
 

HAJJ CROWD MANAGEMENT: 

Discovering Superior Performance with 

Agent-Based Modeling and Queueing Theory 

by 

Imran Khan 

 

 

A thesis submitted to the Faculty of Graduate Studies of 

The University of Manitoba 

in partial fulfilment of the requirements for the degree of 

 

 

DOCTOR OF PHILOSOPHY 

Electrical & Computer Engineering 

University of Manitoba 

Winnipeg, Manitoba 

 

Copyright © 2012 by Imran Khan 



 i 

Acknowledgments 

All praises and thanks are to Allah, the Most Merciful, the Most Gracious. 

I would like to thank my thesis advisor, Dr. R.D. McLeod, for his support, guidance, 

and assistance throughout the doctorate degree; especially, with Agent-Based Modelling 

and Simulation.  I would also like to thank my thesis committee members Dr. A.S. Alfa, 

Dr. M. Brabston, and Dr. A. Shalaby for insight and assistance with Queueing Theory, 

Management Information Systems, and Hajj Research respectively.  Additionally, I 

would like to thank Dr. T.S. Kashour and Dr. I. Tleyjeh for their insight and assistance 

with Hajj Medicine.  Finally, I would like to acknowledge the financial support by Natu-

ral Sciences and Engineering Research Council of Canada (NSERC). 



 ii 

Abstract 

The thesis investigates how Agent-Based Modeling and Simulation (ABMS) and Queue-

ing Theory (QT) techniques help manage mass gathering (MG) crowds.  The techniques 

are applied to Hajj MG, which is one of the most complex annual MG, with a focus on its 

challenging Tawaf ritual.  The objective is to develop a Tawaf Decision Support System 

(DSS) to better understand Tawaf crowd dynamics and discover decisions that lead to su-

perior performance.  TawafSIM is an ABMS model in the DSS, which simulates macro-

level Tawaf crowd dynamics through micro-level pilgrim modeling to explore the impact 

of crowd characteristics, facility layout, and management preferences on emergent crowd 

behaviours with respect to throughput, satisfaction, health, and safety.  Whereas, Ta-

wafQT is a QT model in the DSS to explore the impact of pilgrim arrival rate and Tawaf 

throughput on expected arrival, departure, and waiting times along with average queue 

length in the Tawaf waiting area. 

 The thesis provides several contributions, including the following.  First, it is the only 

Tawaf research to use a hybrid ABMS and QT approach.  Second, TawafSIM is a com-

prehensive Tawaf simulator.  It incorporates features for pilgrim characteristics, facility 

design, and management preferences.  It calculates 8 metrics for Tawaf performance, 

which includes one for throughput, three for satisfaction, one for health, and three for 

safety.  It is the only Tawaf simulator to estimate satisfaction and spread of infectious 
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disease.  It conducts 42 simulation experiments in 12 categories.  It generates observa-

tions for emergent, tipping point, expected, and counter intuitive behaviours.  It recom-

mends a default scenario as the best decision along with a small subset of alternative sce-

narios, which provide above average Tawaf performance.  It generates a Tawaf Crowd 

Management Guide to better understand Tawaf crowd dynamics and how to pursue above 

average Tawaf performance under different conditions.  Third, TawafQT is the only 

study of the Tawaf waiting area.  It uses an accurate queueing model with finite source, 

single service, and PH type distribution, which is not only applicable to the Tawaf and 

other Hajj related queueing systems but also to any queueing system, which has finite 

population and single service characteristics. 
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CHAPTER 1 

Introduction 

The broad research topic of the thesis is managing crowds at mass gatherings (MGs) us-

ing Agent-Based Modeling and Simulation (ABMS) and Queueing Theory (QT) tech-

niques.  To understand how these techniques can better manage mass gathering crowds, 

the annual Hajj mass gathering is studied with an exclusive focus on modeling and simu-

lating its most challenging Tawaf ritual.  Before discussing the Hajj Crowd Management 

research, this chapter provides an introduction to MGs in general and annual Hajj MG in 

particular along with a synopsis of the remaining thesis. 

1.1 Mass Gatherings 

Mass Gatherings are diverse and common phenomena with inherent problems that need 

to be adequately researched and managed according to their level of complexity and po-

tential of fatal outcomes.  This subsection provides an introduction to MGs by providing 

its definition, showing its common occurrence, describing its inherent problems, propos-

ing a scale to measure its magnitude, and discussing its importance in research and man-

agement. 
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1.1.1 Definition 

There is no agreed upon definition for a mass gathering; however, most definitions share 

a common theme.  “A mass gathering is 1000 or more people gathered in one place, usu-

ally with a common sense of purpose,” as reported in [18].  While in  [40] it is reported to 

be defined as “an organized event occurring within a defined space, which is attended by 

a large number of people” in [2], it is defined as “a large number of attendees at a specific 

event in a specified time.”  As such, taking the common themes in these representative 

definitions, this thesis broadly defines a MG as a large assembly of people at a specific 

place and time. 

1.1.2 Common Phenomena 

The above broad MG definition is appropriate since it accommodates the wide diversity 

of MGs.  A description of several well-documented historical MGs is provided in [18] 

while a list of important MGs is found in [2], which includes the Olympics, Hajj, and 

World Youth Day.  These examples show the wide diversity of MGs, which includes 

sports, entertainment, leisure, political, cultural, and religious events.  Furthermore, MGs 

can occur at public locations for transportation, shopping, and education.  The diversity 

of the MGs is also due to the different types of crowds that can form at MGs as reported 

in [40], which include: ambulatory, spectator, participatory, dense, and hostile.  As such, 

it is important to recognize that MGs are not only those well-known planned complex 

events (e.g., Olympics) but also include the inherently common un-planned MGs that 

take place on a daily basis all over the world where there is a large assembly of people at 

a specific place and time (e.g., airport). 
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1.1.3 Inherent Problems 

Due to the large assembly of people at a specific place and time, there are inherent prob-

lems linked with MGs.  According to the historical review of MGs in [18], MGs increase 

the risk of injuries, deaths, medical emergencies, and illness primarily due to poor design 

of public buildings when a panic to exit the building often leads to people being crushed, 

which is sometimes due to a false fire alarm.  Additionally, the literature review conduct-

ed in [38] for MG incidents from 1971 to 2011 identified the source of the MG problems 

to include: high crowd density, restricted access points, limited crowd control, and lack of 

sufficient on-site medical care and emergency response.  Furthermore, it is suggested in 

[2] that increased travel to and from MGs is being linked to global outbreaks of infectious 

diseases.  As such, MGs inherently have the potential for injuries, death, medical emer-

gences, illness, and increasingly global outbreaks of infectious diseases due to high 

crowd density, restricted access points, limited crowd control, lack of sufficient on-site 

response, and increase of global travel to and from planned MGs. 

1.1.4 Mass Gathering Magnitude Scale (MGM Scale) 

Since MGs are common phenomena yet not all MGs are of the same magnitude, there is a 

need to have a scale to express the magnitude of the MG’s potential fatal impact.  As 

such, this subsection proposes a simple Mass Gathering Magnitude Scale (MGM Scale) 

to associate a number on a scale to the magnitude of a MG based on the MG’s defining 

characteristics.  

 The proposed MGM Scale uses eight quantitative characteristics to define a MG.  

These characteristics can each take a MGM scale value of 1 to 10, which represent re-
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spectively the lowest and the highest expressions of the characteristics.  The specific val-

ues of each of the characteristics that correspond to the 1 to 10 MGM scale is shown in 

Table 1, which have been chosen to accommodate the smallest and the largest values that 

are pragmatic for each MG characteristic.  First, the Total Number of Participants is be-

tween 100 participants to 32 million participants.  Second, the Average Crowd Density is 

between 1 to 10 participants per square meter.  Third, the Percent Maximum Flow Rate is 

the average participant flow rate into the MG divided by the maximum participant flow 

rate possible into the MG.  Fourth, the Percent Maximum Time Participant in MG is the 

average time participant is in the MG divided by the duration of the MG.  Fifth, Percent 

Time Participant Moving is the average time a participant is moving while in the MG di-

vided by the average time participant is in the MG.  Sixth, Percentage Non-Resident Par-

ticipants is the percent of participants who are non-residents at the MG.  Seventh, MG 

Duration is from 1 hour to 512 hours (approximately 3 weeks).  Finally, Percent Cross 

Traffic is the percent of participant movement in the MG where participants are not going 

in the same direction. 

The average of these eight characteristic values for a specific MG provides the MGM 

scale value for the MG that is in the range 1 to 10, which respectively corresponds to 

minimal and extreme potential for fatal impact at the MG.  As an example, the MGM 

scale values for Tawaf Hajj Ritual, Olympics Opening Ceremony, and Shopping Mall 

Boxing Day Sale are shown in Table 1.  As such, the MGM scale provides a mechanism 

to quantitatively define and compare the potential fatal impact of diverse MGs so appro-

priate level of preparedness planning can take place by each of the MG organizers. 
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Table 1: Mass Gathering Magnitude Scale (MGM Scale) with examples 

MGM# MGM#SCALE#

CHARACTERISTICS# 1# 2# 3# 4# 5# 6# 7# 8# 9# 10#

(1)#Total#Number#of#

Participants1#

100# 1K# 10K# 100K# 1M# 2M# 4M# 8M# 16M# 32M#

(2)#Average#Crowd#

Density2#

1# 2# 3# 4# 5# 6# 7# 8# 9# 10#

(3)#%#Maximum#Flow#

Rate#

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#

(4)#%#Maximum#Time#

Participant#in#MG#

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#

(5)#%#Time#ParticiS

pant#Moving#

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#

(6)#%#NonSResident#

Participants#

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#

(7)#MG#Duration3# 1# 2# 4# 8# 16# 32# 64# 128# 256# 512#

(8)#%#Cross#Traffic# 10# 20# 30# 40# 50# 60# 70# 80# 90# 100#

Tawaf Hajj Ritual is 5.4 on MGM Scale using (7+7+1+1+10+6+6+5)/8. 

Olympics Opening Ceremony is 3.5 on MGM Scale using (4+2+1+10+1+6+3+1)/8. 

Shopping Mall Boxing Day Sale is 2.8 on MGM Scale using (2+1+1+2+8+1+4+3)/8. 

                                                

1 K is thousands; M is millions. 
2 Participants per square meter. 
3 Hours. 
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1.1.5 Specialized Field of Research & Management 

Since MGs have inherent problems with potential fatal consequences, MGs must be ade-

quately studied and managed to prevent frequent fatal consequences.  According to [18], 

historically, after repeated fatal catastrophes with MGs, the public outcry led to public 

safety legislation to carry out inspections of facilities before licenses were issued along 

with penalties for non-compliance, which were later broadened to include public health 

acts, which looked into construction and number of exits along with preparedness plan-

ning.  It also states that public safety guides were developed to provide guidelines for 

safety.  Furthermore, it states that MG organizers must secure the health and safety of 

those attending using event contingency planning and MG medical management speciali-

ties to provide among other things data analysis from past events and real-time crowd 

surveillance.  This opinion is supported in [2] who also claim that MG Medicine needs to 

be a specialized, inter-professional branch of public health.  As such, for the unplanned 

common MGs, it is pragmatic to provide public health and safety through legislation and 

guides, which outline legal requirements and best practices respectively.  However, in 

general, planned complex MGs (e.g., Hajj) should go beyond existing legislation and 

guides to adequately research and manage the MG to provide adequate public health and 

safety. 

1.2 Hajj Mass Gathering 

The annual Hajj MG is one of the oldest, largest, and most complex MG.  The subsequent 

subsections help to better understand the importance, rituals, and complexity of the annu-
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al Hajj MG, which makes the Hajj an example of a MG that requires specialized research 

and management to provide adequate public health and safety. 

1.2.1 Hajj Importance 

Islam is the second largest and the fastest growing religion in the world.  Muslims (fol-

lowers of Islam) believe there is only one God, Allah, who has created everything.  In 

particular, humans have been created to worship and obey Allah as taught by the Proph-

ets of Allah starting with Prophet Adam who was the first person on Earth and ending 

with Prophet Muhammad (peace be upon him) who is the last Prophet of Allah for all 

people to come until the end of time.  In between Prophet Adam and Prophet Muhammad 

(peace be upon them), many Prophets came to guide a particular nation of their time to 

the same fundamental idea taught by all Prophets (i.e., believe, worship, and obey only 

one God), which includes the following well-known Prophets [14]: Idris (Enoch), Nuh 

(Noah), Hud, Salih, Ibrahim (Abraham), Ismail (Ishmael), Ishaq (Isaac), Yaqub (Jaqub), 

Lut (Lot), Shuayb, Yusuf (Joseph), Ayyub (Job), Yunus (Jonah), Musa (Moses), Harun 

(Aaron), Dawud (David), Sulayman (Solomon), Zakariyya (Zechariah), Yahya (John), 

and Isa (Jesus). 

From among these Prophets, a few were given books of guidance by Allah, which in-

clude Prophets (peace be upon them): Ibrahim (Scrolls), Musa (Torrah), Dawud (Zabur or 

Psalms), Isa (Injil or Gospel), and Muhammad (Quran). All of these original divine books 

have either been lost or modified except for the Quran. 

Islamic teachings convey that those people who believe, worship, and obey Allah as 

required by the most recent Prophet of their time will go to paradise for eternity while 
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those people who do not believe, worship and obey Allah will go to hell for eternity. 

Thus, Muslims are required to follow the commands of Allah based on the Quran (origi-

nal book in Arabic unchanged since revealed over 1430 years ago) and teachings of 

Prophet Muhammad (peace be upon him) as collected by early scholars of Islam.  These 

two sources of guidance form the foundation of how Muslims must live their lives, which 

includes the five pillars of Islam each Muslim has to follow: (i) declare there is only one 

God and Prophet Muhammad (peace be upon him) is God's final messenger; (ii) pray five 

daily prayers; (iii) fast during the month of Ramadan; (iv) pay mandatory annual charity; 

and (v) perform Hajj pilgrimage. 

1.2.2 Hajj Rituals 

“Verily, the first House of worship appointed for mankind was that at Makkah, full of 

blessings, and a guidance for mankind and jinn.  In it are manifest signs, for example, the 

station of Abraham; whosoever enters it, he attains security.  And Hajj to the House 

(Kaaba) is a duty that mankind owes to Allah, those who can afford the expenses.” [6]  

As such, Hajj, which is a pillar of Islam, is an obligation on all Muslims who are fi-

nancially capable of taking the pilgrimage to the Holy City of Makkah in Saudi Arabia to 

perform it correctly at least once in their lifetime.  The annual Hajj occurs during the 8th 

to 13th days of Dhul-Hijjah of the Islamic Lunar Calendar.  The key six steps of Hajj are 

discussed briefly, which are primarily based on [27]. 
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1.2.2.1. Step 1: Prior to Hajj (Perform Visiting Tawaf & Saee) 

Usually within two weeks before the first day of Hajj (i.e., 8th of Dhul-Hijjah), pilgrims 

arrive to Makkah (Figure 1) to make the visiting Tawaf and Saee at Al-Masjid Al-Haram 

(Figure 2, 3, 4, and 5).  Tawaf involves circumambulation of the Kaaba counter-

clockwise seven times, which can occur on ground, first, or roof floors.  Each round be-

gins and ends at the black stone line by touching or pointing to the black stone.  It is rec-

ommended for men only to increase their speed in the first three rounds.  After the seven 

rounds, it is followed optionally by praying behind the Abraham station if possible.  Pil-

grims then proceed to the Saee area to complete seven rounds between Safa and Marwah 

landmarks.  The first round starts at Safa and ends at Marwah while the second round 

starts at Marwah and ends at Safa (each round is 0.5 km in distance).  Only men should 

speed up the pace of walking between the two green marked posts between Safa and 

Marwah.  After the Saee, men cut or shave their hair while women cut an inch off the 

bottom of their hair. 

1.2.2.2. Step 2: Day 1 of Hajj (Stay in Mina) 

On Day 1 of Hajj (i.e., 8th of Dhul-Hijjah), pilgrims move before noon prayer to Mina 

(Figure 6), which is an open desert area with permanent tents about 5 km east of Makkah, 

where they perform the 5 daily prayers and stay the night. 

1.2.2.3. Step 3: Day 2 of Hajj (Attend Arafat & Muzdalifah) 

On Day 2 of Hajj (i.e., 9th of Dhul-Hijjah), after morning prayers, pilgrims leave Mina for 

Arafat (Figure 7), which is an open desert area with non-permanent tents about 20 km 
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southeast of Makkah. This is the most important ritual of Hajj in which pilgrims spend 

the whole day praising Allah and glorifying Him in order to seek forgiveness and guid-

ance.  After sunset, pilgrims leave Arafat for Muzdalifah (Figure 8), which is an open de-

sert area about 9 km north of Arafat.  Once in Muzdalifah, sunset and evening prayers are 

performed. 

1.2.2.4. Step 4: Day 3 of Hajj (Day of Eid) 

On the Day of Eid (i.e., Feast), which is Day 3 of Hajj (i.e., 10th of Dhul Hijjah), after the 

morning prayer, pilgrims leave Muzdalifah for Mina. When at Mina, pilgrims perform 

the stoning ritual at only the largest of the three pillars in the Jamarat area (Figure 9) to 

throw seven pebbles successively, which they gathered while at Muzdalifah.  This is fol-

lowed by three rituals usually in the following preferred order on Day 3 (alternatively 

they can also be performed on Day 4, 5, or 6): (i) making a sacrifice of a sheep, or 1/7 

share of a cow or camel with other people, (ii) cutting or shaving the hair for men and 

trimming 1 inch of hair at the bottom for women, and (iii) making Tawaf and Saee in 

Makkah (referred to as Tawaf Ifadah).  After finishing Tawaf Ifadah, pilgrims return to 

Mina to stay the night (note the minimum stay in Mina should exceed most of the night; 

otherwise, pilgrims are required to make a sacrifice). 

1.2.2.5. Step 5: Days 4, 5, and 6 of Hajj (Rituals in Mina) 

On each of days 4, 5, and 6 of Hajj (i.e., 11th, 12th, and 13th of Dhul-Hijjah), pilgrims go 

to the Jamarat area in Mina to throw seven pebbles at each of the three pillars starting 

with the smallest and finishing with the largest. Pilgrims should stay in Mina at least from 
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midnight to morning prayer time.  If pilgrims decide to stay only 2 days in Mina (i.e., 

Days 4 and 5 of Hajj), then they must leave Mina before sunset; otherwise, all pilgrims 

must leave Mina before sunset on Day 6. 

1.2.2.6. Step 6: Perform Tawaf and Saee (Farewell Tawaf) 

To complete the Hajj, before leaving Makkah, pilgrims must perform a final Tawaf and 

Saee (i.e., Farewell Tawaf). 

1.2.3 Hajj Complexity 

The Hajj is not only one of the oldest annual MG, compared to other MGs, the Hajj is 

much more complex.  First, it involves a large number of pilgrims (approximately 4 mil-

lion), which increases each year.  Second, the Hajj involves performing rituals at four 

sites that are spread over a 20 km distance.  Third, the four million plus pilgrims have to 

perform the same rituals within a predetermined time frame.  For instance, all pilgrims 

move from Mina to Arafat between noon to sunset (maximum time), move from Arafat to 

Muzdalifah between sunset and dawn (maximum time), perform Tawaf Ifadah within 48 

hours, and perform stoning at the Jamarat once each on three consecutive days.  Fourth, 

multiple rituals take place over 5 to 6 day period.  Fifth, the pilgrims come from all over 

the world speaking different languages with different customs.  Sixth, although the trans-

portation infrastructure has been greatly expanded in the last several decades, the increas-

ing number of pilgrims creates gridlock in the transportation system between the Hajj 

sites.  Finally, the Hajj involves significant physical hardships in performing the rituals in 



 

 12 

a primarily outdoor desert environment with limited modern amenities, especially for the 

old, young, and weak pilgrims. 

1.2.4 Hajj Research & Management 

Specialized Hajj research and management is a necessity due to the Hajj importance and 

complexity to provide a safe, healthy, and satisfying Hajj experience within the strict Hajj 

timeline.  Over the past several decades, the number of pilgrims performing Hajj has in-

creased significantly to the point were facilities and policies at times become inadequate 

to handle the large movement of people between Hajj related sites and at the individual 

Hajj sites.  There are many Hajj aspects that have been studied: (i) the arrival of pilgrims 

into Saudi Arabia at airports and roads, (ii) Tawaf and Saee ritual in Makkah, (iii) stoning 

at Jamarat, (iv) movement of people between Arafat, Muzdalifah, and Mina, (v) move-

ment of pilgrims between Makkah and Medina, (vi) accommodation arrangements at 

Makkah, Medina, Mina, Arafat, and Muzdalifah, (vii) medical facilities, and (viii) securi-

ty arrangements.  These studies have resulted in many sophisticated and expensive Hajj 

expansion projects costing billions of dollars, which were developed by the Kingdom of 

Saudi Arabia. 

All of these studies (both past and future) are important.  First there have been many 

casualties over the years, caused by trampling to death of hundreds of people at the 

Jamarat area and broken bones due to uncontrolled crowd movement during Tawaf Ifa-

dah.  Second, due to the large number of pilgrims coming from all over the world, there 

have been diseases spread during Hajj and also diseases spread back to home countries.  

Third and most important, if the Hajj is done accurately with pure intention and accepted 
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by Allah, than it will remove all the past sins that a person has committed.  Fourth, as the 

number of pilgrims performing Hajj increases each year, the current facilities become 

more congested, and for some Hajj sites, the over crowdedness becomes a safety and 

health concern.  As such, it is essential not only to keep expanding the Hajj sites, it is 

equally important to better manage the current Hajj sites to accommodate the large num-

ber of pilgrims.  Thus, it is very important to research the Hajj process continually to im-

prove the Hajj management process to accommodate the steadily increasing number of 

annual pilgrims in order to give the pilgrims a better chance to have an accepted Hajj. 

1.3 Thesis Synopsis 

In chapter 2, the Hajj crowd management research topic is presented, which begins with 

the identification of the research problem and objective.  It then provides a sample litera-

ture review on Hajj research studies and comprehensive literature review on Tawaf crowd 

models along with insights learned for future Hajj crowd management research.  Chapter 

3 provides an overview to DSS, ABMS, QT, difference between ABMS and QT, and 

TawafDSS, the Tawaf crowd management decision support system developed in the the-

sis to address the research problem and objective.  Chapter 4 discusses the details of the 

Tawaf ABMS simulator, TawafSIM, which includes: objective, implementation, simula-

tion observations, validation, and results.  While chapter 5 discusses the details of the 

Tawaf waiting area QT model, TawafQT, which includes: objective, implementation, val-

idation, numerical examples, and results.  Finally, chapter 6 provides concluding remarks 

on recommendations, limitations, contributions, and future work. 
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Figure 1: Hajj ritual site locations 

 
 
Figure 2: Al-Masjid Al-Haram layout 
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Figure 3: Tawaf courtyard in Al-Masjid Al-Haram 

 

Figure 4: Tawaf crowd around Black Stone of Kaaba in Al-Masjid Al-Haram 
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Figure 5: Tawaf crowd at Abraham Station in Al-Masjid Al-Haram 

 

Figure 6: Mina tent city 
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Figure 7: Arafat at sunset 

 

Figure 8: Muzdalifah at night 
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Figure 9: Jamarat wall 

 



 

 19 

CHAPTER 2 

Hajj Crowd Management Research 

Hajj Management is defined as the set of management decisions to plan, organize, lead, 

and control every activity associated with the annual Hajj mass gathering whereas Hajj 

Crowd Management is defined as the set of management decisions associated with Hajj 

rituals in Saudi Arabia, which lead to superior crowd performance, with respect to 

throughput, safety, satisfaction, and health conditions. 

This chapter begins with a description of the research problem and objective.  It then 

provides a sample literature review on Hajj research studies and a comprehensive litera-

ture review on Tawaf crowd models along with insights for future Hajj crowd manage-

ment research.   

