given 
problem in many applications [17]. For example, 
learning of Naïve Bayes tree using support vectors as 
training set yielded improved accuracy than the 
accuracy yielded using the complete training set. To 
deal with non-linear problems, SVM first projects 
the data into higher dimensional feature space and 
finds the linear margin in the newly generated 
feature space.  

During training, SVM first scales the available 
features to a higher feature level using kernel 

function i.e. Radial Basis Function Kernel, and 
subsequently validates the learned hyper-plane with 
available test set and optimizes the hyper-plane to 
generate the final SVM model. Given the 
characteristics of the environment and crowds, such 
as human densities, current movement patterns, 
panic levels, SVM will select the best representative 
sample of pilgrims from the crowds to model. In the 
Hajj scenario, the outcome of SVM is a sample of 
crowd that best represents the real-time properties 
and behaviors of pilgrims in order to reduce the 
computational cost. In the next phase, this SVM 
sample is used to create the rules of the fuzzy logic 
engine. 

Fuzzy logic is an extension of classical logic that 
enables human reasoning through the consideration 
of all intermediate possibilities between true and 
false values [35]. A fuzzy-based system calculates 
the output by providing the system with a set of rules 
formulated in natural language. The output is 
obtained in three steps [35]. The first step, referred 
to as fuzzification, translates digital values (e.g. real-
time data about crowds' panic level, behaviors and 
trajectories) into linguistic variables by comparing it 
with standard values and using specific functions. 
The second step, represented by an inference engine, 
applies inference rules (if-then rules about situations 
and expected movements) on the inputs. These 
inference rules represent the knowledge that one has 
of the system as a result of human expertise. The 
third step, referred to as defuzzification, merges 
various commands generated by the inference engine 
and transforms the output linguistic variable into a 
scalar value (e.g. forecasted panic level, forecasted 
flow).

  

 
Figure 5: The Proposed Hajj Behavior Prediction Model 
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5. THE RESULTS OF USING SVM TO 
REDUCE THE SIMULATION 
COMPLEXITY 

 
Initial simulation tests were conducted to examine 

the usefulness of SVM in reducing the computational 
complexity of modelling all crowds in a Hajj 
scenario. To this end, synthetic data about potential 
crowd behaviour such as human density, velocity 
and flow were generated randomly and used to train 
the proposed SVM model. The main goal of the 
model was to predict the representative crowds that 
should be simulated when aiming to anticipate 
potential human incidents and suggest evacuation 
plans accordingly.  

A simulation study was performed to verify the 
possibility of predicting the best representative 
pilgrims for the modelling purpose using SVM. 
Synthetic Hajj data comprising 6 variables (e.g. 
human flow, speed ... etc.) were generated about the 
training examples with pilgrims belonging to two 
main classes: representative and non-representative. 
The training datasets, as a csv file, were fed into 
RapidMiner to train the SVM model. The output 
model was then applied to the unsupervised datasets.   

Considering the synthetic input training data with 
six input features and a target feature 
(representativeness), it has been observed that SVM 
yielded high accuracy of the classifier with 98.77% 
accuracy and the number of support vectors that are 
considered very important for prediction purposes 
are almost 12 percent of the total input objects (Table 
2).  

Table 2. Average Prediction Accuracy of SVM Model 
(98.77%) 

 True non 
rep 

True rep Class 
precision 

Pred. non 
rep 

238 0 100.00% 

Pred. rep 6 244 97.60% 
Class recall 97.54% 100.00%  
  

Table 3. Data Used to Train the SVM Model 
Data Total 

points 
Rep 
points 

Non Rep 
points 

Training 1140 570 570 
Support 
Vectors 

162 94 68 

Test 488 244 244 
 
It is also observed that the learnt SVM has the 

ability to predict representative objects without any 

error (100%) but failed to predict non-representative 
objects by 2.4% only. Confusion matrix and the 
information about the input objects and support 
vectors extracted are presented in Table 2 and Table 
3 subsequently.  

 
Figure 6: SVM Model Learnt using the Input Objects 

 

 
Figure 7: Accuracy results of the SVM model learnt using 

the input objects 

The plot below (Figure 6) represents the hyper-
plane learnt by SVM during training using input 
training data with binary classes of representative 
objects (blue dots) and non-representative objects 
(red dots). It can be observed that the data points 
which are near to the hyper-plane, either blue or red 
(hyper-plane is yellow in color), are support vectors 
and considered important for prediction purposes by 
SVM. Several tests were conducted and accuracy 
results averaged 97.43%, exceeding 94% in all tests 
(Figure 7).  

 

6. A SYSTEMATIC REVIEW OF 
SIMULATION TOOLS 

 

This section highlights a succinct survey of 
various tools that are used for the purpose of 
simulating crowds and their behavior in emergency 
and panic situations. Our survey focused on ten key 
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requirements, seven of them have been summarised 
previously in section 3.2. We have added three more 
simulation related requirements, namely 
visualisation, modelling language, and open source. 
Visualisation refers to the ability to draw and display 
the agents on a graphical user interface. Modelling 
language refers to whether the tool utilises a 
dedicated language to model agents’ capabilities and 
features. Open source indicates whether the tool’s 
source code is freely available for other developers 
which enables customisation and enhancements as 
per the needs of the Hajj scenario.  

A total of thirteen tools have been studied and 
evaluated from the literature [37], [38] and the 
results are shown in Table 4.  Based on our analysis 
and comparison, ‘repast symphony’ emerges as a 
clear choice. Simulating a complex mobility pattern, 
like people circumambulating around ‘the Kaaba’ in 
Mecca, is undoubtedly a challenging task and needs 
a scalable simulation tool that has the ability to 
simulate tens of thousands of agents in a short span 
of time. Repast Simphony has an extensive library 
for implementing machine learning theories and 
algorithms which will constitute a key aspect of the 
simulation. Moreover, Repast Simphony is open 
source and enjoys a good online community support. 
 

Table 4. A Comparison of the Simulation Tools Against the Hajj Requirements 
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NetLogo ✔ X ✔ X ✔ ✔ ✔ ✔ ✔ ✔ 

MASS MOTION ✔ ✔ ✔ X ✔ ✔ ✔ ✔ ✔ X 

ABLE ✔ ✔ ✔ X ✔ ✔ ✔ ✔ ✔ ✔ 

Repast Simphony ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

MASON ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

MASSIVE ✔ ✔ ✔ X ✔ ✔ ✔ ✔ ✔ X 

JADE ✔ ✔ ✔ X ✔ ✔ ✔ ✔ ✔ ✔ 

Cougaar ✔ ✔ ✔ ✔ ✔ ✔ ✔ X ✔ ✔ 

Breve ✔ X X X ✔ ✔ ✔ ✔ ✔ ✔ 

Swarm ✔ ✔ X X ✔ ✔ ✔ ✔ ✔ ✔ 

MASS ✔ X ✔ X ✔ ✔ ✔ ✔ ✔ ✔ 
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StarLogo ✔ X X X X ✔ X ✔ ✔ ✔ 

Crowd 

Master 

✔ X ✔ X X ✔ ✔ ✔ ✔ ✔ 

7. CONCLUSION AND A FUTURE PLAN 
  

Managing crowd and studying their behavior in 
emergency in particular is a challenging task. A 
careful study of behaviors would require creating a 
real life panic situation and exposing people to 
danger. Therefore, researchers have followed an 
alternative approach of using computer simulations 
to address the issue [23]. There are different 
approaches to simulate and manage the crowd. One 
of the approaches is the use of multi agent system 
(MAS). MAS is a favourable approach in 
comparison to other available approaches like 
mathematical formulation, cellular automata and 
system dynamics [20]. MAS can help to simulate 
individual behaviors targeted to specific entities and 
allows simulating dynamic scenarios. Moreover, 
MAS approach enables us to model at group, 
individual and cluster level [20]. Since Hajj is the 
largest gathering of individuals, aforementioned 
characteristics of MAS perfectly addresses the 
pilgrimage needs and requirements. Our main 
motivation is to apply real life panic situations to 
simulate and study the behavior of pilgrims, and 
thereby find appropriate evacuation models to 
decrease the chances of major catastrophes.  

Modelling every single pilgrim, although may 
sound rewarding, requires huge computational and 
processing power. An alternative solution is to 
identify the most representative pilgrims in each 
group of pilgrims and model their attributes and 
behaviors and attempt to predict their future behavior 
based on past actions. Our solution utilizes Support 
Vector Machines, which is a form of supervised 
learning model that helps classify pilgrims into 
representative or non-representative agents reducing 
the simulation computational needs.  

Moreover, the paper introduces a new architecture 
that utilizes the characteristics of software agents to 
help model and simulate the Hajj scenario and 
suggests an appropriate simulation tools that 
researchers may leverage to create their Hajj 
simulations. This reduces the need to buy proprietary 
simulation tools which are rather expensive to 
acquire and maintain. 

The suggested MAS would allow us to progress 
from a macroscopic analysis to a microscopic 
analysis in the future, and thus investigate and 
represent the behavior of pilgrims in a more realistic 
manner.  

This work is focused to implement an agent based 
crowd simulation platform allowing various agents 
to be modelled easily. Future work involves the 
simulation of hundreds of thousands of agents on a 
single platform, which is why ‘scalability’ is a key 
aspect in the simulation process. Moreover, the 
crowd-size, inter-agent relationships and the 
environment can have significant influence on crowd 
behavior. Our research intends to extend further 
towards several directions. Socio-psychological 
factors such as, culture, language, personality, play a 
vital role into modelling of the Hajj scenario. The 
effect of the group structures and the environmental 
conditions on the crowd-behavior, in case of 
emergency evacuation, would be studied during the 
implementation phase. 
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