2.1 Research Problem & Objective 

Hajj crowd management is a complex problem.  It meets the four common characteristics 

of complex problems as defined by Michalewics et al. [25]: (i) complex constraints, (ii) 

time-changing environment, (iii) several conflicting objectives, and (iv) large number of 
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possible solutions.  As such, it is difficult to determine which Hajj crowd management 

decisions lead to superior crowd performance. 

Modelling complex problems and systems with ABMS and QT techniques have been 

shown to help better understand and solve problems.  ABMS has been used in a diverse 

range of management problems, including supply chain management, energy distribution, 

and crowd management.  Similarly, QT has been extensively used in traffic flow, sched-

uling, and facility design management decision-making problems.  As such, ABMS and 

QT can provide insight into management decision-making. 

To understand how ABMS and QT techniques can help better manage Hajj crowds, 

the research focuses on modeling and simulating the Hajj’s most challenging Tawaf ritu-

al.  As such, the specific research problem addressed in the thesis is which set of Tawaf 

crowd management decisions can lead to a superior crowd performance, with respect to 

throughput, satisfaction, health, and safety conditions? 

This research problem is extremely important.  First, Tawaf throughput is challenging 

since all pilgrims must perform it in the fixed 48-hour timeframe.  Second, satisfaction 

(i.e., peace-of-mind) is an issue since the Tawaf is an act of worship that must be done 

properly with full devotion.  Third, health concerns are an issue for the pilgrims and also 

globally, considering the potential global outbreak of infectious diseases.  Fourth, safety 

is an issue given the large number of pilgrims with high crowd density over a short 

timeframe.  Finally, Tawaf is part of Hajj, which is a pillar of Islam that all financially 

capable adult Muslims must fulfill correctly at least once in their life to have all their past 

sins forgiven.  
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As such, the objective of the thesis is to better understand which management deci-

sions lead to superior Tawaf crowd performance by developing a Tawaf Decision Sup-

port System (i.e., TawafDSS) to model the micro-level behaviour of Hajj pilgrims per-

forming the Tawaf ritual in order to explore the impact of crowd characteristics (e.g., 

gender, manners, speed, strength, desires, and health), facility layout (e.g., number of en-

try points), and management policies (e.g., rate of entry and maximum people) on emer-

gent crowd behaviour (i.e., throughput, satisfaction, health, and safety conditions) during 

the complex crowd movements. 

2.2 Hajj Research Literature Review 

This section provides a sample literature review of Hajj ritual related research studies 

published in English, which provide insight into Hajj simulation models.  In particular, 

one paper on pilgrim shuttle bus transportation system and two papers on the Jamarat are 

highlighted, which provide good general insight for developing Hajj related simulations. 

2.2.1 Al-Sabban & Ramadan: Shuttle Bus Simulation 

Al-Sabban and Ramadan [7] state that the transportation of pilgrims between Mina, Ara-

fat, and Muzdalifah was studied as early as 1990 because the 10-minute normal travel 

time between Muzdalifah and Arafat (a 5 km 9-lane segment) would take 3 hours during 

Hajj.  As a result of the large waiting time and increasing number of pilgrims each year, 

the Ministry of Hajj created an experimental project in 1996 using a pilgrim shuttle bus 

transportation system.  Almost a decade after the launch of the shuttle bus, Al- Sabban 
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and Ramadan evaluate the constraints and shortcoming before further expanding the shut-

tle bus system.   

The approach used in this study is as follows: identify controlled variables, identify 

output variables, measure real time traffic for variables, model system using mean meas-

ured attributes with distribution of random variable, run system with distribution, and 

measure output variables for different scenarios after model is validated for known sce-

nario.  After calibration, the model is run for new future scenarios to determine how 

many buses and drivers would be needed to transport the pilgrims from Mina, Arafat, and 

Muzdalifah.  In particular, the research shows that more than 542 or less than 466 buses 

does not decrease the transportation time.  Although this simulation is quite simple, it 

shows that the Ministry of Hajj is interested in simulations to learn how to improve effi-

ciency within the given constraints. 

2.2.2 Al-Haboubi: Jamarat Redesign Simulation 

In [4], Al-Haboubi provides a new layout design for the Jamarat area to solve its severe 

congestion problem.  He states that the problem is the crowd density increases as pilgrims 

approach the stoning pillar target and, more importantly, the cross traffic created by pil-

grims finishing the ritual creates unprecedented conflicting large-scale movement.  Fur-

thermore, he states the large crowd not only creates a safety issue but also Islamic and 

ethical issues as the bodies of opposite genders should not come in contact. 

Al-Haboubi proposes several solutions: (i) multi-level bridge, (ii) scheduling (which 

he claims is difficult to enforce), (iii) encourage uniform density flow (which he claims is 

difficult to control due to multiple pilgrim languages), and (iv) new layout. 
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Al-Haboubi recommends a new layout, which he simulates for two age groups, three 

walking times, and six different numbers of total pilgrims.  The new layout involves con-

trolling the unidirectional flow of movement using parallel lanes, which increase in ele-

vation on either side from the center lane using barriers that start before the first Jamarat 

and finish after the third Jamarat. 

Although it is possible to control the cross traffic issue in the Jamarat area by expand-

ing capacity using the multi-level bridge, Al-Haboubi chose to recommend a solution 

with an extreme modification to the existing stoning rituals (i.e., raised parallel lanes), 

which is probably why it was not considered a feasible new layout. 

2.2.3 Klupfel: Jamarat Crowd Simulation 

A second Jamarat study is conducted by Klupfel [20] who conducts a simulation of 

crowd dynamics at three large events: Jamarat, World Youth Day 2005, and a football 

stadium.  His Jamarat simulation is for 100,000 people uniformly distributed on the 

bridge.  The simulation shows how the crowd disperses when the route choice for the 

simulation is based on static field concepts (also known as potential or distance metric). 

Although Klupfel's simulation is simple, he provides some interesting insights. He 

states simulation results are strongly determined by choice of parameters, especially route 

choice strategies.  He further states that since route-choice is normally not a result of the 

simulation but is a defined simulation parameter, an artificial intelligence approach is 

necessary for route choice, which requires a mental representation of the geometry every 

agent can access. 



 

 24 

2.3 Tawaf Research Literature Review 

This section begins with a brief overview of the different approaches for crowd simula-

tion.  It then describes five important Tawaf crowd research studies, which may provide 

insight for developing Tawaf crowd simulations.  The first paper suggests a redesign to 

the Tawaf process to enhance performance.  The second study analyzes the Tawaf 

movement using GPS.  The next two papers simulate the Tawaf crowd using the Cellular 

Automata approach, while the last paper uses the agent-based approach.  

2.3.1 Crowd Modelling Approaches 

There are four general approaches to crowd modeling.  The first approach to crowd mod-

eling assumes pedestrians are like particles that are subjected to forces, which are gov-

erned by fixed equations.  In [17], the fluid dynamic analogy and equations used to repre-

sent aggregate pedestrian behaviour in the past is replaced with the social forces analogy 

and equations, which the authors claim is able to model individual pedestrians at small 

pedestrian densities.  In [30], individual pedestrian movement is modeled using equations 

for the motion of a magnetized object in a magnetic field, where pedestrians are positive 

poles and pedestrian goals are negative poles.  

The second approach to crowd modeling is based on the cellular automata concept 

[31] where cells in a 2-dimensional grid can take on a discrete number of values that are 

updated in discrete time steps according to a set of rules, which depend on the values of 

cells in a neighbourhood around it.  In [11] the cellular automata concept is used to model 

bi-directional pedestrian walkways, where they claim a small rule set captures the micro-

level behaviours of pedestrians to simulate macro-level behaviour. 
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The third approach to crowd modeling is based on the agent-based concept.  In [9], a 

Situated Cellular Agent approach is used to model pedestrians as a set of agents that are 

situated in a set of cells and act autonomously through the propagation of a set of fields.  

This specific agent-based approach seems to be influenced by both cellular automata and 

agent based concepts. 

The shortcoming for all the above crowd modeling approaches is that these models do 

not have a simple and natural pedestrian model for attributes, behaviours, perception, and 

adaptation rules.  

2.3.2 Al-Haboubi & Selim: Tawaf Redesign Solution 

In [5] Al-Haboubi and Selim present a design to minimize congestion around the Kaaba 

by eliminating cross traffic.  They state those who have completed Tawaf and those who 

have just arrived or are at the early stage of the ritual cause cross traffic.  In particular, 

those who have completed Tawaf find themselves close to the Kaaba and need to walk 

outward while those performing Tawaf make inward movements as pilgrims move to re-

place the area occupied by those who have completed Tawaf.  They further claim the 

cross traffic phenomena creates three problems: (i) safety (e.g., breathing problems), (ii) 

distraction from spiritual submission (i.e., too crowded with contact between opposite 

genders), and (iii) long time delays (2 to 3 times longer).  Al-Haboubi and Selim propose 

potential solutions: (i) schedule admittance (but claim it is difficult to schedule and con-

trol a large crowd), (ii) construct second floor around Kaaba in courtyard (but claim it 

would obstruct view of Kaaba), (iii) control inflow to Kaaba courtyard under a maximum 

capacity, and (iv) build spiral path around Kaaba which encircles it seven times then at 
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the Kaaba there is a ramp leading to underground dispersion area (but claim pilgrims 

would have to be brought back for Saee ritual). 

Al-Haboubi and Selim recommend the spiral path approach and present an optimal 

width of the spiral for different population sizes, which minimizes total waiting time in 

the system as a function of spiral path width and level of service (i.e., flow rate, speed, 

space/person).  Although they resolve the cross traffic problem, the design is too artifi-

cial, which makes the Tawaf like an amusement ride, which is probably why it has not 

been adopted. 

2.3.3 Koshak & Fouda: Tawaf GPS Crowd Analysis 

Koshak and Fouda [21] analyze the pedestrian movement in Tawaf areas using GPS and 

GIS (i.e., Geographic Information System) to support space redesign.  They claim the re-

search is important because much of the previous Tawaf crowd analysis was based on 

human visual observation using video recordings. 

Koshak and Fouda use GPS devices to collect spatial-temporal data by four trained 

students at different times and then use GIS to analyze the spatial-temporal data.  Specifi-

cally, students simulate a person performing Tawaf to collect data on position, date, and 

time every 15 seconds from the courtyard and roof during the 10th, 11th, and 12th of Dhul-

Hijjah when the crowds are the largest.  During these three days, each student goes 

around the Kaaba once every hour between 10 am to 9 pm.  The data is then converted 

into a temporal geo-database to represent Tawaf tracks. 

Koshak and Fouda found that a person performing Tawaf on the roof completed one 

round before a person performing Tawaf in the courtyard, even though the distance 
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around the roof is larger because the courtyard is so crowded.  As well, the research iden-

tified seven zones in the Tawaf area with different velocities. 

Although the analysis of the Tawaf is slightly out-dated (the courtyard used to have a 

painted start line on the floor, which caused significant delay at the start line) and the 

seven velocity zones were identified with only four GPS units during half of the 48-hour 

Tawaf Ifadah period, Koshak and Fouda provide measured Tawaf crowd data that may be 

used to validate Tawaf simulation models. 

2.3.4 Abdelghany et al.: Cellular Automata Based Tawaf Simulation 

Abdelghany et al. [1] simulate the Tawaf area using a micro simulation assignment model 

and claim dynamic micro level simulation has gained acceptance as a modeling approach 

to study pedestrian dynamics in crowds.  The novel contributions of the model are: (i) 

dynamic adjustment of destination and movement direction as conditions change in the 

system and (ii) concept of a congestion aversion factor. 

Abdelghany et al. state existing pedestrian microscopic simulation models share sev-

eral limitations with respect to the underlying pedestrian behaviour rules.  First, most 

models assume each pedestrian has only one destination in the area.  Second, most mod-

els assume the pedestrian destination is fixed and does not change with the system's dy-

namics.  Third, most models consider limited locations toward which a pedestrian can 

switch movement direction.  Fourth, most models incorporate a small number of pedes-

trian characteristics (e.g., speed and congestion aversion) but ignore other factors (e.g., 

age, gender).  Finally, most models consider a limited number of adjacent cells, which a 

pedestrian can move to at any time. 
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In comparison, given a layout of a pedestrian facility and pedestrian demand, the Ab-

delghany et al. model assigns each pedestrian a value to represent maximum free-flow 

speed and a parameter value for congestion tolerance, which produces pedestrian trajecto-

ries that determine the aggregate temporal and spatial traffic distributions.  Furthermore, 

their model has four components in their pedestrian micro simulation assignment model.  

First, the area configuration component defines the pedestrian facility using a CA, where 

one cell can accommodate one pedestrian.  Second, the demand-loading component man-

ages the entry of the pedestrians into the pedestrian facility via entry cells that are adja-

cent to entrances.  As such, on arrival, a pedestrian either enters the entry cell if it is emp-

ty or waits in its queue.  Third, the user behaviour and assignment component models us-

er decisions by choosing destination, movement direction (using straight line sight scan), 

congestion perception, and congestion aversion attitude levels.  Finally, the simulation 

component captures the collective effects from all the individual pedestrian decisions. 

Abdelghany et al. conduct five experiments to illustrate the capability of simulating 

pilgrim movement in which time-dependent system throughput as a percentage of the to-

tal loaded demand is recorded along with the average speed of pilgrims.  The experiments 

model 50 m radius around the Kaaba, and each experiment has the following common 

parameters: demand level of 6,700 pilgrims over 2-hour period, exit in direction of flow, 

free-flow speed of 0.5 m/s, and congestion aversion of 0.5 (i.e. maximum congestion lev-

el in target cell at or below which a pedestrian would accept moving into the cell; thus if 

the target cell is empty and the target congestion level is below the congestion aversion 

level, the pedestrian moves into the target cell).  The first experiment studies the system 

under different congestion levels (i.e., 5,200, 6,700, and 10,050) over a 2-hour period.  
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The second experiment studies the impact of spatial demand loading pattern on system 

performance under three scenarios: demand loaded uniformly along the perimeter of the 

outer ring, demand loaded through four equally spaced gates along the outer perimeter, 

and demand loaded through two gates at opposite sides of the outer ring.  The third ex-

periment studies the effect of conflicting traffic, with three percentages of pilgrims exit-

ing in clockwise direction: 0%, 50%, and 100%.  The fourth experiment studies the im-

pact of two free-flow speeds (i.e., 0.5 m/s and 1.0 m/s) on system performance for three 

scenarios: 100% pilgrims at 0.5 m/s, 75% pilgrims at 0.5 m/s, 25% pilgrims at 0.5 m/s.  

The final experiment studies the impact of the degree of congestion aversion (i.e., 0.75 

congestion aversion is set for a congestion seeker and 0.5 is set for a congestion-averse 

individual) on the system throughput for three scenarios (i.e., ratio of congestion-averse 

to congestion seeker): 40:60, 50:50, and 60:40. 

Abdelghany et al. state the experiment results suggest several observations.  First, as 

more pilgrims increase in the courtyard, the congestion level, the average travel speed, 

and overall system throughput decrease.  Second, they suggest using large number of en-

trances reduces the number of high-density locations, which increases average pilgrim 

speed and system throughput.  Third, as the percentage of pilgrims flow in opposite direc-

tions, the system throughput decreases.  Fourth, as the percentage of pilgrims with high-

speed increases, the throughput increases.  Fifth, as the number of congestion-aversion 

pilgrims increase, the pilgrims tend to disperse themselves, which increases average trav-

el speed and system throughput. 

Although the Abdelghany et al. model does not model maximum crowd capacity, 

praying behind Abraham station, mini-crowd around black stone, different congestion 
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zones, pushing forces, and no advanced features (i.e., adaptability, perception model, and 

internal model), this is the most beneficial model with its five experiments, which illus-

trates the capability of the simulator with insightful observations.  The model, however, 

has some limitations: only models pilgrim speed and congestion tolerance; uses the CA 

rather than the more natural ABMS approach; calculates only throughput and average 

speed; and has a limited number of experiments.  Finally, it is noteworthy that Ab-

delghany et al. provide a disclaimer that the actual use of their model to support crowd 

management decisions requires careful adaptation and calibration to the system, support-

ed by observation and measurement. 

2.3.5 Sarmady et al.: Cellular Automata Based Tawaf Simulation 

In [33, 35, 37], Sarmady et al. simulate the Tawaf crowd using a multi-layer model for 

human actions and movements.  First, the Multiagent Behaviour Simulation (MABS) unit 

builds the crowd using demographic data, which builds autonomous agents from a tem-

plate.  Second, the Micro-macro Crowd Simulation (MiCS) unit provides microscopic 

agent movement using cellular automata model and macroscopic movement using static 

path tables between possible destinations.  The steps in their algorithm are: (i) read ge-

ometry data, (ii) receive actions from MABS unit, (iii) select path to achieve action for 

macroscopic movement, (iv) simulate microscopic agent movement using CA in MiCS, 

and (v) record results. 

The model assumes there are a limited number of logical and suitable paths in static 

path tables between every source and destination, in which better routes have lower cost; 

thus, pedestrians choose one of these routes based on their own knowledge, MABS, or 
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randomly.  With respect to the Tawaf movement, pedestrians try to maintain circular 

movements about the Kaaba.  Furthermore, the characteristics of individual agents are 

represented using: age, orientation/way finding capability, gender, health, energy, fatigue, 

desired speed, and stress. 

Sarmady et al. claim when the simulation is run with random initial pedestrian posi-

tion with a delay at the Tawaf start line, the preliminary results are comparable to Tawaf 

video footage.  Although the model captures some attributes of pilgrim movement, it 

makes many assumptions to simplify the model: route selection based on static path ta-

bles, same speed for all pilgrims, and leaving out key Tawaf dynamic behaviour (e.g., 

crowd around black stone and Abraham station, cross traffic, and pushing). As well, it is 

missing advanced behaviour features (i.e., perception model, internal model, and adapt 

decision rules). Thus, it is interesting that the model with many oversimplifications and 

missing advanced features still produces simulation results comparable to Tawaf video 

footage.  Finally, the biggest area for improvement in their work is the addition of a com-

prehensive set of experiments illustrating the capability of the simulator. 

2.3.6 Curtis et al.: Agent Based Tawaf Simulation 

Curtis et al. [12] model the Tawaf movement using an agent-based model, which com-

bines finite state machine (e.g., states for: circle, circle done, touch Kaaba, pause, and ex-

it) to specify pilgrim behaviour at each time step along with a geometric collision-

avoidance algorithm for interaction with its neighbours.  They state the Tawaf crowd is 

challenging to simulate because the crowd moves with multiple purposes (i.e., enter, exit, 

circle, or pause), has up to eight pilgrims per square meter with varying velocities, and 



 

 32 

complex motion flows (e.g., pause, touch Kaaba, circle Kaaba, move orthogonally, in-

wards, outwards to the circular flow).  They model age and gender by varying speed 

along with other parameters, which control how the agents pursue their goals.  The simu-

lation measures crowd density and velocity along with time to complete Tawaf and 

throughput of the system.  Although they compare their results with the limited Tawaf 

crowd GPS data in [21], they state an accurate Tawaf crowd simulator remains an open 

problem.  The simulator is used to explore the impact of heterogeneous population (i.e., 

gender and age) on the throughput of the Tawaf.  In particular, it claims a 100% young 

male crowd versus a 100% old female crowd would have a throughput of 58,600 and 

52,700 respectively.  Finally, the biggest area for improvement in their work is the addi-

tion of a comprehensive set of experiments illustrating the capability of the simulator.  

2.4 Literature Review Insights 

There are many insights learned from the previous two literature reviews on Hajj research 

and Tawaf crowd research, which can be useful for future Hajj crowd management re-

search initiatives.   

First, the Ministry of Hajj is interested to use simulations to improve the efficiency of 

current processes before further expansion plans.  Second, cross traffic crowd movement 

creates issues for safety, distraction between genders, and delays.  Third, solutions to re-

duce cross traffic include: facility expansion, pilgrim scheduling, pilgrim capacity, and 

facility layout redesign.  Fourth, solutions with extreme modifications to Hajj rituals are 

not adopted.  Fifth, pilgrim route selection in simulations should be dynamically chosen 

based on incremental simulation results and not determined simulation parameters.  
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Sixth, up-to-date Tawaf crowd analysis using GPS and other techniques are important for 

validating simulations.  Seventh, models with significant simplifications (e.g., less than 

full courtyard modeling, praying behind Abraham station, mini-crowd around Black 

Stone, pushing forces, and group movement) seem to produce well-known visual Tawaf 

crowd patterns.  Eighth, it is challenging to model the Tawaf crowd because pilgrims 

have complex movement behaviours.  Ninth, simulations should measure at least Tawaf 

performance for crowd density, Tawaf time, and throughput.  Tenth, simulation experi-

ments for impact on Tawaf performance should be conducted for: maximum pilgrims, 

number of entrances, pilgrim speed, pilgrim congestion aversion, and cross traffic level.  

Finally, several essential Tawaf crowd features should be modeled: dynamic adjustment 

of destination and movement direction; pilgrim congestion aversion, comprehensive pil-

grim characteristics; large number of adjacent cells for pilgrims to move to; and pilgrim 

movement based on pilgrim characteristics and local conditions. 
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CHAPTER 3 

TawafDSS: Tawaf Crowd Management DSS 

This subsection begins with a brief introduction to the Decision Support Systems (DSS) 

concept, which can help make better management decisions.  Next, Agent Based Model-

ling and Simulation (ABMS) and Queueing Theory (QT) modeling techniques used in the 

thesis to implement the DSS are described.  Finally, TawafDSS, the Tawaf crowd man-

agement DSS developed in the thesis is introduced. 

3.1 DSS Overview 

According to [23], the value of an activity can significantly increase by improving its de-

cision-making process, especially for unstructured decisions where there is no well-

understood or agreed-on procedure for making them.  Furthermore, a DSS provides ana-

lytical models and tools to better understand the problems and discover solutions associ-

ated with the activity.  Although there are many modelling techniques available to devel-

op a DSS, since the focus of the thesis is on modelling micro- and macro-level crowd dy-

namics behaviour, Agent-Based Modeling and Simulation (ABMS) and Queueing Theory 
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(QT) approaches are good modelling techniques.  As such, the following subsections 

provide an overview of ABMS and QT approaches respectively. 

3.2 ABMS Overview 

North and Macal [29] argue modeling and simulation are useful in decision-making.  

First, it is difficult to understand how all the various parts of the system interact to create 

emergent behaviour.  Second, it is difficult to imagine all the possibilities that the system 

can exhibit.  Third, it is difficult to foresee the full effects of events with limited mental 

models.  Fourth, it is difficult to imagine novel events outside of limited mental models.  

Fifth, it allows managers to experiment to gain insight into key variables and their causes 

and effects.  Finally, it allows managers to make predictions of the future. 

Agent Based Modeling and Simulation (ABMS) is a technique to model micro-level 

behaviour of individual system components to simulate macro-level emergent outcomes.  

During the ABMS process, a large number of combinations (i.e., configurations) for 

management choices and environmental factors are considered, which leads to the identi-

fication of poor and superior choices.  This subsection provides an overview of ABMS 

concepts primarily based on North and Macal. 

According to North and Macal, an agent can be defined as a decision-making entity in 

a complex adaptive system with a set of attributes and behavioural characteristics.  The 

attributes define what the agent is, such as, agent objective while agent behaviour defines 

what the agent does, which includes (i) decision rules to select actions, (ii) adaptive capa-

bility to learn from experiences, (iii) perception capability to sense its surroundings, and 

(iv) internal model to project possible consequences of decisions.  In particular, the agent 
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behaviour materializes through five steps: (i) evaluate current state, (ii) determine what to 

do, (iii) execute the action chosen, (iv) evaluate results of the action, and (v) adjust rules 

based on results.  This behaviour can be developed with simple behaviour rules imple-

mented with if-then statements, complex behaviour rules implemented with nested if-then 

statements, or sophisticated behaviour modeled with advance techniques, such as, statis-

tical methods (e.g., multinomial logit), artificial intelligence methods (e.g., artificial neu-

ral networks), and optimization methods (e.g., genetic algorithms). 

According to North and Macal, the ABMS approach is useful when: (i) the problem 

has a natural representation as consisting of interacting agents, (ii) there are decisions and 

behaviours that can be defined discretely, (iii) it is important that agents adapt and change 

their behaviour, (iv) it is important that agents learn and engage in dynamic strategic be-

haviour, (v) it is important that agents have dynamic relationships with other agents, and 

agent relationships form and dissolve, (vi) it is important that agents form organizations, 

and adaptation and learning are important at the organization level, (vii) it is important 

that agents have a spatial component to their behaviours and interactions, (viii) the past 

may be a poor predictor of the future, (ix) scaling up is important, and scaling up consists 

of adding more agents and agent interactions, and (x) process structural change needs to 

be a result of the model, rather than an input to the model. 

3.3 QT Overview 

In a queueing system, customers arrive for service, wait for service if it is not available, 

and leave the system after being served.  Queueing theory provides mathematical models 

to predict the waiting behaviour of systems when the demand for a service is greater than 
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the service available.  Applications of queueing theory have been applied to a broad 

range of management decision-making problems, which include traffic flow, scheduling, 

and facility design. Although real problems cannot match mathematical models, complex 

computational analysis, approximate solutions, and sensitivity analysis are providing 

practical value.  As such, queueing theory helps answer questions such as: how long must 

a customer wait in line before getting served? how many people will form in the line? 

According to Gross et al. [16] queueing processes can be described by six characteris-

tics.  First, the arrival pattern of customers, which is described with random variables, 

specifies: the probability distribution of the customer interarrival times, single or batch 

arrival, state-dependent arrival (i.e., reaction of impatient customers upon entering the 

system, such as, balking, reneging, jockeying), and stationary or nonstationary arrival 

pattern with respect to time.  Second, the service pattern, which is also described with 

random variables, specifies: probability distribution for customer service times, single or 

batch service, state-dependent service (i.e., speed of server as function of queue length), 

and stationary or nonstationary service pattern with respect to time.  Third, the queue dis-

cipline specifies how customers are selected for service, such as: first-in-first-out, last-in-

first-out, random order, round robin, or priority based.  Fourth, the system capacity speci-

fies the size of the waiting queue (i.e., finite or infinite).  Fifth, the number of service 

channels specifies the number of parallel service stations.  Finally, the stages of service 

specify whether there are single- or multi-stages of service. 

Furthermore, according to Bhat [10] the most common application of queueing theory 

is to study the behavioural problems of queueing systems, which help understand how the 

system behaves under various conditions.  Mathematical models for the probability rela-
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tionships among various elements of the process are used in the analysis.  The major 

characteristics of interest are: number of customers in the system (i.e., queue length), 

amount of time a new arrival waits for service to begin (i.e., waiting time), and length of 

time server is continuously busy (busy period).  The queue length and waiting time are 

stochastic processes while the busy period is a random variable.  The distribution charac-

teristics of these items are determined in the queueing analysis to understand the system 

behaviour. As well, since time is a factor, distinction is made between transient and 

steady state behaviour. 

In order to solve these mathematical queueing models, the traditional method depends 

on inverting generating functions and/or Laplace transforms to derive usable results.  The 

more sophisticated matrix-analytic method [3, 28] extends and modifies the transform 

method to multivariables and uses an algorithmic solution. 

3.4 ABMS versus QT 

To simulate, or not to simulate, that is the question when deciding whether to use the 

ABMS approach or the QT approach to model a system.  The answer depends on several 

factors associated with the characteristics of the system being modeled.  For many sys-

tems, both approaches can be used as in [22], however, the following general guidelines 

may identify one approach more suitable than the other. 

First, if the emergent system outcome is influenced by the individual agent behaviour, 

then the ABMS may be a better choice despite its generally greater complexity in pro-

gramming the model; otherwise, QT is generally less complex to develop and may pro-

vide a comparable analysis.  Second, if the arrival and service distributions are not avail-
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able for an existing system or cannot be accurately approximated, then QT may not be a 

good choice; instead, ABMS could be developed since it does not rely on the distribu-

tions.  Third, if the underlying behaviour of the system leading to emergent outcomes 

cannot be defined accurately, then QT may be a better choice since the ABMS relies on 

micro-level agent behaviour.  Finally, if an existing system will be used in a new scenario 

without any prior knowledge of how the system will respond, then the ABMS approach 

may be more suitable than the QT approach. 

3.5 TawafDSS Overview 

TawafDSS is the Tawaf crowd management DSS developed during this research to help 

better understand Tawaf crowd management decisions by exploring the impact of crowd 

characteristics, facility layout, and management policies on superior Tawaf crowd 

throughput, safety, satisfaction and health conditions.  Although Chapters 4 and 5 de-

scribe in detail the TawafDSS components, this subsection describes which specific Ta-

waf related activities to model along with which modeling and simulation technique is 

most appropriate for each activity. 

Potential changes to Tawaf crowd management decisions with respect to shaping 

crowd behaviour, changes to facility layout, or changes to management policies, could 

not only impact the actual Tawaf crowd but also impact pre- and post-Tawaf activities.  

When a pilgrim reaches Masjid al-Haram to perform the Tawaf ritual, they walk through 

the non-Tawaf waiting area, which includes the outside courtyard of Masjid al-Haram but 

also the prayer areas inside the Masjid al-Haram not used for Tawaf.  As well, depending 

on the crowd already performing the Tawaf, the pilgrims who arrive may have to wait in 
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the Tawaf waiting area before performing the Tawaf ritual.  After potentially waiting in 

the Tawaf waiting area, the pilgrims proceed to the Tawaf area, which includes the main 

floor, second floor, or roof of the Masjid al-Haram.  Once a pilgrim reaches the Tawaf 

area, they circumambulate the Kaaba seven times.  After completing the Tawaf, the pil-

grims proceed to the adjacent area in Masjid al-Haram to perform the Saee ritual.  As 

such, the TawafDSS should consider modeling the Tawaf waiting area, the Tawaf ritual, 

and the post-Tawaf Saee ritual. 

If the status quo Tawaf crowd management policies are significantly modified, then 

the Tawaf waiting area and the Tawaf area should both be modeled while the post-Tawaf 

Saee ritual need not be modeled.  Any significant changes to the Tawaf crowd manage-

ment policies are likely to make the Tawaf ritual the bottleneck, which will lead to a 

greater build up of pilgrims in the Tawaf waiting area.  However, this bottleneck should 

not impact the Saee ritual as it already has a greater capacity then the Tawaf area.  As 

such, any significant changes to Tawaf crowd management policies will impact the 

crowd dynamics in both the Tawaf waiting area and the Tawaf area but not the Saee ritu-

al. 

The ABMS is a better technique to model the Tawaf area then the QT technique.  

First, individual pilgrims influence the Tawaf crowd emergent behaviour.  Second, for 

new Tawaf crowd management scenarios, the arrival and service distributions of the pil-

grims are not known.  As such, the ABMS technique is able to model the micro-level be-

haviour of the pilgrims and then simulates the emergent crowd movement better than QT 

technique, which is discussed in detail in Chapter 4. 
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The QT technique is a better technique to model the waiting time of the pilgrim in the 

Tawaf waiting area than the ABMS technique.  First, the individual pilgrim behaviour 

does not significantly affect the crowd movements in the Tawaf waiting area since each 

pilgrim goes through the waiting area in roughly a first-come-first-served approach.  Se-

cond, the arrival and service distributions can be obtained from the ABMS for the Tawaf 

area for each of the new Tawaf crowd management scenarios.  As such, the QT technique 

is better to model the performance analysis of the Tawaf waiting area, which is discussed 

in detail in Chapter 5.   
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CHAPTER 4 

TawafSIM: Tawaf ABMS Model 

This chapter describes in detail the Tawaf ABMS called TawafSIM, which includes the 

discussions on its objective, implementation, simulation observations, validation, and re-

sults. 

4.1 Objective 

The objective of TawafSIM is to model the micro-level behaviour of Hajj pilgrims per-

forming the Tawaf ritual in order to explore the impact of crowd characteristics, facility 

layout, and management decisions on emergent crowd behaviour and Tawaf performance 

during the complex crowd movements.  The next two subsections describe the Tawaf 

modeling requirements and the Tawaf modeling philosophy used to implement Ta-

wafSIM. 

4.1.1 Tawaf Modeling Requirements 

To meet the above objective, TawafSIM should model a minimum set of features.  First, 

it should model pilgrim characteristics for gender, manners, speed, strength, desires, and 
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health.  Second, it should be able to modify the number of entry points into the Tawaf ar-

ea.  Third, it should model management policies for pilgrim rate of entry and maximum 

pilgrim capacity.  As such, TawafSIM will be able to explore the impact of crowd charac-

teristics, facility layout, and management decisions on Tawaf performance. 

 As well, TawafSIM should measure a minimum set of Tawaf performance metrics.  

First, throughput should measure number of pilgrims completing Tawaf per hour.  Se-

cond, satisfaction should measure how satisfied the pilgrims are with the Tawaf experi-

ence.  Third, health should measure how exposed susceptible pilgrims are to infecting 

pilgrims.  Finally, safety should measure the safety level during the Tawaf.  As such,  

these four metrics should help determine the overall Tawaf performance. 

 Finally, although it is difficult to get officially published Tawaf data, TawafSIM 

should meet the following Tawaf constraints.  First, although the official number of pil-

grims in the 2011 Hajj year is 2.8 million, it is estimated the actual number of pilgrims is 

closer to 4.0 million due to the large number of unauthorized pilgrims performing Hajj.  

Second, the ideal duration to perform the Tawaf during Hajj is 24 hours, but practically, 

the target has been closer to 48 hours for the past several years with some scholars hold-

ing the opinion it could be extended to 72 hours.  Third, the Tawaf is most challenging on 

the main courtyard, which is estimated to represent either one quarter or one third of the 

total Tawaf area (i.e. courtyard, second floor, and roof).  As such, TawafSIM should en-

sure one third of the 4.0 million pilgrims can perform Tawaf during 48 hours within the 

one third Tawaf area represented by the courtyard. 
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4.1.2 Tawaf Modeling Philosophy 

To make significant improvements to the Tawaf performance, instead of modeling and 

simulating the status quo with its well-known undesirable and avoidable Tawaf crowd 

dynamics that cause significant negative impact to Tawaf performance, pragmatic new 

Tawaf policies that eliminate the negative crowd dynamics should be modeled and simu-

lated to find the optimum crowd management decisions as was successfully done recently 

with the Jamarat ritual. 

 The Jamarat ritual recently made significant crowd performance improvements by 

eliminating well-known undesirable crowd dynamics that previously resulted in a large 

number of deaths and injuries through new crowd behaviour, facility design, and man-

agement polices, which were then modeled and simulated [15] to find optimum crowd 

management decisions.  First, each of the three pillars at the old Jamarat site used to at-

tract a high-density crowd.  To eliminate the high-density crowd, the pillar was replaced 

with a lengthy wall, which significantly dispersed the crowd.  Second, the facility design 

at the old Jamarat site used to result in head on opposing pilgrim traffic with the highest 

crowd densities possible when pilgrims were arriving and departing at the pillars.  Rede-

signing the new Jamarat site to have crowds move through a one-way path eliminated this 

situation.  To further ensure everyone followed the new rules, a schedule was established 

to visit the Jamarat and a significant military presence was placed at the entrance to the 

new Jamarat site to serve as a visible deterrent to those thinking of not following the new 

rules.  Once the new rules were established, in subsequent years, the military presence 

was removed.  As such, rather than simulate the status quo crowd behaviour, facility de-

sign, and management policies of the old Jamarat site to find marginal aspects to im-
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prove, the Jamarat simulation was of the new crowd behaviour, facility design, and man-

agement policies, which led to massive improvement to the Jamarat crowd performance. 

Similarly, the well-known undesirable and avoidable Tawaf crowd dynamics, which 

are linked to the disturbance to the natural circular Tawaf crowd flow and high crowd 

density, can be replaced with pragmatic new crowd behaviour, facility design, and man-

agement polices, then modeled and simulated to find optimum crowd management deci-

sions.  First, the most significant source of this disturbance is the constant formation of a 

mob of pilgrims at the Black Stone, who struggle among themselves to touch the Black 

Stone.  This mob causes a significant disturbance to the natural flow of the crowd as it 

moves across the Tawaf line, which stretches from the Kaaba corner to approximately 

thirty feet away.  The crowd closest to this mob faces a restricted path to their natural tra-

jectory and as a consequence are squeezed together and propelled forward for ten or more 

feet resulting in significant pushing against each other as the crowd attempts to remain on 

its feet while moving past the mob.  Although only approximately half of one percent of 

the total number of pilgrims attempts to touch the Black Stone, this constant mob contin-

uously causes extreme hardship for a large percentage of the pilgrims.  The second source 

of disturbance to the naturally circular Tawaf crowd is due to the crowd circling the Kaa-

ba structure that is rectangular shaped, which causes a crowd density build up on the 

sides of the Kaaba starting with the Black stone and continuing until the opposite side is 

reached  [37].  Although this disturbance is not as acute as the mob at the Black Stone, it 

impacts half of the Tawaf courtyard [21].  The third source of disturbance, which causes 

significantly less negative impact on the crowd dynamics, is the crowd of pilgrims touch-

ing the three sides of the Kaaba wall, which are accessible to pilgrims.  A final condition 
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that contributes negatively to the Tawaf performance is the extreme high density of pil-

grims.  This high density not only negatively impacts safety, satisfaction, and health, but 

it also ironically negatively impacts throughput.  According to [21], at these extreme 

crowd densities, typical round completion time on the roof is faster than at the courtyard 

even though the roof has a significantly larger distance to cover per round.  As such, 

since the source of the three negative impacts to the Tawaf performance are known, these 

status quo negative crowd dynamics should be eliminated to bring significant improve-

ment to the Tawaf performance. 

Simple pragmatic policies exist to eliminate the disturbance to the natural flow of 

Tawaf crowd movement and high crowd density.  First, a pragmatic facility design-based 

policy is to place a temporary circular barrier around the Kaaba.  This would eliminate all 

three sources of the disturbances.  In fact, such a barrier is used on the first day of Hajj 

when all the pilgrims have moved to Mina.  The objective of the barrier is to allow work-

ers to change the Kaaba outer covering without interference from the crowd performing 

voluntary Tawaf.  The only objection to this solution could be that placing a barrier 

around the Kaaba and preventing people from approaching the Kaaba is prohibited or to a 

lesser degree disliked religiously.  However, if the religious scholars determine that the 

small numbers of pilgrims who are performing a recommended act of worship are caus-

ing harm to a large number of pilgrims performing the obligatory act of worship, perhaps 

the circular barrier will be adopted, as was the adoption of removing the Tawaf start line 

and changing the Jamarat pillars to walls.  As such, a complete circular barrier (similar to 

the semi-circular barrier at one side of the existing Kaaba) placed around the Kaaba dur-

ing only the Tawaf Ifadah to allow the 4.0 million pilgrims to perform the obligatory Ta-
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waf in the 48-hour period should result in superior Tawaf performance.  Second, to elim-

inate the obvious high-density crowds while still achieving the required throughput to get 

all 4.0 million pilgrims to perform Tawaf during the 48 hours is to find the lowest crowd 

density that still achieves the required throughput.  These common sense inspired chang-

es would impact crowd behaviour, facility design, and management preference that 

should significantly help create better Tawaf conditions with respect to throughput, satis-

faction, health, and safety. 

Consequently, rather than model the status quo Tawaf crowd behaviour, facility de-

sign, and management policies with there well-known issues that may help discover mar-

ginal improvements in the Tawaf crowd performance, it is better to model and simulate 

the new proposed crowd behaviour, facility design, and management policies that elimi-

nate the well-known undesirable Tawaf crowd dynamics to find the management deci-

sions leading to massive improvement to the Tawaf crowd performance as was accom-

plished recently for the Jamarat ritual. 

4.2 Implementation 

This section begins with a brief discussion of whether to implement TawafSIM using 

custom software code, generic ABMS software package, or generic pedestrian modeling 

software.  It then continues the discussion with: (i) assumptions made; (ii) modelling Ta-

waf courtyard, pilgrim attributes, and pilgrim behaviour; (iii) measuring throughput, sat-

isfaction, health, and safety; and (iv) program flow and key methods. 
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4.2.1 Custom versus Generic Tawaf Simulator 

It is better to develop a custom ABMS simulator for the Tawaf crowd model rather than 

modify a generic ABMS simulator or generic pedestrian simulator.  First, a generic open 

source ABMS simulator like Repast [32] has the advantage of quick, easy, and extenda-

ble software development of a crowd simulator using a proven ABMS environment.  

However, the drawback is Repast does not have specialized pedestrian modeling capabil-

ity pre-built into it.  Furthermore, since the Tawaf has specific crowd movement behav-

iour, Repast would limit the degree of functionality and metrics that could be developed 

into a Tawaf simulator.   

Second, a generic pedestrian simulator like Legion [24] has the advantage of a spe-

cialized pedestrian simulation environment with a proven track record.  However, the 

drawbacks are it is not built on the natural ABMS approach and it is not easily modified 

since it is not open source.  As well, the Tawaf simulation would be limited to the func-

tionality of the existing pedestrian capability. 

Third, a custom Tawaf simulator would have the advantage of full flexibility to de-

sign the simulator using ABMS approach with pedestrian features specific for the Tawaf.  

However, the drawback is the complexities to develop the simulator from scratch, the 

length of time to build it, and the lack of resources to build all the features of existing pe-

destrian simulators. 

  Finally, Sarmady et al. [34] provide an evaluation of software modeling packages to 

simulate the Tawaf crowd in which they conclude building custom simulation software 

for the Tawaf is the only alternative.  Interestingly, their later work in [33, 35] to model 

the Tawaf crowd uses a generic tool perhaps in order to quickly develop the model but at 



 

 49 

the expense of being limited to features provided by the generic tool.  Consequently, if 

the state-of-the-art in Tawaf crowd simulator is desired both generic ABMS software and 

generic pedestrian software will not be adequate.  Thus, the Tawaf simulator should be 

developed as a custom software, which will require significantly more time and resources 

to develop but with the full flexibility to design a specialized simulator specifically for 

the Tawaf ritual. 

4.2.2 Modelling Assumptions 

The Tawaf ABMS makes several assumptions.  First, it assumes the circular barrier solu-

tion to the well-known negative crowd dynamics is religiously acceptable.  Therefore, the 

mob at the Black Stone is not modeled nor is the crowd around the Kaaba walls.  Second, 

since the Abraham station is approximately five by five feet, we assume that the crowd 

can easily disperse itself around it without significant impact on the throughput, satisfac-

tion, health, and safety.  Third, only the Tawaf courtyard is modeled, although extending 

the model for the other areas is straightforward.  Fourth, pilgrims maintain a minimum 1 

step per second pace unless all next step locations are occupied, in which case the pilgrim 

pauses for that time step. 

4.2.3 Modelling: Tawaf Courtyard 

Although the Tawaf can occur on the main courtyard, second floor, and roof of Masjid al-

Haram, only the courtyard is being modeled since it is the most challenging Tawaf area.   
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4.2.3.1. Courtyard Shape & Size 

According to [37], the courtyard is 164 by 104 meters (538.1 by 341.2 feet) with the 

Kaaba building approximately in the center of the courtyard with dimensions of 11 by 12 

meters (36.1 by 39.4 feet), which does not include the Hateem (semi-circular closed area 

directly in front of the Kaaba building), which is also part of the Kaaba.  TawafSIM mod-

els the Tawaf courtyard area as a circle with 39.6 m (130 feet) radius with the Kaaba at 

the center of the circle.  Since it is assumed that the Kaaba will be completely surrounded 

with a temporary barrier as there is around the Hateem, the minimum and maximum Ta-

waf radius is 11.3 m (37 feet) and 39.6 m (130 feet) respectively.  The remaining part of 

the courtyard is not modeled to leave room for pilgrims entering and exiting the courtyard 

and also to prevent the non-circular part of the courtyard from generating resistance to the 

circular movement of the crowd, which would decrease throughput [37].  As a compari-

son, the Tawaf crowd models in [37] and [1] model the maximum Tawaf courtyard radius 

to be 48 meters (157.5 feet). 

4.2.3.2. Courtyard Grid Resolution 

The Tawaf ABMS courtyard is modeled at a 1 by 1 foot grid resolution, where only one 

pilgrim can occupy a single grid at a time.  Since the new Tawaf crowd management pol-

icy will cap the number of pilgrims in the Tawaf area to a number that will not result in 

gridlock while allowing all the pilgrims to finish the Tawaf during the 48-hour time limit, 

a 1 by 1 foot resolution will be adequate.  On the other hand, if the status quo high crowd 

densities leading to gridlock and low throughput were to be modeled, it would imply that 

the pilgrims may be inching their way forward at times, which would require the court-
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yard to be modeled at a theoretically finer resolution, such as 5 by 5 cm (0.2 by 0.2 feet) 

as in [36].  Since the theoretically finer resolution would involve significant more compu-

tation time, it is replaced with the more pragmatic 40 by 40 cm (1.3 by 1.3 feet) resolu-

tion as in [33, 35, 37].  In [39] a 10 by 10 cm (0.3 by 0.3 feet) resolution is chosen pri-

marily to accommodate the close packing of people as they inch forward at times to enter 

and exit sport facilities to study the impact on pedestrian safety and evacuation scenarios. 

4.2.4 Modelling: Pilgrim Attributes 

The attributes of the agents in the ABMS define what the pilgrim is, which includes its: 

id, size, gender, manners, speed, strength, health, and desire to touch Kaaba (Black 

Stone). 

Each pilgrim in TawafSIM is modeled as a 1 by 1 foot square shape, which is also the 

resolution of the Tawaf courtyard.  This pilgrim size and shape intuitively represents the 

smallest space that most people may be forced to assume, which is consistent with [18] 

where Hajj crowd density can reach up to 9 people per square meter (7.5 people per 9 

ft2).  As well, there is significant discussion [39] on the correct anthropomorphically rep-

resentation of the wide range of human body shapes, which is determined to be 50 by 30 

cm (1.6 by 1.0 feet); however, a 30 by 30 cm (1.0 by 1.0 feet) equivalent square is used 

instead for computational simplicity to represent the area of the shape.  Additionally, the 

maximum body depth of 35 cm (1.1 feet) and breadth of 54 cm (1.8 feet) along with 

Muslim bodies sizes are listed in [4].  Finally, in [36] 40 by 40 cm (1.3 by 1.3 feet) was 

used to model a pilgrim, which matched their courtyard grid resolution. 
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In TawafSIM, each pilgrim has low, medium, and high states for its manners, 

strength, and desire to touch Kaaba (Black Stone) attributes, which along with its gender 

attribute influences its movement while it circumambulates the Kaaba seven times.  Other 

than gender, these attributes are difficult to infer for the pilgrim population but can be ap-

proximated using a pre- or post-pilgrim survey and observations. 

The maximum speed attribute of a pilgrim is modeled to be 0.30, 0.61, and 0.91 m/s 

(1, 2, or 3 feet per second), which is based on measuring a range of people walking while 

pretending to perform the Tawaf.  The maximum 0.3 m/s (1-foot per second) speed gen-

erally represents a pilgrim with slow walking speed due to age, fatigue, or other hardship.  

The maximum 0.61 m/s (2-feet per second) speed generally represents a typical healthy 

pilgrim concentrating on the act of worship during the Tawaf.  While the maximum 0.91 

m/s (3-feet per second) speed generally represents a pilgrim concentrating more on fin-

ishing the Tawaf and less on the act of worship.  There is significant discussion and dif-

ference of opinion on what the speed of a pedestrian should be for different walking sce-

narios.  As a comparison, [4] measured walking speed as 0.89, 0.67, and 0.53 m/s (2.92, 

2.19, and 1.73 feet per second) as high, medium, and low speeds respectively.  While in 

[5], walking speed is reported to be 1.17 and 1.1 m/s (3.84 and 3.64 feet per second) for 

men and women respectively.  Finally, the Tawaf model in [1] uses 0.50 and 1.00 m/s 

(1.64 and 3.28 feet per second) for slow and fast pilgrim velocities respectively. 

The infected, immune, or susceptible states of a pilgrim’s health attribute help deter-

mine how infectious diseases can spread from pilgrim to pilgrim during the Tawaf.  The 

percentage of pilgrim population, which is infected, immune, and susceptible during the 



 

 53 

Tawaf have to be estimated using a post-Hajj pilgrim questionnaire and also information 

from the Hajj medical record system. 

4.2.5 Modelling: Pilgrim Behaviour 

The behavioural characteristics of the ABMS define what the pilgrim does, which in-

cludes: (i) perceive surrounding Tawaf courtyard environment; (ii) evaluate goals for 

number of rounds to spiral in, maintain circle, and spiral out based on attributes and envi-

ronment; (iii) evaluate next step movement destination for macro-level trajectory using 

spiral-based equation then micro-level refinements in movement by evaluating fitness of 

each Moore neighbour of macro-level destination where the Moore neighbours are the 

eight cells surrounding a central cell in a square grid; (iv) select best next step movement 

location using decision rules; and (v) adapt new macro spiralling trajectory based on past 

experience. 

4.2.5.1. Perceive Surrounding Environment 

Each pilgrim constantly monitors the environment.  First, the pilgrim is always aware of 

its location in both the Cartesian (x & y point) and Polar (radius & θ) coordinate systems, 

where the Kaaba is at the origin.  Second, the pilgrim is aware of the courtyard land-

marks, which include: current crowd boundary, Tawaf start line, and Kaaba perimeter.  

Third, the pilgrim is aware of the number and the gender of its Moore neighbours. 
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4.2.5.2. Evaluate Movement Options using Internal Models 

The movement of each pilgrim is controlled by both macro- and micro-level movement 

mechanisms based on the pilgrim’s attributes and the Tawaf crowd environment.   

 The macro-level movement uses a spiral equation to determine the ideal trajectory of 

the pilgrim while spiralling inward to get closest to the Kaaba in the first few rounds, 

holding this radius by circling for a few more rounds, and then spiralling outward in the 

last few rounds to exit the Tawaf crowd.  The spiral equation is an ideal macro-level 

mechanism because it allows a wide range of Tawaf round trajectories to be modeled 

based on its starting and ending Polar coordinates.  As such, each pilgrim can determine 

its distinct macro-level path by using its starting position (radius & angle) and desired 

number of rounds to spiral in, maintain, and spiral out, which are based on the pilgrim’s 

attributes. 

 If there were no other pilgrims making Tawaf, the macro-level spiral equation would 

be sufficient to provide the movement mechanism.  However, to avoid collision with oth-

er pilgrims and avoid other crowd conditions due to personal preferences, a micro-level 

mechanism based on evaluating the fitness of each Moore neighbour of the macro-level 

destination is used.   

 The macro- and micro-level movement mechanisms are able to model a range of 

pilgrim movements based on their attributes.  For instance, a pilgrim with low manners is 

more likely to be inconsiderate to other pilgrims while moving through the courtyard by 

setting spiral inward and choosing next step position that meet their own goals without 

considering how it impacts other pilgrims.  In particular, the manners of each pilgrim 

help set the spiral inward goal of the pilgrim while circumambulating the Kaaba seven 
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times.  In general, if a low mannered pilgrim wanted to spiral inwards towards the Kaaba 

and the crowd density was high, then the pilgrim would still set its goal to spiral inward 

whereas a high mannered pilgrim who also desired to spiral inward would not set its goal 

to spiral inward as much when the crowd density was high because it would inconven-

ience others.  Similarly, manners also influence the next step position. A low mannered 

pilgrim would move to the next step position that was most suitable for the pilgrim 

whereas the pilgrim with the high manners will take into consideration how its actions 

will impact others by looking at the number of total and opposite gender pilgrims around 

it.  Similar impact occurs due to pilgrim strength and desire to touch Kaaba (Black 

Stone).   

As such, the combination of macro- and micro-level movement mechanisms allow the 

pilgrim to: (i) perform simple calculations to provide spiral in, maintain circle, and spiral 

out Tawaf movement; (ii) avoid collisions; (iii) accommodate personal congestion avoid-

ance decisions; and (iv) provide distinct movement patterns based on pilgrim attributes 

and local environment conditions.  For comparison, the Tawaf crowd model in [37] used 

a discrete event model to simulate actions and behaviours while in [39] model parameter 

calibration is used to provide movements using cellular automata. 

4.2.6 Measuring: Throughput, Satisfaction, Health, & Safety 

Most crowd models focus on understanding safety and evacuation dynamics. Even the 

Tawaf crowd models focus on throughput and safety.  As well, some emphasize the ani-

mation of the simulation result.  TawafSIM does not rely solely on the crowd dynamic 

animation as it provides limited information; instead it develops a comprehensive set of 
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metrics to measure the performance of crowds in general and in particular Tawaf perfor-

mance, which includes throughput, safety, satisfaction, and health. 

4.2.6.1. Throughput Metrics 

Throughput metric for the Tawaf model measures the number of pilgrims who complete 

the Tawaf per unit time, which is based on the time it takes to complete each of the seven 

rounds.  Since the pilgrims spiral in for the first few round, then maintain a circle pattern 

for few rounds, and finish by spiralling out in the last few rounds, the time to complete 

each round is different because of the distance and congestion levels at the different radii.  

Therefore, it is not only useful to measure the throughput of the system, but it is more in-

sightful to understand the impact of the time to complete each round on the throughput.  

Consequently, the throughput metric measures the average time to complete each round. 

4.2.6.2. Satisfaction Metrics 

TawafSIM is the only crowd model that uses three complementary satisfaction metrics 

specific to the Tawaf.  First, the percentage of time a pilgrim is off the desired spiral path 

measures how often the pilgrim has to readjust its macro-level trajectory due to avoiding 

a collision or other undesirable crowd congestion situation.  As such, rather than concen-

trating on the act of worship, the pilgrim spends time to correct its trajectory.  Second, the 

percentage of time with 0 to 8 neighbours shows how much congestion the pilgrim expe-

riences in its Moore Neighbourhood during the Tawaf.  As the level of congestion in-

creases, it generally decreases the level of concentration on acts of worship.  Third, the 

percentage of time with 0 to 8 opposite gender neighbours shows how much time a pil-
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grim becomes an immediate neighbour to the opposite gender.  Since opposite genders 

from outside the immediate family should not come in contact with each other, the num-

ber should be as close to zero as possible.  Therefore, these three metrics should give a 

good indication about the level of satisfaction the pilgrim experiences during the Tawaf, 

which can be confirmed in the future with the use of pre- and post-Hajj pilgrim surveys. 

4.2.6.3. Health Metrics 

It is a well-known fact that the spread of infectious diseases is a concern at MGs, includ-

ing the Hajj.  When a large crowd has to be in close proximity with each other, it increas-

es the chances of spreading infectious diseases [19].  As such, TawafSIM tracks what 

percent of the pilgrim’s Tawaf duration is spent with infecting pilgrims.  The greater the 

amount of time with infecting people, the greater the chance a healthy pilgrim who has 

not been immunized for the infectious disease will get infected.  As such, the health met-

ric provides an insight into the spread of infectious diseases. 

4.2.6.1. Safety Metrics 

Although safety is a concern for pedestrian crowds, there is no consensus on what is a 

safe level of people per unit space to prevent casualties from crush and stampede condi-

tions.  In [33] it is reported that it is unsafe above 4 people per square meter (3.3 people 

per 9 ft2) while in [21] it is 6 persons per square meter (5.0 people per 9 ft2).  As well, 

other than this perception of people per unit space, there is no other safety metric defined 

or measured. 
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 TawafSIM uses three safety metrics, which help management to better understand 

how crowd behaviour, design layout, and management preferences affect safety condi-

tions during the Tawaf.  First, the Tawaf crowd of maximum 39.6 m (130 feet) radius is 

placed in the center of a 91.4 by 91.4 m (300 by 300 feet) courtyard.  Second, the court-

yard area is divided into 100 safety grids of 9.1 by 9.1 m (30 by 30 feet).  Third, low, 

medium, and high threat levels for these safety grids are defined respectively as: (i) fewer 

than 200 pilgrims (2 pilgrims/Moore neighbourhood); (ii) between 200 to 400 pilgrims (2 

to 4 pilgrims/Moore neighbourhood); and (iii) greater than 400 pilgrims (4 pil-

grims/Moore neighbourhood).  Note the Moore neighbourhood is 0.8 m2 (9 square feet) 

since each cell is 0.3 by 0.3 m (1 by 1 foot).  Fourth, the percentage of courtyard grids 

that are in low, medium, and high threat levels during the simulation are measured, which 

shows how the threat levels change with time and how wide spread is the high threat lev-

el.  Fifth, the highest density values per grid shows the highest density per Moore neigh-

bourhood for each grid attained during the simulation, which identifies the courtyard lo-

cations with the highest density.  Sixth, the percent of time in high threat per grid shows 

how often each grid remains in the high threat conditions, which is important to deter-

mine how serious is the situation.  Therefore, the safety metrics provide significant in-

sight into the safety situation during the Tawaf. 

4.2.7 Program Flow & Key Methods 

Figure 10 shows how the TawafSIM starts by initializing attributes of all the pilgrims and 

drawing the empty courtyard grid with the Kaaba in the center with its circular boundary.  

Next the ABMS program simulates 1-second time steps until the maximum simulation 
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time is reached.  Every second, (i) new pilgrims can enter the Tawaf crowd, (ii) each pil-

grim already in the Tawaf crowd can move to its next position using asynchronous posi-

tion updating, and (iii) the grid is updated with the next position of every pilgrim in the 

Tawaf crowd.  Finally, after the maximum simulation time is reached, the Tawaf perfor-

mance metric data is saved to a file.  The key methods are further explained. 

Figure 10: TawafSIM program flowchart 
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4.2.7.1. Pilgrim Population is Initialized 

The method initAgents() assigns each pilgrim being simulated with its distinct attributes: 

id, gender, manners, speed, strength, health, and desire to touch Kaaba (Black Stone).  

The distributions for the attributes are discussed in subsection 4.3 Simulation Observa-

tions, which are based on reasonable estimates (all micro-simulation Tawaf models [1, 

12, 37] have used estimates for attribute) until this data is collected and made available 

by the Hajj authorities.  Although as discussed, a post-Hajj pilgrim questionnaire along 

with Hajj records could provide better estimates.  Nevertheless, the ability to vary the dis-

tributions of these attributes provides invaluable information to better understand how 

pilgrim attributes impact Tawaf performance metrics for throughput, satisfaction, health, 

and safety. 

4.2.7.2. Pilgrims Enter Tawaf Crowd 

At the beginning of every time step, the method agentsEnterTawafCrowd(), may allow a 

number of new pilgrims to enter the Tawaf crowd, which is the lesser of either the man-

agement set pilgrim entry rate or number of pilgrims to reach the management set maxi-

mum pilgrim capacity for the courtyard.   

For each new pilgrim entering the crowd, the pilgrim’s behavioural spiralling goals 

are set after the pilgrim is randomly placed on the edge of the current Tawaf crowd 

boundary.  First, of the total seven rounds in the Tawaf, the number of rounds to: (i) spi-

ral inward to get closest to the Kaaba, (ii) circle to maintain distance to Kaaba after spi-

ralling inward, and (iii) spiral outward to reach the crowd boundary are set, which are a 

function of the pilgrim’s strength, manners, speed, gender, and desire to touch Kaaba 
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(Black Stone).  The number of rounds to spiral inward is 1 to 4, the number of rounds to 

maintain constant circle after spiralling in is 4 to 1, and the number of rounds to spiral out 

is 2.  In general, high strength, low manners, high speed, high desire to touch Kaaba 

(Black Stone), and men are going to have a smaller number of rounds to spiral in and a 

larger number of rounds to maintain constant circle since they are more aggressive to 

reach the closest distance to the Kaaba and maintain their position.  Second, the closest 

distance to the Kaaba to reach after the spiral inward is also determined, which is a func-

tion of the current Tawaf crowd boundary and the spiral inward number of rounds.  In 

general, the smaller the number of rounds to spiral inward, the closer the distance to the 

Kaaba is set because again they represent the most aggressive pilgrims.  Third, the Carte-

sian and Polar coordinates of the pilgrim’s location are determined, and the pilgrim is 

placed on the grid. 

After all the new pilgrims enter the crowd, it is determined whether the crowd bound-

ary needs to be expanded, which occurs when the last incremental crowd boundary is ap-

proximately one-third full. 

4.2.7.3. Pilgrims Move To Next Position 

Each time step, after any new pilgrims enter the Tawaf crowd, the method 

agentsMoveSpiral(), moves each pilgrim in the Tawaf crowd to its next position.  This 

involves: (i) removing pilgrim from its current grid location, (ii) finding its next position, 

(iii) assigning pilgrim to its new grid location, (iv) determining if a round has completed, 

and (v) determining if the number of rounds for spiral inward, constant circling, or spiral 

outward have finished.   
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 The findBestPosition() procedure is further explained, which determines the next best 

position for a pilgrim.  A spiral equation provides a macro-movement trajectory while the 

micro-level movement is based on selecting the most appropriate next position in its 

Moore neighbourhood.  First, the Polar coordinate system is used to calculate the new θ 

value, !!"# = !!"##$%& − (! !!"##$%&), which is a function of the current radius of the 

pilgrim and the pilgrim’s speed.  Second, the new radius value is calculated using the 

new θ value in the spiral equation, !!"# = !!"!#!$%!!!"# where ! = !!" !!"#$% !!"#$%.  

Third, of the 8 next step locations in a pilgrim’s Moore neighbourhood, only the top 5 po-

sitions, which take the pilgrim toward the spiral equation location five-time steps later, 

are selected.  Fourth, for each of these top 5 ranked positions in its Moore neighbour-

hood, a next position selection value is assigned to it, which is a function of: (i) rank 

number of the position, (ii) number of total Moore neighbours for the position, and (iii) 

number of opposite gender Moore neighbours for the position.  If all the next positions 

are occupied, then the pilgrim does not move for that time step; otherwise, it moves to the 

position corresponding to the lowest value next position selection value. 

4.3 Simulation Observations 

TawafSIM is used to simulate a set of 42 scenarios (Figure 11), which includes a default 

scenario with typical simulation parameters along with an additional twelve categories of 

scenarios testing the impact of pilgrim behaviour (i.e. gender, manners, speed, strength, 

desire to touch Kaaba/Black Stone, immunization/infecting, and degree of spiral inward), 

facility design (i.e., circular courtyard entry access), and management preference (i.e., 
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Figure 11: TawafSIM simulation scenario parameters 

SCENARIO RATE*OF*ENTRY ENTRY*ACCESS MAX*PILGRIMS
[#] [%*Male] [%*Female] [Pilgrims/sec] [Degrees] [#] [%*Low] [%*Med] [%*High] [%*Low] [%*Med] [%*High] [%*Low] [%*Med] [%*High] [%*Low] [%*Med] [%*High] [%*Immunized]] [%*Susceptible] [%*Infecting] [Round*1] [Round*2] [Round*3]
1 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
2 100 0 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.33 0.39 0.45
3 75 25 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.28 0.36 0.42
4 25 75 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.21 0.27 0.34
5 0 100 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.18 0.24 0.30
6 60 40 10 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
7 60 40 15 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
8 60 40 25 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
9 60 40 300 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
10 60 40 600 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
11 60 40 900 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
12 60 40 20 90 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
13 60 40 20 180 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
14 60 40 20 270 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
15 60 40 20 360 30000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
16 60 40 20 360 35000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
17 60 40 20 360 40000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.24 0.33 0.42
18 60 40 20 360 25000 100 0 0 25 50 25 25 50 25 25 50 25 20 50 30 0.32 0.39 0.45
19 60 40 20 360 25000 0 100 0 25 50 25 25 50 25 25 50 25 20 50 30 0.25 0.33 0.40
20 60 40 20 360 25000 0 0 100 25 50 25 25 50 25 25 50 25 20 50 30 0.20 0.27 0.40
21 60 40 20 360 25000 25 50 25 100 0 0 25 50 25 25 50 25 20 50 30 0.20 0.27 0.35
22 60 40 20 360 25000 25 50 25 0 100 0 25 50 25 25 50 25 20 50 30 0.25 0.33 0.40
23 60 40 20 360 25000 25 50 25 0 0 100 25 50 25 25 50 25 20 50 30 0.31 0.39 0.46
24 60 40 20 360 25000 25 50 25 25 50 25 100 0 0 25 50 25 20 50 30 0.20 0.27 0.34
25 60 40 20 360 25000 25 50 25 25 50 25 0 100 0 25 50 25 20 50 30 0.25 0.33 0.40
26 60 40 20 360 25000 25 50 25 25 50 25 0 0 100 25 50 25 20 50 30 0.31 0.39 0.46
27 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 100 0 0 20 50 30 0.19 0.28 0.35
28 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 0 100 0 20 50 30 0.24 0.33 0.40
29 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 0 0 100 20 50 30 0.29 0.38 0.45
30 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 70 10 0.24 0.33 0.42
31 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 60 20 0.24 0.33 0.42
32 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 40 40 0.24 0.33 0.42
33 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 30 50 0.24 0.33 0.42
34 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 0 70 30 0.24 0.33 0.42
35 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 10 60 30 0.24 0.33 0.42
36 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 30 40 30 0.24 0.33 0.42
37 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 40 30 30 0.24 0.33 0.42
38 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 50 20 30 0.24 0.33 0.42
39 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.00 0.00 0.00
40 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.00 0.00 1.00
41 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 0.00 1.00 0.00
42 60 40 20 360 25000 25 50 25 25 50 25 25 50 25 25 50 25 20 50 30 1.00 0.00 0.00

NOTES: (1).Scenario.1.is.the.default.values.for.all.the.simulation.parameters,.which.represent.typical.conditions.for.the.Tawaf.
(2).Scenarios.2.to.5.test.the.impact.of.gender.distribution.
(3).Scenarios.6.to.8.test.the.impact.of.the.constant.rate.of.pilgrim.entry.
(4).Scenarios.9.to.11.test.the.impact.of.the.burst.duration.in.seconds.for.bursty.rate.of.pilgrim.entry.cycling.between.15,.25,.and.35.pilgrims/sec.
(5).Scenarios.12.to.14.test.the.impact.of.the.pilgrims.entering.from.a.circular.entry.access.limited.to.90,.180,.and.270.degrees.respectively.
(6).Scenarios.15.to.17.test.the.impact.of.the.maximum.pilgrim.capacity.
(7).Scenarios.18.to.20,.21.to.23,.24.to.26,.and.27.to.29.test.the.impact.of.low,.medium,.and.high.levels.of.pilgrim.manners,.speed,.strength,.and.desire.to.touch.the.Kaaba/Black.Stone.respectively.
(8).Scenarios.30.to.33.test.the.impact.of.the.percentage.of.infecting.pilgrims.have.on.the.susceptible.pilgrim.population.given.a.fixed.herd.immunization.level.
(9).Scenarios.34.to.38.test.the.impact.of.the.herd.immunization.level.on.the.susceptible.pilgrim.population.given.a.fixed.percentage.of.infecting.pilgrims.
(10).Scenarios.39.to.42.test.the.impact.of.the.three.Spiral.In.simulation.threshold.values,.which.control.the.degree.of.spiral.inward.for.rounds.1,.2,.and.3.respectively.

GENDER MANNERS SPEED STRENGTH DESIRE*TOUCH SPIRAL*IN*THRESHOLDSHEALTH
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rate of pilgrim entry and maximum pilgrim capacity in courtyard) on Tawaf performance 

metrics for throughput, satisfaction, health, and safety. 

 Scenario 1 is the default scenario with the most likely values for the ten parameters.  

Scenarios 2 to 5, look at the impact of gender.  Scenarios 6 to 11 look at the impact of 

rate of pilgrim entry, which is given in pilgrims/second.  In particular, 6 to 8 look at a 

constant rate of pilgrims while for 9 to 11 the number represents the pilgrim burst inter-

val.  Scenarios 12 to 14 look at the impact of the number of courtyard entry points, where 

an entry point covers a quarter of the courtyard.  Scenarios 15 to 17 look at the impact of 

maximum allowed crowd in the courtyard.  Scenarios 18 to 20, 21 to 23, 24 to 26, and 27 

to 29 look at the impact of manners, speed, strength, and desire to touch the Kaaba/Black 

Stone respectively.  Scenarios 30 to 38 look at the impact of immunization and infecting 

levels.  Finally, scenarios 39 to 42 look at the impact of degree of pilgrim spiralling in-

ward. 

 The following two subsections discuss the preliminary observations from the original 

TawafSIM generated data and the detailed observation from the data analysis of the gen-

erated data. 

4.3.1 Observations from TawafSIM Generated Data 

Each scenario is run for 7,200 seconds or until 90,000 pilgrims enter the Tawaf area, 

whichever comes first.  Each scenario takes less than 10 minutes of real time to simulate 

2 hours.  The scenarios are run five times each to get average values for the Tawaf per-

formance metrics, throughput, satisfaction, health, and safety, which are all within 2 per-

cent from the average.  The Tawaf performance metric plots are generated from the simu-
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lation data once the Tawaf courtyard has reached its maximum pilgrim capacity of 25,000 

or as indicated in scenarios 15 to 17.  Figures 12 to 17 show the default scenario simula-

tion as snapshots with 5-minute intervals where red, green, blue, black, and yellow pil-

grim colours are for spiralling in, no spiral, spiral out, last round, and distracted respec-

tively. 

 

Figure 12: TawafSIM snapshot 1 
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Figure 13: TawafSIM snapshot 2 

 
 
Figure 14: TawafSIM snapshot 3 
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Figure 15: TawafSIM snapshot 4 

 
 
Figure 16: TawafSIM snapshot 5 
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Figure 17: TawafSIM snapshot 6 

 

4.3.1.1. Throughput (Average Time to Complete Rounds) 

The shorter the Tawaf time, the greater the throughput.  Figure 35 to Figure 44 in Appen-

dix A show the average time to complete rounds 1 to 7 has a flat parabolic opening up 

shape for all the scenarios with the default scenario taking approximately 50 minutes to 

complete the Tawaf (i.e., all 7 rounds). As well, the following are noteworthy observa-

tions.   

First, round 1 is always almost twice as long as the other rounds.  The start of round 

one occurs once the pilgrim crosses the Tawaf start line for the first time.  As such, de-

pending on where a pilgrim enters the crowd boundary, a pilgrim may have to make up to 

one extra complete round before the start of round 1.  Thus the time will be significantly 

more on average for round one.  As well, the first round starts at the 130-foot crowd 
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boundary since the metrics are recorded after the courtyard reaches its maximum pilgrim 

capacity; thus the first round has one of the longest distances to complete. 

 Second, rounds 2, 3, 4, and 5 generally get shorter because the pilgrims are spiralling 

inward or maintaining their radius, thus it takes less time to complete the shorter spirals 

whereas rounds 6 and 7 always increase because the pilgrims are spiralling out and the 

larger spiral distance takes longer to complete. 

4.3.1.2. Satisfaction (Time Off the Desired Spiral Path) 

The greater the percentage of time off the desired spiral path, the more distracted and dis-

satisfied the pilgrim is with trajectory changes during the Tawaf.  Figure 45 to Figure 54 

in Appendix B show the percentage of time off the desired spiral path for the pilgrim 

population generally has a skewed distribution to the high side of the mean, where the de-

fault scenario has approximately 45% of the pilgrims at the mean of 29% of the time off 

its desired spiral path.  

4.3.1.3. Satisfaction (Number of Moore Neighbours) 

The greater the number of Moore neighbours, the more congested and dissatisfied the 

pilgrim is in its immediate vicinity.  Figure 55 to Figure 64 in Appendix C show the 

number of Moore neighbours for the pilgrim population generally has a skewed distribu-

tion to the high side of the mean, where the default scenario has the mean 2.39 Moore 

neighbours for approximately 25% of the time.  
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4.3.1.4. Satisfaction (Number of Gender Neighbours) 

The greater the number of opposite gender Moore neighbours, the more uncomfortable 

and dissatisfied the pilgrim is in its immediate vicinity.  Figure 65 to Figure 74 in Appen-

dix D show the number of opposite gender Moore neighbours for the pilgrim population 

has a one-sided distribution, where the default scenario has approximately 40% of the 

pilgrims with the mean 0.90 opposite gender Moore neighbours. 

4.3.1.5. Health (Exposure to Infecting Pilgrims) 

The greater the exposure (accumulated time with infecting pilgrims divided by Tawaf 

time) to infecting Moore pilgrims, the greater the chance a susceptible pilgrim (who is 

non-infecting and non-immunized) will get infected.  Figure 75 to Figure 84 in Appendix 

E show the percentage of maximum exposure to infecting pilgrims generally has a 

skewed distribution to the high side of the mean, where the default scenario has the mean 

8.8% maximum exposure to infecting pilgrims for 64% of the susceptible pilgrims. 

4.3.1.6. Safety (Low, Medium, and High Threat) 

Each of the 42 scenarios generates three safety plots, which are incorporated into one fig-

ure each.  Since the 42 figures convey similar information, only one safety figure is dis-

cussed, which is scenario 17 showing 40,000 maximum pilgrim capacity. 

The first plot in Figure 90 (Appendix F) shows the percentage of courtyard grids that 

are in low (i.e., less than 2 pilgrims per Moore neighbourhood), medium (i.e., between 2 

to 4 pilgrims per Moore neighbourhood), and high (i.e., greater than 4 pilgrims per Moore 

neighbourhood) threat levels during the simulation.  It also shows during the first 2,286 
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second (38.1 minutes) the Tawaf courtyard starts to fill up with pilgrims; as this happens, 

the percentage of grids in low (medium) threat decrease (increases) to a steady state val-

ue.  As well, at approximately 2,340 seconds, the number of grids in high level starts to 

materialize.  Overall the plot shows at 40,000 maximum pilgrim capacity, approximately 

50% of the grids are in low threat, 40% are in medium threat, and 10% are in high threat. 

The second plot in Figure 90 shows the highest density values per grid experienced 

during the simulation.  The crowd boundary has four distinct pilgrim density circular re-

gions.  The farthest outward crowd boundary has 1-2 pilgrims per Moore neighbourhood 

(i.e., 100-200 pilgrims/900ft2) while the next crowd boundaries become increasingly 

denser at 2-3, 3-4, and 4-5 pilgrims per Moore neighbourhood while the rest of the court-

yard has 3-4 pilgrims per Moore neighbourhood.  Interestingly, the highest crowd density 

is 4-5 pilgrims per Moore neighbourhood, which occurs slightly inside the crowd bound-

ary, which represents the area where the cross traffic effect is felt the most between pil-

grims entering and exiting the Tawaf crowd.  The center of the contour plot has 0-1, 1-2, 

and 2-3 pilgrims per Moore neighbourhood.  The 0-1 circular region corresponds to the 

Kaaba building, where no pilgrims can make Tawaf whereas the 1-2 and 2-3 circular re-

gions concentric to the Kaaba have less density than the rest of the courtyard at 3-4 be-

cause these grids are partially covered by the Kaaba minimum boundary where the Tawaf 

does not occur.  

The third plot in Figure 90 shows the percent of time each grid is in high threat, 

which represents how long each grid remains in the high threat conditions.  The plot 

clearly shows that the grids corresponding with the crowd boundary are in the high threat 

level the most (up to 60% of the time), with the highest percentage of time corresponding 
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with the densest area in plot 2.  In particular, the grids with the highest percentage of time 

are neither on the Tawaf line nor on the closest circular radius to the Kaaba, but at the 

cross traffic region. 

4.3.2 Observations from Data Analysis of TawafSIM Generated Data 

The impact of the twelve scenario categories on throughput, satisfaction, health, and safe-

ty are shown in Table 2 to Table 12 and discussed in detail in the following subsections.  

Note, each inner table entry includes top to bottom: metric value, change from default, 

and signed impact label.  All the metric values are averages except for the safety metrics, 

which are maximum values.  As well, change from the default values is the percentage of 

change except for the last two safety metrics, which are absolute change.  Additionally, 

the scale for signed impact labels are: No Impact=[0,2); Low Impact=[2,10); Med Im-

pact=[10,20); High impact=[20,30); and V. High=[30,∞).  Second, each last row and col-

umn table entry includes: unsigned impact label and value.  The scale for unsigned im-

pact labels is: NO impact=[0,1], LOW impact=(1,2], MED impact=(2,3], HIGH im-

pact=(3,4], and V. HIGH=(4,5].  Each last row entry is the average of unsigned column 

values.  As well, each last column entry is the average of the unsigned throughput metric, 

average of satisfaction metrics, health metric, and average of safety metrics. 

 The observations from the data analysis of the TawafSIM generated data is grouped 

based on the scenario conducted. 
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4.3.2.1. Gender Scenarios 

Pilgrim gender has no significant impact on Tawaf performance.  The last row in Table 2 

shows pilgrim strength has no significant impact on all the Tawaf metrics, except a low 

impact on satisfaction.  Additionally, the last column in Table 2 shows the gender scenar-

ios have no significant impact on overall Tawaf performance.  As such, pilgrim gender is 

not a significant factor in determining Tawaf performance, but the following are notewor-

thy observations. 

 First, as expected, gender has an extreme favourable impact on Number of Gender 

Neighbours (i.e., Satisfaction).  Table 2 shows the single gender scenarios (i.e., 2 & 5) 

have no opposite gender neighbours.  As well, the dominant gender scenarios (i.e., 3 & 4) 

have a significantly lower number of opposite gender neighbours than the default scenar-

io.  As such, although gender has a very high impact on Number of Gender Neighbours, it 

has an overall low impact on satisfaction and no significant impact on the overall Tawaf 

performance. 

 Second, a single gender male or female population (i.e., scenarios 2 & 5) has the 

same Tawaf performance.  Although the movement behaviour for men is expected to be 

slightly more aggressive than that for women, in the female single gender population, the 

women behave the same as men in the absence of the opposite gender.  As such, men and 

women have the same movement behaviour when separated from the opposite gender 

while the women are slightly more conservative in a mixed gender population. 
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Table 2: Gender impact on Tawaf crowd performance. 

 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Scenario!2:!
100%!Male!
0%!Female!

29,703'
()1.9%)'
No'

27.90'
(+1.1%)'
No'

2.35'
(+0.4%)'
No'

0.00'
()100.0%)'
V.'High+'

8.80'
()0.6%)'
No'

392'
(+0.5%)'
No'

0'
(0%)'
No'

0'
(0%)'
No'

NO!
(0.42)!

Scenario!3:!
75%!Male!
25%!Female!

30,843'
(+1.9%)'
No'

26.90'
()2.5%)'
Low+'

2.34'
(0.0%)'
No'

0.64'
()29.9%)'
High+'

8.65'
()2.3%)'
Low+'

384'
()1.5%)'
No'

0'
(0%)'
No'

0'
(0%)'
No'

NO!
(1.00)!

Default:!
60%!Male!
40%!Female!

30,283'
n/a'
n/a'

27.60'
n/a'
n/a'

2.34'
n/a'
n/a'

0.90'
n/a'
n/a'

8.85'
n/a'
n/a'

390'
n/a'
n/a'

0'
n/a'
n/a'

0'
n/a'
n/a'

N/A!

Scenario!4:!
25%!Male!
75%!Female!

30,540'
(+0.8%)'
No'

27.50'
()0.4%)'
No'

2.29'
()2.1%)'
Low+'

0.73'
()19.9%)'
Med+'

8.65'
()2.3%)'
Low+'

388'
()0.5%)'
No'

0'
(0%)'
No'

0'
(0%)'
No'

NO!
(0.92)!

Scenario!5:!
0%!Male!

100%!Female!

29,703'
()1.9%)'
No'

27.80'
(+0.7%)'
No'

2.35'
(+0.4%)'
No'

0.00'
()100.0%)'
V.'High+'

8.85'
(0.0%)'
No'

390'
(0.0%)'
No'

0'
(0%)'
No'

0'
(0%)'
No'

NO!
(0.42)!

IMPACT!
ON!

METRIC! NO!
(0.00)!

NO!
(0.50)!

NO!
(0.5)!

V.!HIGH!
(4.25)!

NO!
(1.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.69)!

LOW!
(1.75)!

NO!
(0.00)!
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 Third, dominant male and female gender populations have a different satisfaction ex-

perience.  Although both dominant gender populations have a slightly lower exposure to 

infected pilgrims, male dominant populations also are slightly less distracted while fe-

male dominant populations have slightly fewer Moore neighbours.  It would seem the 

male movement behaviour to spiral inward more aggressively allows the male dominant 

population to make fewer trajectory changes while keeping a larger buffer with the oppo-

site gender whereas the female movement behaviour to spiral inward less aggressively in 

the mixed gender population while maintaining a buffer with the opposite gender helps to 

keep all the pilgrims slightly more separated from each other. 

4.3.2.2. Constant Rate of Pilgrim Entry Scenarios 

Constant rate of pilgrim entry into the Tawaf courtyard has an overall low impact on Ta-

waf performance.  The last row in Table 3 for scenarios 6 to 8 shows constant pilgrim 

rate of entry has a low impact on throughput, satisfaction, and health along with no sig-

nificant impact on safety.  Additionally, the last column in Table 3 for scenarios 6 to 8 

shows that below the 20 pilgrims per second default scenario, the overall Tawaf impact is 

low with no significant impact otherwise.  As such, constant rate of pilgrim entry into the 

courtyard has a low significance in determining Tawaf performance with the following 

noteworthy observations. 

First, Table 3 shows when the pilgrim rate of entry increases from 10 to 25 pilgrims 

per second there is: 

1. Low favourable increase in Throughput. 

2. Medium unfavourable increase in Percent Time Distracted (i.e., Satisfaction). 



 

 76 

Table 3: Rate of entry impact on Tawaf crowd performance. 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF)

Scenario!6:!
10!Pilgrims/sec!

28,902&
((4.6%)&
Low(&

22.20&
((19.6%)&
Med+&

2.25&
((3.8%)&
Low+&

0.90&
(1.000)&
No&

7.45&
((15.8%)&
Med+&

397&
(+1.8%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

LOW!
(1.67)!

Scenario!7:!
15!Pilgrims/sec!

29,831&
((1.5%)&
No&

25.60&
((7.2%)&
Low+&

2.34&
(0.0%)&
No&

0.91&
(+1.1%)&
No&

8.35&
((5.6%)&
Low+&

389&
((0.3%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

LOW!
(1.17)!

Default:!
20!Pilgrims/sec!

30,283&
n/a&
n/a&

27.60&
n/a&
n/a&

2.34&
n/a&
n/a&

0.90&
n/a&
n/a&

8.85&
n/a&
n/a&

390&
n/a&
n/a&

0&
n/a&
n/a&

0&
n/a&
n/a&

N/A!

Scenario!8:!
25!Pilgrims/sec!

30,612&
(+1.1%)&
No&

29.00&
(+5.1%)&
Low(&

2.41&
(+3.0%)&
Low(&

0.89&
((1.1%)&
No&

8.95&
(+1.1%)&
No&

380&
((2.6%)&
Low+&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.67)!

Scenario!9:!
300!sec!Burst!

30,181&
((0.3%)&
No&

25.40&
((8.0%)&
Low+&

2.29&
((2.1%)&
Low+&

0.91&
(+1.1%)&
No&

8.20&
((7.3%)&
Low+&

384&
((1.5%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.83)!

Scenario!10:!
600!sec!Burst!

30,706&
(+1.4%)&
No&

25.00&
((9.4%)&
Low+&

2.34&
(0.0%)&
No&

0.91&
(+1.1%)&
No&

8.25&
((6.8%)&
Low+&

386&
((1.0%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.67)!

Scenario!11:!
900!sec!Burst!

30,633&
(+1.2%)&
No&

24.20&
((12.3%)&
Med+&

2.37&
(+1.3%)&
No&

0.91&
(+1.1%)&
No&

8.05&
((9.0%)&
Low+&

387&
((0.8%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.75)!

IMPACT!ON!
METRIC!

[Scenarios!6N8]!
[Scenarios!9N11]!

!
MED!(2.33)!
MED!(2.33)!

LOW!(1.33)!
NO!(0.67)!

NO!(0.67)!
NO!(0.00)! !

NO!(0.67)!
NO!(0.00)!

NO!(0.00)!
NO!(0.00)!

NO!(0.00)!
NO!(0.00)! !

LOW!(1.33)!
NO!(0.67)!

LOW!(1.44)!
NO!(1.00)!

LOW!(1.67)!
LOW!(2.00)!

NO!(0.22)!
NO!(0.00)!

LOW!(1.17)!
NO!(0.75)!



 

 77 

3. Low unfavourable increase in Number of Neighbours (i.e., Satisfaction). 

4. Low unfavourable increase in Percent Time Exposed (i.e., Health). 

It would seem, as the constant rate of entry increases from 10 to 25 pilgrims per second, 

the number of local neighbours around the cross-traffic Tawaf boundary slightly increas-

es, and the pilgrims become much more distracted as they make more frequent trajectory 

changes, which leads to a faster rate of spiralling that decreases the average Tawaf time 

and increases the throughput.  As well, the percent of time pilgrims are exposed to infect-

ed pilgrims increases as the rate of pilgrim entry increases because local congestion in-

creases.  Therefore, a low (high) pilgrim rate of entry has a positive (negative) impact on 

satisfaction and health but a negative (positive) impact on throughput. 

 Second, at the highest rate of entry, the macro-congestion level (i.e., Pilgrims per 900 

ft2) unexpectedly decreases.  Although Table 3 shows scenarios 6 to 8 have no overall 

significant impact on Pilgrims per 900 ft2, at 25 pilgrims per second, there is a decrease 

in Pilgrims per 900 ft2, which is counter intuitive.  It would seem, although the micro-

level congestion level is high at the highest level of pilgrim rate of entry, the macro-level 

congestion slightly decreases due to the higher rate of spiralling, which disperses the pil-

grims.  This is clearly shown in Figure 86 (Appendix F), where the pilgrims do not dis-

perse as quickly at 10 pilgrims per second rate, which results in a higher overall macro-

congestion level.  As such, when the pilgrim rate of entry increases, the pilgrims autono-

mously disperse quicker, which results in decreasing the macro-level congestion level de-

spite an increase in micro-level congestion around the cross traffic Tawaf boundary. 

 Third, the increase in the rate of pilgrim entry does not impact the number of gender 

neighbours.  As pilgrim rate of entry increases from 10 to 25 pilgrims per second, the 
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number of Moore neighbours increases, but the number of gender neighbours remains the 

same.  It would seem at the 25,000 maximum pilgrim capacity there are enough empty 

spaces for the opposite genders to use to maintain the same gender buffer. 

4.3.2.3. Bursty Rate of Entry Scenarios 

Bursty pilgrim rate of entry into the Tawaf courtyard has overall no significant impact on 

Tawaf performance.  The last row in Table 3 for scenarios 9 to 11 shows bursty pilgrim 

rate of entry has a low impact on health with no significant impact on throughput, satis-

faction, or safety.  Additionally, the last column in Table 3 for scenarios 9 to 11 shows 

there is no significant impact by varying the burst length from 5 minutes to 15 minutes 

where each burst cycle is for 10, 20, or 30 pilgrims per second.  As such, bursty pilgrim 

rate of entry into the courtyard has no significance in determining Tawaf performance but 

has the following noteworthy observations. 

First, for bursty pilgrim rate of entry, there is always a favourable impact on both 

Percent Time Distracted (i.e., satisfaction) and health.  Table 3 shows for bursty pilgrim 

rate of entry, there is: 

1. Medium favourable decrease in Percent Time Distracted (i.e., Satisfaction). 

2. Low favourable decrease in Percent Time Exposed (i.e., Health). 

It would seem, a bursty pilgrim rate of entry compared to the default constant rate of en-

try results in favourable non-uniform crowd conditions, which leads to fewer trajectory 

changes, thus decreasing Percent Time Distracted (i.e., Satisfaction) and in turn decreas-

ing Percent Time Exposed to infecting pilgrim neighbours.  Therefore, bursty pilgrim rate 

of entry has a favourable impact on Percent Time Distracted (i.e., Satisfaction) and 
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health, although it is unclear how the favourable non-uniform emergent behaviour mate-

rializes as discussed below. 

Second, bursty pilgrim rate of entry into the courtyard leads to non-uniform crowd behav-

iour.  Figure 36 shows the average time to complete rounds 1, 6, and 7 decreases as the 

burst duration increases, but not as clearly for rounds 2, 3, 4, and 5 because the former 

rounds represent pure spiral inward (outward) trajectories for round 1 (rounds 6 and 7) 

while each of the latter rounds have a combination of spiralling inwards and maintaining 

circle dynamics.  As such, bursty traffic causes non-uniform crowd conditions. 

 Third, if the burst duration increases too much, it may decrease the spiralling in-

ward rate.  Figure 87 (Appendix F) shows with 900 second burst duration, there is a less 

dense inner crowd.  It would seem that if the burst duration is long enough, it allows the 

low rate of entry portion of the burst cycle to impact the inner crowd density as was 

shown in Figure 86 (Appendix F).  Therefore, a long burst duration may result in a less 

dense core and more density at the cross traffic crowd boundary. 

4.3.2.4. Entry Access Scenarios 

Courtyard circular entry access has an overall negligible impact on Tawaf performance.  

The last row in Table 4 shows entry access has low impact on throughput and satisfaction 

with negligible impact on health and safety.  Additionally, the last column in Table 4 

shows when the entry access is restricted to 25%, there is low impact on overall Tawaf 

performance; otherwise, there is no significant impact.  Therefore, circular entry is not a 

critical factor in determining Tawaf performance; however, the following observations 

are noteworthy. 
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First, Table 4 shows when the entry access increases from 25% to 100%, there is: 

1. Low favourable increase in Throughput. 

2. Low favourable decrease in Percent Time Distracted (i.e., Satisfaction). 

It would seem, as the circular entry is restricted from 100% to 25%, the same numbers of 

pilgrims not only enter the Tawaf crowd from a compressed area, which increases Per-

cent Time Distracted (i.e., Satisfaction) but also have to travel longer as shown in Figure 

37 to complete the first round since the start of the entry access always starts from the 

Tawaf line that leads to an increase in average Tawaf time, which decreases throughput.  

Therefore, circular entry access has a low impact on throughput and satisfaction. 

 Second, if enough empty spaces exist in the courtyard, the pilgrims self organize to 

maintain almost the same level of Tawaf performance.  Table 4 shows while the circular 

entry is greater than the 25% tipping point, the pilgrims are able to disperse into the emp-

ty spaces by making more trajectory changes.  Therefore, restricting the courtyard entry 

to 25% is a tipping point to change the Tawaf performance for Number Neighbours (i.e., 

satisfaction), health, and Pilgrims per 900 ft2 (i.e., safety). 
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Table 4: Courtyard access impact on Tawaf crowd performance. 

 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Scenario!12:!
25%!Access!

28,986&
((4.3%)&
Low(&

29.20&
(+5.8%)&
Low(&

2.39&
(+2.1%)&
Low(&

0.89&
((1.1%)&
No&

9.05&
(+2.3%)&
Low(&

380&
((3.6%)&
Low+&

0&
(0%)&
No&

0&
(0%)&
No&

LOW!
(1.50)!

Scenario!13:!
50%!Access!

29,259&
((3.4%)&
Low(&

28.40&
(+2.9%)&
Low(&

2.34&
(0.0%)&
No&

0.90&
(0.0%)&
No&

8.85&
(0.0%)&
No&

390&
(0.0%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.67)!

Scenario!14:!
75%!Access!

29,762&
((1.7%)&
No&

28.00&
(+1.4%)&
No&

2.34&
(0.0%)&
No&

0.90&
(0.0%)&
No&

8.95&
(0.0%)&
No&

390&
(0.0%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.50)!

Default:!
100%!Access!

30,283&
n/a&
n/a&

27.60&
n/a&
n/a&

2.34&
n/a&
n/a&

0.90&
n/a&
n/a&

8.85&
n/a&
n/a&

390&
n/a&
n/a&

0&
n/a&
n/a&

0&
n/a&
n/a&

N/A!

IMPACT!
ON!

METRIC! LOW!
(1.33)!

LOW!
(1.33)!

NO!
(0.67)!

NO!
(0.00)!

NO!
(0.67)!

NO!
(0.67)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.89)!

LOW!
(1.11)!

NO!
(0.22)!



 

 82 

4.3.2.5. Maximum Pilgrim Capacity Scenarios 

Maximum pilgrim capacity in the courtyard has a medium impact on Tawaf performance.  

The last row in Table 5 shows maximum pilgrim capacity has the potential to have a very 

high impact on throughput, medium impact on satisfaction, low impact on health, and 

medium impact on safety.  Additionally, the last column in Table 5 shows increasing the 

maximum pilgrim capacity from 25,000 to 30,000 results in a low impact on Tawaf per-

formance while beyond 30,000 there is a high impact.  Therefore, maximum pilgrim ca-

pacity is a significant factor in determining Tawaf performance with the following note-

worthy observations. 

First, as the maximum pilgrim capacity increases, it has an unfavourable impact on all 

Tawaf performance metrics except throughput.  Table 5 shows when the maximum pil-

grim capacity increases from 25,000 to 40,000, there is: 

1. Very high favourable increase in Throughput. 

2. Medium unfavourable increase in Percent Time Distracted (i.e., Satisfaction). 

3. Medium unfavourable increase in Number Neighbours (i.e., Satisfaction). 

4. Medium unfavourable increase in Number Gender Neighbours (i.e., Satisfaction). 

5. Low unfavourable increase in Percent Time Exposed (i.e., Health). 

6. Medium unfavourable increase in Pilgrims per 900 ft2 (i.e., Safety). 

7. Medium unfavourable increase in Percent Grids in High Threat (i.e., Safety). 

8. High unfavourable increase in Percent Time in High Threat (i.e., Safety). 

It would seem from Figure 38 (Appendix A) as expected, with an increase in maximum 

pilgrim capacity, the average time to complete each of the seven rounds increases.  This  



 

 83 

Table 5: Capacity impact on Tawaf crowd performance. 

 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Default:!
25,000!pilgrims!

30,283&
n/a&
n/a&

27.60&
n/a&
n/a&

2.34&
n/a&
n/a&

0.90&
n/a&
n/a&

8.85&
n/a&
n/a&

390&
n/a&
n/a&

0&
n/a&
n/a&

0&
n/a&
n/a&

N/A!

Scenario!15:!
30,000!pilgrims!

35,031&
(+15.7%)&
Med+&

29.10&
(+8.5%)&
Low;&

2.54&
(8.5%)&
Low;&

0.93&
(+3.3%)&
Low;&

8.95&
(+1.1%)&
No&

411&
(+5.4%)&
Low;&

3&
(+3%)&
Low;&

6&
(+6%)&
Low;&

LOW!
(1.75)!

Scenario!16:!
35,000!pilgrims!

39,461&
(+30.3%)&
V.&High+&

29.30&
(+6.2%)&
Low;&

2.64&
(12.8%)&
Med;&

0.99&
(+10.0%)&
Med;&

9.25&
(+4.5%)&
Low;&

445&
(+14.1%)&
Med;&

6&
(+6%)&
Low;&

47&
(+47%)&
V.&High;&

HIGH!
(3.25)!

Scenario!17:!
40,000!pilgrims!

44,417&
(46.7%)&
V.&High+&

31.30&
(13.4%)&
Med;&

2.81&
(20.1%)&
High;&

1.05&
(+16.7%)&
Med;&

9.50&
(+7.3%)&
Low;&

466&
(+19.5%)&
Med;&

11&
(+11%)&
Med;&

55&
(+55%)&
V.&High;&

HIGH!
(3.50)!

IMPACT!
ON!

METRIC! V.!HIGH!
(4.33)!

MED!
(2.33)!

MED!
(3.00)!

MED!
(2.67)!

LOW!
(1.33)!

MED!
(2.67)!

MED!
(2.33)!

HIGH!
(4.00)!

MED!
(2.83)!

MED!
(2.67)!

MED!
(3.00)!
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is because, with an increase in maximum pilgrim capacity, the increase in crowd density 

prevents the pilgrims from moving to their preferred macro-level spiral-based next posi-

tion as it is more likely to be occupied; therefore, the pilgrim chooses an alternative posi-

tion in its Moore neighbourhood which is probably not the optimum position with respect 

to its spiralling direction.  This increase in average Tawaf time and maximum number of 

pilgrims negatively impacts the other metrics.  As a result, with an increase in maximum 

pilgrim capacity in the courtyard, only throughput is favourably impacted.   

 Second, even at high maximum pilgrim capacity, the percent of grids in high threat is 

not widespread.  At 40,000 maximum pilgrim capacity, which represents 82% of the total 

simulated Tawaf courtyard space, there are at most 11% of the courtyard grids in high 

threat, which are at the inner edge of the Tawaf crowd boundary where cross traffic is the 

highest.  This ability to maintain a uniform macro congestion level is due to removing the 

mob at the Black Stone and Kaaba walls.  Therefore, high threat levels can be managed to 

acceptable levels by providing an unobstructed circular path and limiting maximum pil-

grim capacity to 82% of the total courtyard capacity. 

 Third, a higher density crowd does not significantly impact the health metric (i.e., 

percent of time exposed to infecting neighbours).  A 60% increase in the maximum pil-

grim capacity only increases percent time exposed to infecting pilgrims by 7%.  There-

fore, extreme crowded conditions alone do not significantly increase the exposure to in-

fecting individuals. 

 Fourth, a safety tipping point occurs when maximum pilgrim capacity reaches 71% of 

the total Tawaf area.  Table 5 shows at 30,000 maximum pilgrim capacity, the percent of 

grids in high threat is at most 6% of the time while at 35,000, the time in high threat is 
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47%.  As well, Figure 88, Figure 89, and Figure 90 (Appendix F) compared to Figure 85 

(Appendix F) shows the cross-traffic area becoming more prominent.  Therefore, the 

cross traffic crowd boundary becomes significantly more dangerous suddenly at 71% of 

the total courtyard pilgrim capacity (i.e., 35,000 maximum pilgrim capacity). 

Fifth, at a critical maximum pilgrim capacity, the pilgrims display orthogonal move-

ment.  With an increase in maximum pilgrim capacity in the courtyard, the pilgrims aver-

age time to complete a round increases except in rounds 6 and 7, when the maximum pil-

grim capacity reaches a critical point (35,000 maximum pilgrims, which is 72% of the 

maximum Tawaf crowd area), the average time to complete a round decreases.  This un-

expected emergent behaviour shows that when the maximum crowd is above a critical 

level, the increase in crowd density and congestion leads the pilgrim to make more fre-

quent changes to its preferred macro spiral-based next position which are more likely in 

the direction of the crowd boundary, thus leading to a more orthogonal line of path to exit 

the crowd boundary, which is a shorter path out of the crowd.  Therefore, emergent or-

thogonal movement is displayed when maximum pilgrim capacity reaches a critical level. 

4.3.2.6. Pilgrim Manner Scenarios 

Pilgrim manner has no significant impact on Tawaf performance.  The last row in Table 6 

shows pilgrim manners have no significant impact on all the Tawaf metrics.  Additional-

ly, the last column in Table 6 shows 100% low, medium, or high manner pilgrim popula-

tions have no significant impact on overall Tawaf performance.  Therefore, pilgrim man-

ners are not a significant factor in determining Tawaf performance; however, the follow-

ing are noteworthy observations. 
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Table 6: Manner impact on Tawaf crowd performance. 

 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Default!
30,283&
n/a&
n/a&

27.60&
n/a&
n/a&

2.34&
n/a&
n/a&

0.90&
n/a&
n/a&

8.85&
n/a&
n/a&

390&
n/a&
n/a&

0&
n/a&
n/a&

0&
n/a&
n/a&

N/A!

Scenario!18:!
100%!Low!

30,696&
(+1.4%)&
No&

27.30&
(71.1%)&
No&

2.34&
(0.0%)&
No&

0.83&
(77.8%)&
Low+&

8.70&
(71.7%)&
No&

384&
(71.5%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.17)!

Scenario!19:!
100%!Medium!

28,187&
(+0.9%)&
No&

27.60&
(0.0%)&
No&

2.34&
(0.0%)&
No&

0.83&
(77.8%)&
Low+&

8.65&
(72.3%)&
Low+&

390&
(0.0%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.67)!

Scenario!20:!
100%!High!

27,761&
(73.1%)&
Low7&

28.90&
(+4.7%)&
Low7&

2.52&
(+7.7%)&
Low7&

0.90&
(0.0%)&
No&

9.00&
(+1.7%)&
No&

397&
(+1.8%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.83)!

IMPACT!
ON!

METRIC! NO!
(0.67)!

NO!
(0.67)!

NO!
(0.67)!

LOW!
(1.33)!

NO!
(0.67)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.56)!

NO!
(0.89)!

NO!
(0.00)!
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 First, the typical negative impact to satisfaction, health, and safety from low man-

nered pilgrim populations (i.e., 100% low or 100% medium) is unexpectedly avoided 

when the Tawaf area is 50% empty (i.e., at 25,000 maximum pilgrims).  It would seem 

when there are sufficient empty spaces in the Tawaf courtyard, the low manner pilgrim 

micro-level movement settings allow them to spiral more rapidly but does not create any 

adverse effects on any of the Tawaf metrics.  In fact, Number of Gender Neighbours (i.e., 

Satisfaction) actually improved.  Therefore, when the Tawaf courtyard is maintained at 

50% maximum capacity, low manner pilgrim populations do not produce negative im-

pacts on Tawaf performance. 

 Second, the 100% high manner pilgrim scenario did not have a favourable impact as 

expected on Number of Neighbours or Number of Gender Neighbours.  As expected, the 

high manner pilgrims micro-level movement algorithm made them more sensitive to their 

surroundings, which lead to a longer average Tawaf time due to the additional trajectory 

changes.  However, these additional manner inspired trajectory changes increased the av-

erage number of neighbours while maintaining the average number of gender neighbours.  

Therefore, higher manner individuals do not necessarily get the higher level of satisfac-

tion from being more considerate in their micro-movement decisions. 

4.3.2.7. Pilgrim Speed Scenarios 

Pilgrim speed has a high impact on Tawaf performance.  The last row in Table 7 shows 

pilgrim speed has very high impact on throughput along with medium impact on satisfac-

tion, health, and safety.  Additionally, the last column in Table 7 shows 100% low and 

high speed pilgrim populations have a high impact on Tawaf performance while 100% 
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Table 7: Speed impact on Tawaf crowd performance. 

 
 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Default!
30,283&
n/a&
n/a&

27.60&
n/a&
n/a&

2.34&
n/a&
n/a&

0.90&
n/a&
n/a&

8.85&
n/a&
n/a&

390&
n/a&
n/a&

0&
n/a&
n/a&

0&
n/a&
n/a&

N/A!

Scenario!21:!
100%!Low!

20,994&
(131.7%)&
V.&High1&

29.00&
(+5.1%)&
Low1&

2.74&
(+17.1%)&
Med1&

0.98&
(+8.9%)&
Low1&

11.85&
(+33.9%)&
V.&High1&

489&
(+25.4%)&
High1&

16&
(+16%)&
Med1&

23&
(+23%)&
High1&

HIGH!
(4.00)!

Scenario!22:!
100%!Medium!

35,857&
(+18.4%)&
Med+&

20.20&
(126.8%)&
High+&

2.50&
(+6.8%)&
Low1&

0.88&
(12.2%)&
Low+&

8.75&
(11.1%)&
No&

450&
(+15.4%)&
Med1&

14&
(+14%)&
Med1&

56&
(+56%)&
V.&High1&

MED!
(2.33)!

Scenario!23:!
100%!High!

49,234&
(+62.6%)&
V.&High+&

18.10&
(134.4%)&
V.&High+&

2.31&
(11.3%)&
No&

0.85&
(15.6%)&
Low+&

7.65&
(113.6%)&
Med+&

444&
(+13.8%)&
Med1&

3&
(+3%)&
Low1&

19&
(+19%)&
Med1&

HIGH!
(3.25)!

IMPACT!
ON!

METRIC! V.!HIGH!
(4.33)!

HIGH!
(3.67)!

LOW!
(1.67)!

LOW!
(2.00)!

MED!
(2.67)!

HIGH!
(3.33)!

MED!
(2.67)!

HIGH!
(4.00)!

HIGH!
(3.19)!

MED!
(2.44)!

MED!
(3.33)!
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medium speed pilgrim population has medium impact.  Therefore, pilgrim speed is an ex-

tremely significant factor in determining Tawaf performance with the following notewor-

thy observations. 

First, in general, as the pilgrim population speed distribution increases, it has a fa-

vourable impact on all Tawaf performance metrics except safety.  Table 7 shows com-

pared to the default (i.e., 25% low, 50% medium, 25% high) pilgrim population speed 

distribution, when the speed distribution increases from 100% low to 100% medium to 

100% high, there is: 

1. Extreme favourable increase in Throughput. 

2. High favourable decrease in Percent Time Distracted (i.e., Satisfaction). 

3. Low favourable decrease in Number of Neighbours (i.e., Satisfaction). 

4. Low favourable decrease in Number of Gender Neighbours (i.e., Satisfaction). 

5. Medium favourable decrease in Percent Time Exposed (i.e., Health). 

It would seem, as expected, the shorter Tawaf time due to a faster speed has a favourable 

impact on throughput, percent time distracted, and percent time exposed to infecting pil-

grims.  As well, the faster speed also seems to allow the pilgrims to make active decisions 

to navigate between the other pilgrims thus slightly decreasing the number of neighbours 

and number of gender neighbours.  Therefore, a high speed pilgrim distribution has a 

high positive impact on Tawaf performance except for safety while a low speed distribu-

tion has a high negative impact. 

Second, a non-homogenous pilgrim population speed distribution (e.g., 25% low, 

50% medium, 25% high) has a favourable impact on safety whereas a homogeneous 

speed distribution has an unfavourable impact.  The safety metrics in Table 7 show that 
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compared to the default non-homogenous speed scenario, the homogenous low, medium, 

and high speed scenarios have a medium unfavourable impact on safety.  Therefore, a 

pilgrim population with normal speed distribution provides better safety. 

 Third, even at a 50% maximum Tawaf courtyard pilgrim capacity (i.e., 25,000 maxi-

mum pilgrims), pilgrims cannot maintain their maximum free flow speed throughout the 

Tawaf.  A three time increase in speed for low (i.e., 1 foot per second) to high (3 feet per 

second) speed pilgrims results in only a 0.42 times decrease in Tawaf time instead of the 

ideal 0.33 times decrease in Tawaf time.  Therefore, pilgrims always have an average 

speed lower than their maximum free flow speed. 

 Fourth, as homogeneous pilgrim speed decreases, it has a significant negative impact 

on macro-level congestion and percent of time in high threat.  Figure 91, Figure 92, and 

Figure 93 (Appendix F) show as homogeneous speed decreases, the highest grid density 

and percent time in high threat quickly spreads throughout the inner courtyard.  There-

fore, low speed has a dramatic unfavourable impact on safety. 

4.3.2.8. Pilgrim Strength Scenarios 

Pilgrim strength has no significant impact on Tawaf performance.  The last row in Table 

8 shows pilgrim strength has no significant impact on all the Tawaf metrics.  Additional-

ly, the last column in Table 8 shows 100% low, medium, or high speed pilgrim popula-

tions have no significant impact on overall Tawaf performance.  As such, pilgrim 

strength is not significant factor in determining Tawaf performance, but the following is a 

noteworthy observation. 
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Table 8: Strength impact on Tawaf crowd performance. 

 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Default!
30,283&
n/a&
n/a&

27.60&
n/a&
n/a&

2.34&
n/a&
n/a&

0.90&
n/a&
n/a&

8.85&
n/a&
n/a&

390&
n/a&
n/a&

0&
n/a&
n/a&

0&
n/a&
n/a&

N/A!

Scenario!24:!
100%!Low!

30,560&
(+0.9%)&
No&

27.30&
(61.1%)&
No&

2.34&
(0.0%)&
No&

0.83&
(67.8%)&
Low+&

8.75&
(61.1%)&
No&

387&
(60.8%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.17)!

Scenario!25:!
100%!Medium!

30,467&
(+0.6%)&
No&

27.10&
(61.1%)&
No&

2.34&
(0.0%)&
No&

0.83&
(67.8%)&
Low+&

8.75&
(61.1%)&
No&

389&
(60.3%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.17)!

Scenario!26:!
100%!High!

30,644&
(+1.2%)&
No&

27.60&
(0.0%)&
No&

2.34&
(0.0%)&
No&

0.83&
(67.8%)&
Low+&

8.75&
(61.1%)&
No&

395&
(+1.3%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.17)!

IMPACT!
ON!

METRIC! NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

LOW!
(2.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.17)!

NO!
(0.67)!

NO!
(0.00)!
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 A pilgrim population at any homogenous strength level has a low favourable impact 

on Number of Gender Neighbours (i.e., Satisfaction).  Table 8 shows for 100% low, me-

dium, or high manner scenarios, the Number of Gender Neighbours are 8% lower than at 

the default non-homogenous distribution.  It would seem the effect of low, medium, or 

high strength on the micro-level movement algorithm has less impact than having all the 

pilgrims behaving the same way, which might explain the similar values for each of the 

above metrics despite the strength level.  Therefore, strength has no significant impact on 

overall satisfaction or overall Tawaf performance. 

4.3.2.9. Pilgrim Desire to Touch Kaaba Scenarios 

Pilgrim desire to touch the Kaaba has no significant impact on Tawaf performance.  The 

last row in Table 9 shows the desire to touch the Kaaba has a low impact on satisfaction 

but no significant impact on throughput, health, or safety.  Additionally, the last column 

in Table 9 shows 100% low, medium, or high pilgrim desire to touch the Kaaba have no 

significant impact on overall Tawaf performance.  Therefore, pilgrim desire to touch the 

Kaaba is not a significant factor in determining Tawaf performance; however, the follow-

ing is a noteworthy observation. 

 For a pilgrim population with homogenous (i.e., 100% low, 100% medium, or 100% 

high) desire to touch the Kaaba compared to the default (25% low, 50% medium, and 

25% high), there is almost always: 

1. Low unfavourable increase in Percent Time Distracted (i.e., Satisfaction). 

2. Low unfavourable increase in Number Neighbours (i.e., Satisfaction). 

3. Low favourable decrease in Number Gender Neighbours (i.e., Satisfaction). 
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Table 9: Desire to touch Kaaba impact on Tawaf crowd performance. 

 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Default!
30,283&
n/a&
n/a&

27.60&
n/a&
n/a&

2.34&
n/a&
n/a&

0.90&
n/a&
n/a&

8.85&
n/a&
n/a&

390&
n/a&
n/a&

0&
n/a&
n/a&

0&
n/a&
n/a&

N/A!

Scenario!27:!
100%!Low!

29,831&
(21.5%)&
No&

27.90&
(+1.1%)&
No&

2.41&
(+3.0%)&
Low2&

0.86&
(24.4%)&
Low+&

8.90&
(+0.6%)&
No&

402&
(+3.1%)&
Low2&

1&
(+1%)&
No&

1&
(+1%)&
No&

NO!
(0.50)!

Scenario!28:!
100%!Medium!

29,811&
(21.6%)&
No&

28.50&
(+3.3%)&
Low2&

2.41&
(+3.0%)&
Low2&

0.86&
(24.4%)&
Low+&

8.75&
(21.1%)&
No&

395&
(+1.3%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(0.67)!

Scenario!29:!
100%!High!

29,693&
(21.9%)&
No&

28.30&
(+2.5%)&
Low2&

2.41&
(+3.0%)&
Low2&

0.86&
(24.4%)&
Low+&

8.80&
(20.6%)&
No&

403&
(+3.3%)&
Low2&

1&
(+1%)&
No&

1&
(+1%)&
No&

NO!
(0.67)!

IMPACT!
ON!

METRIC! NO!
(0.00)!

LOW!
(1.33)!

LOW!
(2.00)!

LOW!
(2.00)!

NO!
(0.00)!

LOW!
(1.33)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.56)!

LOW!
(1.78)!

NO!
(0.44)!
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4. Low unfavourable increase in Pilgrims per 900 ft2 (i.e., Safety). 

It would seem the effect of low, medium, or high desire to touch the Kaaba on the micro-

level movement algorithm has less impact than having all the pilgrims behaving the same 

way, which might explain the similar values for each of the above metrics despite the de-

sire level.  Therefore, a pilgrim population with homogeneous desire to touch the Kaaba 

produces low unfavourable impact on overall satisfaction and Pilgrims per 900 ft2 (i.e., 

safety) but no significant impact on overall Tawaf performance. 

4.3.2.10. Pilgrim Infecting Level Scenarios 

Pilgrim infecting level has a very high impact on health, which leads to a low impact on 

overall Tawaf performance.  The last row in Table 10 shows pilgrim-infecting level has a 

very high impact on health but no significant impact on other Tawaf metrics.  Additional-

ly, the last column in Table 10 shows pilgrim-infecting levels have either low or no sig-

nificant impact on overall Tawaf performance.  Therefore, pilgrim-infecting level is an 

extremely significant factor in determining health but not for any other Tawaf perfor-

mance metrics; however, the following is a noteworthy observation. 

 Infecting level has a very high impact on health.  Table 10 shows as infecting level 

increases from 10% to 50%, the percent time exposed to infecting pilgrims increases 

from 5% to 13%, which is almost a linear relationship.  Therefore, infecting level has a 

very high impact on health. 
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Table 10: Infecting levels impact on Tawaf crowd performance. 

 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Scenario!30:!
10%!Infecting!
20%!Immunized!

30,151&
((0.4%)&
No&

27.60&
(0.0%)&
No&

2.34&
(0.0%)&
No&

0.90&
(0.0%)&
No&

4.95&
((44.1%)&
V.&High+&

397&
(+1.8%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

LOW!
(1.25)!

Scenario!31:!
20%!Infecting!
20%!Immunized!

30,334&
(+0.2%)&
No&

27.80&
(+0.7%)&
No&

2.34&
(0.0%)&
No&

0.90&
(0.0%)&
No&

6.90&
((22.0%)&
High+&

387&
((0.8%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(1.00)!

Default:!
30%!Infecting!
20%!Immunized!

30,283&
n/a&
n/a&

27.60&
n/a&
n/a&

2.34&
n/a&
n/a&

0.90&
n/a&
n/a&

8.85&
n/a&
n/a&

390&
n/a&
n/a&

0&
n/a&
n/a&

0&
n/a&
n/a&

N/A!

Scenario!32:!
40%!Infecting!
20%!Immunized!

30,232&
((0.2%)&
No&

27.60&
(0.0%)&
No&

2.34&
(0.0%)&
No&

0.90&
(0.0%)&
No&

11.15&
(+26.0%)&
High(&

397&
(+1.8%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

NO!
(1.00)!

Scenario!33:!
50%!Infecting!
20%!Immunized!

30,416&
(+0.4%)&
No&

27.80&
(0.0%)&
No&

2.34&
(0.0%)&
No&

0.90&
(0.0%)&
No&

13.00&
(+46.9%)&
V.&High(&

391&
(+0.2%)&
No&

0&
(0%)&
No&

0&
(0%)&
No&

LOW!
(1.25)!

IMPACT!
ON!

METRIC! NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

V.!HIGH!
(4.50)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

LOW!
(1.13)!

NO!
(0.00)!

NO!
(0.00)!
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4.3.2.11. Pilgrim Immunization Scenarios 

For a given percentage of infecting pilgrims performing Tawaf, increasing the pilgrim 

immunization level of the remaining pilgrims has no impact on Tawaf performance.  The 

last row in Table 11 shows pilgrim immunization level has no impact on any of the met-

rics.  Additionally, the last column in Table 11 shows varying the immunization level has 

no impact on overall Tawaf performance.  Therefore, for a given percentage of infecting 

pilgrims performing Tawaf, increasing pilgrim immunization level does not impact Ta-

waf performance; however, the following is a noteworthy observation. 

 For a given percentage of infecting pilgrims performing Tawaf, increasing immuniza-

tion level does not impact health exposure.  Table 11 shows no significant health impact 

on the susceptible pilgrims when varying the immunization level from 0% to 50% when 

the pilgrim population has 30% infecting pilgrims (similar results were obtained for addi-

tional scenarios where infecting pilgrims were modified from 5% to 80%).  It would 

seems the percentage of infecting pilgrims has an impact on health, but increasing the 

number of immunized pilgrims from the susceptible pilgrim population does not help 

create a barrier between the infecting and susceptible pilgrims.  Therefore, for a given 

percentage of infecting pilgrims performing Tawaf, increasing immunization does not 

decrease the exposure to infecting pilgrims. 

4.3.2.12. Pilgrim Degree Spiral-In Scenarios 

Pilgrim degree of spiral inward has the highest impact on Tawaf performance.  The last 

row in Table 12 shows degree of spiral-inward has high impact on throughput and 
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Table 11: Herd immunization levels impact on Tawaf crowd performance. 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Scenario!34:!
0%!Immunized!
30%!Infecting!

30,303$
(+0.1%)$
No$

27.80$
(+0.7%)$
No$

2.34$
(0.0%)$
No$

0.90$
(0.0%)$
No$

8.70$
(21.7%)$
No$

388$
(20.5%)$
No$

0$
(0%)$
No$

0$
(0%)$
No$

NO!
(0.00)!

Scenario!35:!
10%!Immunized!
30%!Infecting!

30,416$
(+0.4%)$
No$

27.50$
(20.4%)$
No$

2.34$
(0.0%)$
No$

0.90$
(0.0%)$
No$

8.85$
(0.0%)$
No$

388$
(20.5%)$
No$

0$
(0%)$
No$

0$
(0%)$
No$

NO!
(0.00)!

Default:!
20%!Immunized!
30%!Infecting!

30,283$
n/a$
n/a$

27.60$
n/a$
n/a$

2.34$
n/a$
n/a$

0.90$
n/a$
n/a$

8.85$
n/a$
n/a$

390$
n/a$
n/a$

0$
n/a$
n/a$

0$
n/a$
n/a$

N/A!

Scenario!36:!
30%!Immunized!
30%!Infecting!

30,334$
(+0.2%)$
No$

27.80$
(+0.7%)$
No$

2.34$
(0.0%)$
No$

0.90$
(0.0%)$
No$

8.70$
(21.7%)$
No$

392$
(+0.5%)$
No$

0$
(0%)$
No$

0$
(0%)$
No$

NO!
(0.00)!

Scenario!37:!
40%!Immunized!
30%!Infecting!

30,232$
(20.2%)$
No$

27.60$
(0.0%)$
No$

2.34$
(0.0%)$
No$

0.90$
(0.0%)$
No$

8.70$
(21.7%)$
No$

393$
(+0.7%)$
No$

0$
(0%)$
No$

0$
(0%)$
No$

NO!
(0.00)!

Scenario!38:!
50%!Immunized!
30%!Infecting!

30,375$
(+0.3%)$
No$

27.50$
(20.4%)$
No$

2.34$
(0.0%)$
No$

0.90$
(0.0%)$
No$

8.80$
(20.6%)$
No$

391$
(+0.3%)$
No$

0$
(0%)$
No$

0$
(0%)$
No$

NO!
(0.00)!

IMPACT!
ON!

METRIC! NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!

NO!
(0.00)!
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satisfaction with medium impact on health and safety.  Additionally, the last column in 

Table 12 shows if 100% of the pilgrims spiral farthest inward on round 1 and 3, the im-

pact on overall Tawaf performance is high; otherwise, if they spiral farthest inward on 

round 2 and 4, the impact is medium.  Therefore, pilgrim degree of spiral inward is a sig-

nificant factor in determining Tawaf performance with the following noteworthy observa-

tions. 

 First, the pilgrim degree of spiral inward has both favourable and unfavourable effect 

on throughput.  Table 12 shows, compared to the default spiral farthest inward distribu-

tion (i.e., 25% in each of the four rounds), if all the pilgrims spiral farthest inward in 

round 1 or 2, the throughput increases very high (i.e., 36%) or low (i.e., 6%) respectively; 

otherwise, if the farthest inward occurs in round 3 or 4, there is a medium decrease in 

throughput of 13% and 17% respectively.  Therefore, as expected, spiralling farthest in-

ward sooner has a favourable impact on average Tawaf time and throughput while delay-

ing it has an unfavourable impact. 

 Second, for a pilgrim population with homogenous (i.e., 100% round 1, 100% round 

2, 100% round 3, or 100% round 4) pilgrim degree spiral-inward compared to the uni-

form default scenario, there is: 

1. High unfavourable increase in Percent Time Distracted (i.e., Satisfaction). 

2. High unfavourable increase in Number Neighbours (i.e., Satisfaction). 

3. Very high unfavourable increase in Number Gender Neighbours (i.e., Satisfac-

tion). 

4. Medium unfavourable increase in Pilgrims per 900 ft2 (i.e., Safety). 

5. Low unfavourable increase in Percent Grids in High Threat (i.e., Safety). 
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Table 12: Degree spiralling impact on Tawaf crowd performance. 

 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)in)
High)Threat])

[%)Time)in)
High)Threat])

ON)
TAWAF))

Default:!
30,283&
n/a&
n/a&

27.60&
n/a&
n/a&

2.34&
n/a&
n/a&

0.90&
n/a&
n/a&

8.85&
n/a&
n/a&

390&
n/a&
n/a&

0&
n/a&
n/a&

0&
n/a&
n/a&

N/A!

Scenario!39:!
100%!Round!1!

41,077&
(+35.6%)&
V.&High+&

31.10&
(+12.7%)&
Med=&

3.10&
(+32.5%)&
V.&High=&

1.46&
(+62.2%)&
V.&High=&

9.25&
(+4.5%)&
Low=&

518&
(+32.8%)&
V.&High=&

8&
(+8%)&
Low=&

88&
(+88%)&
V.&High=&

HIGH!
(3.83)!

Scenario!40:!
100%!Round!2!

31,960&
(+5.5%)&
Low+&

32.30&
(+17.0%)&
Med=&

2.84&
(+21.4%)&
High=&

1.38&
(+53.3%)&
V.&High=&

9.80&
(+10.7%)&
Med=&

449&
(+15.1%)&
Med=&

7&
(+7%)&
Low=&

26&
(+26%)&
High=&

MED!
(3.00)!

Scenario!41:!
100%!Round!3!

26,463&
(=12.6%)&
Med=&

34.70&
(+25.7%)&
High=&

2.74&
(+17.1%)&
Med=&

1.25&
(+38.9%)&
V.&High=&

10.45&
(+18.1%)&
Med=&

428&
(+9.7%)&
Low=&

4&
(+4%)&
Low=&

12&
(+12%)&
Med=&

HIGH!
(3.08)!

Scenario!42:!
100%!Round!4!

25,084&
(=17.2%)&
Med=&

41.30&
(+49.6%)&
V.&High=&

2.72&
(+16.2%)&
Med=&

1.30&
(+44.4%)&
V.&High=&

11.50&
(+29.9%)&
High=&

404&
(+3.6%)&
Low=&

1&
(+1%)&
No&

1&
(+1%)&
No&

MED!
(3.00)!

IMPACT!
ON!

METRIC! HIGH!
(3.25)!

HIGH!
(3.75)!

HIGH!
(3.75)!

V.!HIGH!
(5.00)!

MED!
(3.00)!

MED!
(3.00)!

LOW!
(1.50)!

MED!
(3.00)!

HIGH!
(3.23)!

HIGH!
(4.17)!

MED!
(2.50)!
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6. Medium unfavourable increase in Percent Time in High Threat (i.e. Safety). 

It would seem, when pilgrims are moving with the same intention to reach the farthest 

inward position in the same round, the crowd becomes much more congested and pro-

duces an unfavourable impact on Tawaf performance.  Therefore, a pilgrim population 

with normal distribution is better for Tawaf performance. 

 Third, a pilgrim population with uniform fast rate of spiralling inward has lower un-

favourable impact on Percent Time Distracted (i.e., Satisfaction) and Percent Time Ex-

posed (i.e., Health) than a slow rate of spiralling inward whereas a fast rate will have an 

extreme unfavourable impact on Number of Neighbours, Number Gender Neighbours, 

and safety.  It would seem fast rate of inward spiralling increases congestion but allows 

the pilgrims to make fewer trajectory changes and be less exposed to infecting pilgrims.  

Therefore, a fast rate of spiralling significantly reduces the chance of being infected and 

being distracted. 

 Fourth, a 50% empty courtyard has the ability to contain the spread of high threat for 

highly congested crowd dynamics.  Scenario 39 in Table 12 shows despite the extreme 

congestion, the Percent Grids in High Threat is less than 10%.  Therefore, maintaining a 

50% maximum pilgrim capacity for the Tawaf courtyard controls the spread of high 

threat situations. 

 Fifth, the highest crowd density at the cross-traffic matches the round in which the 

farthest spiral inward takes place.  Figure 94, Figure 95, Figure 96, and Figure 97 (Ap-

pendix F) show that the high crowd density occurs closest to the Kaaba for scenario 39 

(i.e., spiral farthest inward in round 1) and farthest from the Kaaba for scenario 42 (i.e., 
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spiral farthest inward in round 4).  Therefore, degree of spiralling inward matches the 

round in which the farthest inward spiralling takes place. 

4.4 Validation 

Although no model can claim it is 100% error free nor 100% fully matches the real sys-

tem, this section attempts to provide a high degree of confidence that the TawafSIM 

model is programmed correctly and matches the real Tawaf crowd behaviour.  Program-

ming confidence is provided using code walkthrough, debugging walkthrough, unit test-

ing, model logging, and rapid prototyping while matching real Tawaf crowd behaviour 

confidence is provided using practical validation, case approach validation, model cali-

bration validation, and parameter sweeping validation. 

4.4.1 Confidence in Programming 

TawafSIM is written in Java and consists of eight classes with a total of approximately 

4,500 lines of code.  The steps to provide programming confidence include performing 

tests, identifying errors, correcting the code, and then starting again with testing.  In par-

ticular, several techniques were used to identify errors in the code.  First, the program 

was systematically walked through to attempt to ensure the code was written correctly 

and matched the design specifications for each algorithm.  Second, a structured debug-

ging walkthrough was conducted for test cases using the debugging feature of the Java in-

tegrated development environment, which traced program execution.  Third, as the code 

was written, each method was tested individually; then groups of related methods were 

also tested.  Fourth, model logging saved the key data for each agent for every time step 
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of the simulation along with aggregate crowd and environment data for test cases, which 

was analysed using a spreadsheet to check agent behaviours and interaction between 

agents.  Finally, three previous prototypes were developed each with incrementally more 

capabilities to finally develop TawafSIM in its final state. 

4.4.2 Confidence in Matching Real Tawaf Crowd Behaviour 

According to [29], ABMS often model complex social systems that cannot be sub-

jected to controlled experiments to produce data to validate an ABMS.  In such situations, 

the validation is subjective and attempts to show that the model produces sound insights 

and sound data based on a wide range of tests.  This situation is also representative of 

modeling the Tawaf using the Tawaf ABMS.   

4.4.2.1. Practical Validation 

Practical validation involves validating the model’s input, output, processes, and agent 

behaviours/interaction.  First, TawafSIM uses specification data that is either officially 

available or is used by other modellers, which includes courtyard and pilgrim dimensions, 

number of pilgrims to perform Tawaf in a fixed duration, and pilgrim speed.  Second, the 

assumptions made are either plausible or also made by others, which includes temporary 

circular barrier solution around the Kaaba to provide uniform crowd flow, limit maxi-

mum pilgrim capacity, and do not model Abraham Station, mob at Black Stone and non-

courtyard Tawaf area.  Third, the TawafSIM steps and internal flows correspond to the 

actual Tawaf ritual, which includes new pilgrims join crowd, existing pilgrims take their 

next step, and leave after seven rounds are complete.  Fourth, the agent behaviours and 
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agent interactions correspond to the real pilgrims, which includes spiral inward, maintain 

circle, and spiral outward based on pilgrim attributes/desires and local physical environ-

ment.  Therefore, TawafSIM passes the practical validation tests. 

4.4.2.2. Case Approach Validation 

Case approach validation compares the 42 scenario simulations from TawafSIM with 

empirical Tawaf data, with other models, and with what is expected by subject matter ex-

perts.  First, there is no current, comprehensive, reliable Tawaf performance data, which 

is available to the academic community.  In [21] seven zones based on four GPS units 

were identified with different average velocities.  However, this data is no longer valid as 

it was recorded when the Tawaf start line was painted on the floor.  Since the study was 

made, the Tawaf line was removed because it caused significant delays at the Tawaf line 

as pilgrims tried to find the line in the middle of a dense crowd.  As well, the study was 

based on only 4 GPS units, and the conditions surrounding the collection of the data are 

not provided.  Thus, it is difficult to use a single metric for the seven regions to calibrate 

TawafSIM.  This opinion is also supported in [37].  Additionally, the data in [21] is not 

applicable since TawafSIM models the proposed new Tawaf solutions to prevent the mob 

at the Black Stone and place a temporary circular barrier around the Kaaba.  Therefore, 

there are limited opportunities to compare TawafSIM simulations to empirical data. 

Second, there are no applicable models to compare to the 42 TawafSIM scenario ob-

servations.  It is unreliable to validate TawafSIM with another un-validated Tawaf model.  

For instance, in [21], a round in the courtyard is 7.25 minutes, which is comparable to the 

simulation results in TawafSIM.  Although the two models have similar results, the refer-
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ence model is also not validated.  Furthermore, comparing TawafSIM to non-Tawaf 

crowd simulations is not applicable.  Using general pedestrian data from standard sources 

like Fruin [13] is not applicable since Fruin’s data is for pedestrians walking on the side-

walk and assumes extremely low crowd densities.  The applicability was also found not 

suitable for sporting events [39], and this was also the opinion in [37].  Therefore, Fruin’s 

data is not applicable to validate the Tawaf pedestrian flow.  Consequently, there are lim-

ited opportunities to compare TawafSIM simulations to existing models. 

Third, there is an opportunity to compare TawafSIM scenario simulations with what 

is expected by subject matter experts.  In particular, the Tawaf video during the 2011 Hajj 

season serves as the subject matter expert.  The video shows that on the first day of Hajj 

when all the pilgrims are suppose to be in Mina, a temporary 10-foot rectangular barrier 

is placed around the Kaaba so workers can change its outer cloth.  During this brief peri-

od, the Kaaba courtyard has about 20% of the courtyard full with people performing Ta-

waf around the temporary barrier around the Kaaba.  Therefore, this situation is similar to 

what is modeled in TawafSIM, where the maximum pilgrim capacity is maintained and a 

temporary circular barrier is placed around the Kaaba to provide uniform circular motion.  

Although there is a significant difference in crowd dynamics using a rectangular versus 

circular barrier, there are useful observations from the video that can be used to compare 

the observations from TawafSIM.  The video shows: 

1. People performing Tawaf with approximately 50% empty space in the Tawaf 

crowd with additional pockets of empty space as well whereas the remaining 

courtyard is sparsely used for sitting and praying.   
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2. Crowd boundary starts closest to the Kaaba and grows outward by about 5 

feet when approximately one third of the previous 5-foot region is full.   

3. Most people move continuously at a fast pace of at least 2 feet per second.   

4. People moving around the Abraham Station cause minimum flow disruption 

since ample space exists between people as they perform Tawaf. 

5. Pilgrim flow is obstructed on the side opposite the Hateem due to the rectan-

gular barrier shape and people watching the workers, which prevents natural 

crowd flow. 

The video observations are similar to the TawafSIM simulation observations.  Other than 

the three maximum pilgrim capacity scenarios, all the scenarios maintain the maximum 

pilgrim capacity to approximately 50% of the total Tawaf simulation area.  As well, the 

TawafSIM crowd boundary algorithm grows the crowd boundary by 5 feet every time the 

previous crowd region is one third full.  Additionally, other than the three speed scenari-

os, all the other scenarios set 75% of pilgrims to have speed of 2 or more feet per second.  

Furthermore, TawafSIM does not model the Abraham station since pilgrims can easily 

manoeuvre around it when there is 50% maximum pilgrim capacity.  Finally, TawafSIM 

uses a circular barrier rather than a rectangular barrier, which provides an unobstructed 

pilgrim movement.  Thus, the Tawaf video observations are similar to the TawafSIM 

simulation observations and provide some validation.  

Consequently, comparing the 42 TawafSIM scenario simulations with empirical Ta-

waf data, with other models, and with what is expected by subject matter experts help 

validate TawafSIM. 
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4.4.2.3. Model Calibration Validation 

TawafSIM calibrates the macro- and micro-movement algorithms to known Tawaf crowd 

dynamics.  In particular, it is well known that pilgrims spiral inward farthest in the first 

few rounds then maintain that distance for a few rounds then spiral outward to the crowd 

boundary in a few rounds.  As such, TawafSIM calibrates the movement algorithms so 

that the most aggressive pilgrims spiral inward within 1 round while the least aggressive 

pilgrims spiral inward within 3 rounds.  Additionally, it is well known that the Tawaf 

crowd starts closest to the Kaaba and then grows outward as the number or pilgrims in-

creases.  Therefore, TawafSIM calibrates the scenarios to ensure that the Tawaf crowd 

grows naturally outward for all the different pilgrim attribute scenarios.  Consequently, 

model calibration is used to validate that TawafSIM displays the well-known Tawaf 

crowd dynamics no matter what pilgrim attribute scenarios are simulated. 

4.4.2.4. Parameter Sweeping Validation 

Fifth, parameter sweeping generates the range of results and behaviours the model is ca-

pable of producing.  In particular, the 42 TawafSIM scenario simulation observations 

show that TawafSIM produces sound implications and sound data.  Therefore, parameter 

sweeping helps validate TawafSIM. 

Consequently, the overall subjective practical validation, case approach validation, 

model calibration validation, and parameter sweeping validation tests show a high level 

of confidence that TawafSIM matches real Tawaf crowd behaviour. 
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4.5 Results 

This section summarizes how crowd characteristics (i.e., gender, manners, speed, 

strength, desire to touch Kaaba, and spiralling inward), facility layout (i.e., circular entry 

access), and management preferences (i.e., pilgrim infecting level, pilgrim immunization 

level, rate of pilgrim entry, and maximum pilgrim capacity) impact emergent crowd be-

haviour and Tawaf performance during the Tawaf ritual.  Figure 18, Figure 19, and Table 

13 summarize the simulation observations to help identify the significant Tawaf crowd 

management implications from the 42 scenarios.  Only scenarios 21, 41, and 42 (100% 

low speed along with 100% pilgrims spiral farthest inward on round 3 and 4) are exclud-

ed, as they do not meet the minimum required throughput of 27,778 pilgrims per hour to 

accommodate one third of the 4.0 million pilgrims performing Tawaf in the courtyard 

within the 48-hour period.  This section discusses the TawafSIM results with respect to 

emergent crowd behaviour results and Tawaf performance results, which help develop 

guidelines for Tawaf crowd management. 

4.5.1 Emergent Crowd Behaviour Results 

The observations and analysis of the 42 scenarios help identify several noteworthy emer-

gent crowd behaviours to better manage the Tawaf crowd. 

1. The highest crowd density emerges at the cross traffic region, which is slightly in-

side the outer edge of the crowd boundary, not at the Tawaf start line or closest to 

the temporary Kaaba circular barrier. 
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Figure 18: List of critical scenarios impacting each Tawaf performance metric 

 
Throughput (i.e., Pilgrims/hour) 

1. Pilgrim speed         (V. HIGH impact: 20,994 to 49,234) 
2. Maximum pilgrim capacity     (V. HIGH impact: 30,283 to 44,417) 
3. Rate of pilgrim spiral inward     (HIGH impact: 25,084 to 41,077) 

Percent Time Distracted (i.e., Satisfaction) 
4. Rate of pilgrim spiralling inward    (HIGH impact: 27.60% to 41.30%) 
5. Pilgrim speed         (HIGH impact: 18.10% to 29.00%) 
6. Maximum pilgrim capacity     (MED impact: 27.60% to 31.30%) 
7. Constant rate of pilgrim entry    (MED impact: 22.20% to 29.00%) 

Number of Neighbours (i.e., Satisfaction) 
8. Rate of pilgrim spiralling inward    (HIGH impact: 2.34 to 3.10) 
9. Maximum pilgrim capacity     (MED impact: 2.34 to 2.81) 

Number of Gender Neighbours (i.e., Satisfaction) 
10. Gender          (V. HIGH impact: 0.00 to 0.90) 
11. Rate of pilgrim spiralling inward    (V. HIGH impact: 0.90 to 1.46) 
12. Maximum pilgrim capacity     (MED impact: 0.90 to 1.05) 

Percent Time Exposed (i.e., Health) 
13. Pilgrim-infecting level      (V. HIGH impact: 4.95% to 13.00%) 
14. Rate of spiralling inward      (MED impact: 8.85% to 11.50%) 
15. Pilgrim speed         (MED impact: 7.65% to 11.85%) 

Pilgrims per 900 ft2 (i.e., Safety) 
16. Pilgrim speed         (HIGH impact: 390 to 489) 
17. Rate of spiralling inward      (MED impact: 390 to 518) 
18. Maximum pilgrim capacity     (MED impact: 390 to 466) 

Percent Grids High Threats (i.e., Safety) 
19. Maximum pilgrim speed      (MED impact: 0% to 16%) 

Percent Time High Threat (i.e., Safety) 
20. Pilgrim speed         (HIGH impact: 0% to 56%)  
21. Maximum pilgrim capacity     (HIGH impact: 0% to 55%) 
22. Rate of spiralling inward      (MED impact: 0% to 88%)  
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Figure 19: Summary of observations from each scenario 

Gender: Satisfaction (LOW) 
1. Male and female movement behaviour is same in single gender population. 
2. Females are slightly more conservative in a mixed gender population. 
3. Male dominant population is less distracted with fewer gender neighbours. 

Rate of Pilgrim Entry: Throughput (LOW), Satisfaction (LOW), Health (LOW) 
4. At 10 pilgrims/second rate there is a low unfavourable impact on throughput. 
5. As constant rate of pilgrim entry increases (10 to 25 pilgrims/second) there is: 

a. Medium unfavourable increase in Percent Time Distracted 
b. Low unfavourable increase in Number of Neighbours  
c. Low unfavourable increase in Percent Time Exposed  

6. At 25 pilgrims/second rate, micro-level congestion at the cross traffic increase 
but pilgrims autonomously disperse decreasing the macro-level congestion. 

7. Increase in constant rate of pilgrim entry does not impact number of opposite 
gender neighbours at 50% empty courtyard. 

8. When there is bursty pilgrim rate of entry there is: 
a. Medium favourable decrease in Percent Time Distracted 
b. Low favourable decrease in Percent Time Exposed 

9. A long burst duration of 15 minutes results in less denser crowd closer to the 
Kaaba and a denser crowd at the cross traffic crowd boundary. 

Circular Entry Access: Throughput (LOW), Satisfaction (LOW) 
10. As the entry access increases from 25% to 100% there is: 

a. Low favourable increase in Throughput. 
b. Low favourable decrease in Percent Time Distracted. 

11. Restricting the courtyard entry to 25% is the tipping point to unfavourably im-
pact Number Neighbours, health, and Pilgrims per 900 ft2. 

Maximum Capacity: Throughput (V. HIGH), Satisfaction (MED), Health (LOW), Safety (MED) 
12. As maximum pilgrim capacity increases from 25,000 to 40,000 there is: 

a. Very high favourable increase in Throughput 
b. Medium unfavourable increase in Percent Time Distracted 
c. Medium unfavourable increase in Number Neighbours 
d. Medium unfavourable increase in Number Gender Neighbours 
e. Low unfavourable increase in Percent Time Exposed 
f. Medium unfavourable increase in Pilgrims per 900 ft2 
g. Medium unfavourable increase in Percent Grids in High Threat 
h. High unfavourable increase in Percent Time in High Threat 

13. Limiting maximum pilgrim capacity to 82% of total Tawaf area and providing 
an unobstructed circular path limits high threat situations to 11%. 

14. Extreme crowd capacity by itself does not significantly increase exposure to 
infecting individuals. 

15. Safety tipping point when maximum capacity reaches 71% of total Tawaf area. 
16. Emergent orthogonal crowd movement occurs when maximum pilgrim capaci-

ty reaches 72% of the maximum Tawaf area. 
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Figure 19: Summary of observations from each scenario  

Pilgrim Manner: No significant impact  
17. Low manner pilgrim population does not produce negative impact on Tawaf 

performance when the Tawaf courtyard is at 50% total capacity. 
18. Higher manner individuals do not get higher level of satisfaction from being 

more considerate in their micro-movement decisions. 

Pilgrim Speed Scenarios: Throughput (V. High), Satisfaction (MED), Health (MED), Safety (MED) 
19. As pilgrim speed increases from 100% low to medium to high there is: 

a. Extreme favourable increase in Throughput 
b. High favourable decrease in Percent Time Distracted  
c. Low favourable decrease in Number of Neighbours  
d. Low favourable decrease in Number of Gender Neighbours 
e. Medium favourable decrease in Percent Time Exposed 

20. A homogeneous speed distribution has an unfavourable impact on safety. 
21. Pilgrims have an average speed lower than their maximum free flow speed. 
22. Low speed has a dramatic unfavourable impact on safety. 

Pilgrim Strength: No significant impact 
23. A pilgrim population at any homogeneous strength level has a low favourable 

impact on Number of Gender Neighbours (i.e. Satisfaction). 

Pilgrim Desire to Touch Kaaba: Satisfaction (LOW) 
24. For a pilgrim population with homogenous desire to touch Kaaba, there is: 

a. Low unfavourable increase in Percent Time Distracted 
b. Low unfavourable increase in Number Neighbours 
c. Low favourable decrease in Number Gender Neighbours  
d. Low unfavourable increase in Pilgrims per 900 ft2  

Pilgrim Infecting Level: Health (V. HIGH) 
25. Pilgrim infecting level has very high impact on health. 

Pilgrim Immunization Level: No significant impact 
26. For a given percentage of infecting pilgrims performing Tawaf, increasing 

immunization level of susceptible pilgrims does not decrease their exposure to 
infecting pilgrims. 

Pilgrim Degree Spiral-In: Throughput (HIGH), Satisfaction (HIGH), Health (MED), Safety (MED) 
27. Spiralling inward sooner has favourable impact on Tawaf time and throughput.  
28. A pilgrim population with homogenous pilgrim degree spiral-inward there is: 

a. High unfavourable increase in Percent Time Distracted 
b. High unfavourable increase in Number Neighbours 
c. Very high unfavourable increase in Number Gender Neighbours 
d. Medium unfavourable increase in Pilgrims per 900 ft2  
e. Low unfavourable increase in Percent Grids in High Threat 
f. Medium unfavourable increase in Percent Time in High Threat 

29. Fast spiralling rate significantly reduces being infected and distracted. 
30. Spread of high threat is avoided for congested crowd at 50% capacity. 
31. Degree of spiralling inward influences location of cross traffic congestion. 
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2. In a single gender population, male and female pilgrims have the same emergent 

crowd dynamics whereas in a mixed gender population, female pilgrims are 

slightly more conservative then male pilgrims. 

3. At 25 pilgrims per second rate of entry, the average micro-level congestion in-

creases at the cross traffic region, but the pilgrims display emergent crowd behav-

iour to autonomously disperse faster, which decreases the maximum macro-level 

congestion. 

4. For a bursty rate of pilgrim entry, non-uniform crowd dynamics emerge, which 

decrease distraction level and exposure to infecting pilgrims. 

5. When the circular entry access is restricted from 100% to 50%, the pilgrims au-

tonomously disperse to maintain almost the same Tawaf performance conditions. 

6. When maximum pilgrim capacity reaches 72% of total Tawaf area, the safety-

tipping point occurs for the percent of time courtyard grids are in high threat, 

which leads to emergent orthogonal crowd movement. 

7. For a given percentage of infecting pilgrims performing Tawaf, increasing the 

immunization level of susceptible pilgrims does not decrease exposure to infect-

ing pilgrims. 

8. Extreme crowd conditions by themselves do not significantly increase exposure to 

infecting individuals. 

9. Higher manner individuals slightly lower the overall level of satisfaction.  

10. Pilgrims have an average speed lower than their maximum free flow speed. 
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4.5.2 Tawaf Performance Results 

This sections summarizes the Tawaf performance results by discussing the results for the 

default scenario along with identifying which scenarios had the most impact on overall 

Tawaf performance and individual Tawaf metrics. 

4.5.2.1. Default Scenario  

The default scenario, which represents the most likely scenario for the ten simulation pa-

rameters, completes the 7 rounds of Tawaf in 50 minutes and generates above average 

Tawaf performance conditions: 

• 30,283 pilgrims / hour (i.e., Throughput) 

• 27.60% of the time distracted (i.e., Satisfaction) 

• 2.34 neighbours / Moore neighbourhood (i.e., Satisfaction) 

• 0.90 gender neighbours / Moore neighbourhood (i.e., Satisfaction) 

• 8.85% of the time exposed to infecting pilgrims (i.e., Health) 

• 390 maximum pilgrims per 900 ft2 (i.e., Safety) 

• 0% of grids in high threat (i.e., Safety) 

• 0% time in high threat (i.e., Safety) 

Only 3 of the above 8 metrics for the default scenario are significantly less favourable 

than other scenarios.  First, default throughput of 30,283 pilgrims per hour is 39% 

lower then the highest value of 49,234 for scenario 23 (i.e., 100% high speed scenar-

io).  Second, default percent time distracted of 27.60% is 52% higher than the lowest 

value of 18.10% for scenario 23 (i.e., 100% high speed scenario).  Third, default per-

cent time exposed of 8.85% is 19% higher than lowest value of 7.45% for scenario 6 
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(i.e., 10 pilgrims per second).  Therefore, the default scenario parameters provide 

above average Tawaf performance when compared to the other scenarios. 

4.5.2.2. Scenarios Impacting Overall Tawaf Performance 

Table 13 shows only three scenario categories have a significant impact (i.e. MED or 

higher impact) on overall Tawaf performance: rate of spiralling inward (HIGH), pilgrim 

speed (HIGH), and maximum pilgrim capacity (MED).  First, if all the pilgrims spiral 

farthest inward in round 1, then there is a significant improvement in throughput but with 

almost the same significant decrease in satisfaction, health, and safety whereas the other 

homogeneous spiralling inward scenarios produce only unfavourable impact on all the 

Tawaf metrics.  Second, for a high speed pilgrim population, there is significant favoura-

ble improvement for all metrics except for safety while for low speed there is only signif-

icant unfavourable impact.  Third, as maximum pilgrim capacity increases, the through-

put increases, but the other metrics are unfavourably impacted.  Therefore, although three 

scenario categories have a significant impact on overall Tawaf performance, only the 

high speed scenario has a significant favourable impact on overall Tawaf performance. 

4.5.2.3. Scenarios Impacting Individual Tawaf Metrics 

Each Tawaf metric is significantly impacted by only a few of the scenario categories. Ta-

ble 13 and Figure 18 show rate of spiralling inward has significant impact on 7 of the 8 

metrics while pilgrim speed and maximum pilgrim capacity each have a significant im-

pact on 6 metrics.  Additionally, constant rate of pilgrim entry, gender, and pilgrim in-

fecting level each have a significant impact on only one metric.  Finally, the level of 
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Table 13: Summary of scenario impacts on Tawaf crowd performance. 

 

SCENARIO) THROUGHPUT) SATISFACTION) HEALTH) SAFETY) IMPACT)
! [Pilgrims/hr]) [%)Time)

Distracted])
[#)Neighbours]) [#)Gender)

Neighbours])
[%)Time)
Exposed])

[Pilgrims)
/900)ft2])

[%)Grids)
High)Threat])

[%)Time)
High)Threat])

ON)
TAWAF)

Spiral!In! HIGH$
HIGH$ HIGH$ V.$HIGH$

MED$
MED$ LOW$ MED$

HIGH!
HIGH$ MED$

Speed! V.$HIGH$
HIGH$ LOW$ LOW$

MED$
HIGH$ LOW$ HIGH$

HIGH!
MED$ MED$

Max!Pilgrims! V.$HIGH$
MED$ MED$ MED$

LOW$
MED$ MED$ HIGH$

MED!
MED$ MED$

Infecting! NO$
NO$ NO$ NO$

V.$HIGH$
NO$ NO$ NO$

LOW!
NO$ NO$

Rate!of!Entry! LOW$
MED$ LOW$ NO$

LOW$
NO$ NO$ NO$

LOW!
LOW$ NO$

Circular!Entry! LOW$
LOW$ NO$ NO$

NO$
NO$ NO$ NO$

NO!
LOW$ NO$

Gender! NO$
NO$ NO$ V.$HIGH$

NO$
NO$ NO$ NO$

NO!
LOW$ NO$

Manners! NO$
NO$ NO$ LOW$

NO$
NO$ NO$ NO$

NO!
NO$ NO$

Desire!Touch! NO$
LOW$ LOW$ LOW$

NO$
LOW$ NO$ NO$

NO!
LOW$ NO$

Strength! NO$
NO$ NO$ LOW$

NO$
NO$ NO$ NO$

NO!
NO$ NO$

Immunization! NO$
NO$ NO$ NO$

NO$
NO$ NO$ NO$

NO!
NO$ NO$
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immunization for a given level of infecting pilgrims, strength, and manners has no signif-

icant impact on any of the metrics.  Therefore, spiralling inward, pilgrim speed, and max-

imum pilgrim capacity each have a significant impact on at least 6 of the 8 Tawaf per-

formance metrics. 

4.5.3 Guidelines for Tawaf Crowd Management 

The observations and analysis of the 42 scenarios help develop a set of guidelines to 

make Tawaf crowd management decisions leading to above average Tawaf performance. 

1. Gender distribution for the pilgrim population does not have to be managed at any 

particular level.  However, a dominant gender pilgrim population significantly de-

creases the number of opposite gender neighbours while a single gender popula-

tion eliminates opposite gender neighbours. 

2. Pilgrim rate of entry can fluctuate between 15 to 25 pilgrims per second.  Howev-

er, 15 pilgrims per second rate is optimum, and a rate of 10 pilgrims per second if 

necessary should be maintained for less than 15 minutes. 

3. Courtyard circular entry access is optimum from 75% to 100% whereas 50% ac-

cess will have low unfavourable impact on only throughput while 25% access will 

have low unfavourable impact on overall Tawaf performance. 

4. Maximum pilgrim capacity is optimum (i.e., meets minimum throughput require-

ment with best conditions for satisfaction, health, and safety) at 25,000 pilgrims, 

which is 50% of total Tawaf area whereas 30,000 pilgrim capacity increases 

throughput moderately with unfavourable low impact on other metrics while pil-
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grim capacity of 35,000 to 40,000 has very high increase on throughput with me-

dium unfavourable impact on other metrics. 

5. Limit maximum pilgrim capacity to 82% of total Tawaf area with unobstructed 

circular path to limit maximum grids in high threat to 11%. 

6. Pilgrim manners, strength, and desire to touch the Kaaba do not have to be man-

aged at any particular level since each has at most a low unfavourable impact lim-

ited only to satisfaction. 

7. Maintain high pilgrim speed, which has a significant favourable impact on 

throughput, satisfaction, and health with a moderate unfavourable impact on safe-

ty whereas low pilgrim speed has a very high unfavourable impact on overall Ta-

waf performance. 

8. Minimize percentage of infecting pilgrims through immunization and other infec-

tious disease preventative measures to decrease the chance susceptible pilgrims 

get infected.  However, for a given percentage of infecting pilgrims performing 

Tawaf, increasing the immunization level of susceptible pilgrims does not de-

crease their exposure to infecting pilgrims. 

9. Decrease exposure to infecting pilgrims by increasing pilgrim speed, decreasing 

pilgrim rate of entry, and avoiding excess exposure by preventing homogenous 

low pilgrim speed and slow spiralling inward. 

10. Avoid homogenous pilgrim population, which generally decreases Tawaf perfor-

mance. 



 

 117 

CHAPTER 5 

TawafQT:  Tawaf Waiting QT Model 

This chapter describes in detail the Tawaf waiting area Queueing Theory (QT) model 

called TawafQT, which includes discussions on its objective, implementation, validation, 

numerical examples, and results. 

5.1 Objective 

The objective of TawafQT is to model the Tawaf waiting area to explore the impact of 

Tawaf pilgrim arrival process, Tawaf throughput, and management decisions on expected 

pilgrim arrival, departure, and waiting times along with the queue length during the Ta-

waf waiting period. 

As discussed in the overview to the TawafDSS, potential changes to the Tawaf crowd 

management decisions with respect to shaping behaviour, changes to facility layout, or 

changes to management policies, would not only impact the Tawaf crowd dynamics but 

also the waiting time in the Tawaf areas.  In particular, the new proposed Tawaf crowd 

management policy to limit the maximum number of pilgrims in the Tawaf courtyard 

makes it likely that pilgrims will have to wait in the Tawaf waiting area before it is their 



 

 118 

turn to perform the Tawaf ritual.  In the past, this was not an issue because pilgrims 

would not be prevented from entering an already dense Tawaf courtyard; thus no signifi-

cant queue of pilgrims resulted in the Tawaf waiting area.  However, with the new pro-

posed management policy, the objective of TawafQT is to accurately model the Tawaf 

waiting area to determine how long the pilgrims will have to wait before starting the Ta-

waf and how the queue length distribution will change under different pilgrim arrival and 

Tawaf throughout scenarios.  Therefore, it is important to model the pilgrim waiting time 

in the Tawaf area as it impacts the overall Tawaf experience for the pilgrims. 

5.2 Implementation 

This section begins with an overview of the different types of QT models.  Next the Minh 

model is described, followed by the description of TawafQT, which are the single- and 

two-server PH type service extensions to the Minh model. 

5.2.1 QT Model Types 

According to [26], QT has been extensively applied to the performance analysis of a wide 

range of systems.  In some queueing systems, the model assumes the system has infinite 

population and operates indefinitely.  For instance, many communication and traffic sys-

tems can be modeled with these assumptions because the flow of traffic is ongoing and 

normally exhibits steady state behaviour.  In other queueing systems, the model assumes 

the system has finite population but operates indefinitely.  For instance, the repair of ma-

chines in a factory can be modeled with these assumptions because there is a finite num-

ber of machines, which are served by repair crews when the machines breakdown period-
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ically.  Still in other queueing systems, the model assumes the system has finite popula-

tion, which requires service only once.  For instance, a typical grocery store can be mod-

eled with these assumptions because roughly the same number of customers visit the 

store every day and require service only once.  Furthermore, queueing systems that as-

sume infinite population with indefinite operation have been studied extensively [16].  To 

a lesser extent, queueing systems from finite population and indefinite operation have al-

so been studied [16] whereas queueing systems from finite population with single service 

have not been studied extensively.  

Since the Tawaf waiting area has a finite population that requires service only once, 

Minh’s discrete time, single-server queue from finite population requiring single service 

is used to model the Tawaf waiting area.  First the Minh model is summarized, followed 

by the description of the TawafQT model represented as a single- and two-server PH type 

service extensions of the Minh model.   

5.2.2 Minh Model 

The Minh model [26] is applicable for queueing systems with a finite number of custom-

ers who each requires service only once.  The system is observed at equally spaced 

epochs, n ∈ {0,1, 2,…}  where it is assumed arrivals, transfers from queue to service, and 

departures occur immediately prior to the epochs.  The I  identical and independent cus-

tomers have the same time-dependent probability λn  of arriving at the system immediate-

ly prior to epoch n+1  given that the customer has not arrived by epoch n .  Since a cus-

tomer only requires service once, the conditional probability that v  customers will arrive 



 

 120 

immediately before epoch n+1  given that k  customers have arrived at the system by 

epoch n  is 

gv,k
n = I − k

v

"

#
$

%

&
' 1−λn( )I−k−v (λn )

v  (1) 

Additionally, the service time of the customers is the independent, identically distributed 

random variable S  with Pr{S = j} = sj, j ≥1 .  Furthermore, the queueing system is repre-

sented by the multivariate Markov chain {Ln,Rn,Cn; n ≥ 0} , where, Ln  is the number of 

customers in the queue and being served at epoch n , Rn  is the residual service time of 

the customer being served at epoch n , and Cn  is the number of customers who have ar-

rived at the system by epoch n .  Thus, the n-step transition probabilities of the chain are 

Pi, j,k
n = Pr{Ln = i,Rn = j,Cn = k |L0 = 0,R0 = 0,C0 = 0}, j ≥ 0, 0 ≤ i ≤ k ≤ I  (2) 

and the Chapman-Kolmogorov difference equations when P0,0,0
0 =1  and n ≥ 0 are 

P0,0,0
n+1 = P0,0,0

n g0,0
n  (3) 

P0,0,k
n+1 = P0,0,k

n g0,k
n + P1,1,k

n g0,k
n , (1≤ k ≤ I )  (4) 

Pi, j,k
n+1 = Pi−v, j+1,k−v

n gv,k−v
n

v=0

i−1

∑ + Pi−v+1,1,k−v
n gv,k−v

n s j
v=0

i

∑ +P0,0,k−i
n gi,k−i

n s j, (1≤ i ≤ k −1, 2 ≤ k ≤ I, j ≥1)  (5) 

Pk, j,k
n+1 = Pk−v, j+1,k−v

n gv,k−v
n

v=0

k−1

∑ +P0,0,0
n gk,0

n sj, (1≤ k ≤ I, j ≥1)  (6) 

The probabilistic arguments for equations (3) to (6) are as follows.  First, for equation 

(3), in order for the chain to be in state {0,0, 0}  at epoch n+1 , at epoch n , no customers 

are in the system, and there were no arrivals.   Second, for equation (4), in order for the 

chain to be in state {0,0,k; 1≤ k ≤ I}  at epoch n+1 , at epoch n , either the queue was 
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empty and there were no arrivals; or the system had one customer in the queue with one 

unit of service left and there were no arrivals.  Third, for equation (5), in order for the 

chain to be in state {i, j,k; (1≤ i ≤ k −1, 2 ≤ k ≤ I, j ≥1}  at epoch n+1 , at epoch n , one of 

the following three mutually exclusive alternatives must take place.  One, the customer in 

service does not finish.  As a result state {i, j,k}  can be reached if there are already i  

customers in the queue at epoch n  and no arrivals occur; or i−1  customers are in the 

queue at epoch n  and one arrival occurs; or continuing similarly up to one: one custom-

ers is in the queue at epoch n  and i−1  arrivals occur.  Two, the customer in service fin-

ishes.  As a result state {i, j,k}  can be reached if there are already i+1  customers in the 

queue at epoch n , no arrivals occur, and service begins; or i  customers are in the queue 

at epoch n , one arrival occurs, and service begins; or continuing similarly up to one: one 

customers is in the queue at epoch n , i  arrivals occur, and service begins.  Three, the 

queue is empty, i  customers arrive, and service begins.  Finally, for equation (6), in order 

for the chain to be in state {k, j,k; (1≤ k ≤ I, j ≥1}  at epoch n+1 , at epoch n  either one 

of the following two mutually exclusive alternatives must take place.  One, the customer 

in service does not finish.  As a result state {k, j,k}  can be reached if there are already k  

customers in the queue at epoch n  and no arrivals occur; or k −1  customers are in the 

queue at epoch n  and one arrival occurs; or continuing similarly up to one: one customer 

is in the queue at epoch n  and k −1  arrivals occur.  Two, the queue is empty, k  custom-

ers arrive, and service begins. 

Although the complete information about the system can be obtained from equations 

(3) to (6) by calculating all the joint probabilities  from  and summing the ap-

propriate values for the marginal distributions for arrival time, departure time, and queue 

Pi, j,k
n+1 Pi, j,k

n
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length, the expected values are usually sufficient.  First, the expected arrival epoch of the 

kth customer is: ! !! = !!!!!!
!!!

!
!!! , where !!! = Pr!{!! = !} is the probability exact-

ly k customers have arrived up to and including time n.  Second, the expected departure 

time of the ith customer is: ! !! = ! !!!! + ! ! + !!,!,!!!!!
!!! , where ![!] is the ex-

pected service time.  Finally, the expected waiting time of the ith customer is 

! !! = (! − 1)!! ! + (!!,!,!! − !!!)!!!
!!!

!
!!! .   

5.2.3 TawafQT Single-Server PH Type Service Extension Model 

Minh’s model is enhanced by assuming when the service of a customer begins, it will last 

a period of time that has a PH type distribution [3, 28], which is a probability distribution 

represented by a random variable describing the time until absorption of an absorbing 

Markov chain with one absorbing state.  As such, ),( TPHRn α≈  of order J , where  is 

a vector and its entries are the probabilities the system starts from the non-absorbing 

states.  As well, T is a matrix of order J and its entries are the probabilities of transition-

ing among the non-absorbing states with To is a vector and its entries are the probability 

of transitioning from the non-absorbing states to the absorbing state.  Furthermore,  

1=eα , eTTe =+ 0 , and e  is a column vector of ones.  Thus, the n-step transition proba-

bilities of the chain are 

IkiJjCRLkCjRiLP nnn
n
kji ≤≤≤≤≤======= 0,1},0,0,0|,,Pr{ 000,,  (7) 

and the Chapman-Kolmogorov difference equations when 10
0,0,0 =P  and 0≥n are 

1=eα
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Thus, the complete information about the system can be obtained from equations (8) to 

(11) by calculating all the joint probabilities 1
,,
+n
kjiP  from n

kjiP ,, .  Note T , oT , and α corre-

spond to no service completion, service completion, and service begins respectively.  The 

probabilistic arguments for equations (8) to (11) are the same as in the Minh model. 

5.2.4 TawafQT Two-Server PH Type Service Extension Model 

The PH type service extension to Minh’s model in the previous subsection is extended to 

the case of two servers each with PH type service.  The queueing system is represented 

by the multivariate Markov chain }0;,2,1,{ ≥nCRRL nnnn , where, nL  is the number of 

customers in the queue and being served at epoch n , nR1  and nR2  are the PH type ser-

vice time of the customer being served in server one and two respectively at epoch n , and 

nC  is the number of customers that have arrived at the system by epoch n .   

Let ),(1 TPHR n α≈  of order 1J  and ),(2 SPHR n β≈  of order 2J , where 1=eα , 

eTTe =+ 0 , 1=eβ , eSSe =+ 0 , and e  is a column vector of ones.  Thus the n-step tran-

sition probabilities of the chain are 
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and the Chapman-Kolmogorov difference equations when 10
0,0,0,0 =P  and 0≥n are 
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(17) 

The complete information about the system can be obtained from equations (13) to 

(17) by calculating all the joint probabilities 1
,,, 21

+n
kjjiP  from n

kjjiP ,,, 21
.  Note )(ST , )( oo ST , 

)(βα , and φ  correspond to no service completion in server one (two), service comple-

tion in server one (two), service begins in server one (two), and probability service begins 

with server one when both servers are empty respectively.  The probabilistic arguments 

for equations (13) to (17) are as follows. 

For equation (13), in order for the system to have no customers in the system at epoch 

1+n , at epoch n  no customers are in the system and there were no arrivals. 

For equation (14), in order for the system to have no customers in the queue when k  

customers have arrived by epoch 1+n , at epoch n  the following four mutually exclusive 

events must take place.  First, the queue is empty and there are no arrivals.  Second, there 

is one customer in server one, who finishes service and there are no arrivals.  Third, there 

is one customer in server two, who finishes service and there are no arrivals.  Fourth, 

there is one customer in each of the servers, who both finish and there is no arrival. 

For equation (15a), in order for the system to have one customer in server one when 

k  customers have arrived by epoch 1+n , at epoch n  the following seven mutually ex-

clusive events must take place.  First, the queue is empty and one customer arrives who 

goes to server one.  Second, there is already one customer in server one who does not fin-

ish being served and there are no arrivals.  Third, there is already one customer in server 
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one who finishes service and one customer arrives who goes to server one.  Fourth, there 

is one customer in server two who finishes service and one customer arrives who goes to 

server one.  Fifth, there are two customers in the system with server two finishing service 

and no customers arrive.  Sixth, there are two customers in the system with both servers 

finishing service and one customer arrives who goes to server one.  Seventh, there are 

three customers in the system with both servers finishing, no arrivals, and the remaining 

customer in the queue goes to server one. 

For equation (15b), in order for the system to have one customer in server two when 

k  customers have arrived by epoch 1+n , at epoch n  the dual of the seven mutually ex-

clusive events described in (15a) must take place. 

For equation (16), in order for the queue to have i  customers waiting for service (in-

cluding the two customers being served) when k  customers have arrived by epoch 1+n , 

at epoch n  the system could have started with between zero to 2+i  customers in the sys-

tem.  Terms one, two, three, four, and five in (16) represent the situation where there are 

zero, one, two to i , 1+i , and 2+i  customers in the system respectively at epoch n .  The 

details of the terms in (16) are relatively straightforward by reviewing the discussion for 

(15a). 

For equation (17), in order for the queue to have k  customers waiting for service (in-

cluding the two customers being served) when k  customers have arrived by epoch 1+n , 

at epoch n  no customers could have departed the system, which is represented by the 

four terms in (17). 
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5.3 Validation 

This section describes the validation of the single-server PH type service extension mod-

els using the results from the Minh model.  Both models are implemented in Matlab with 

equivalent parameters to compare results for expected customer arrival, departure, and 

waiting times (i.e. ! !! , ! !! ,!and ! !! ).  The two-server PH type service extension 

model is not being validated with the Minh model since the two-server equations for 

! !! , ! !! ,!and ! !!  are difficult to develop when there are multiple parallel servers. 

Minh’s model is implemented with the geometric service distribution,  

!! = 1− ! !!!!, where },,3,2,1{ Jj …∈  and mean pGEO /1=µ .  TawafQT single-

server PH type service extension model is implemented as PH ),( Tα of order 2 with mean 

eTIPH
1)( −−=αµ  as given in  [3, 28].  

Figure 20, 21, and 22 show expected customer arrival, departure, and waiting times 

respectively for both single-server models when ! = 3 and ! = 10 with equivalent pa-

rameters !!"# = !!" = 1.7, and !! = ! = 0.3.  Furthermore, the parameters used for the 

PH type distribution is ! = 0.0597 0.3276
0.0297 0.3886  and ! = 0. 4 0.6 .   

Figure 20, 21, and 22 show both single-server models produce almost the same re-

sults for ! !! , ! !! ,!and ! !!  for both ! = 3 and ! = 10.  In particular, shows both 

single-server models have the exact same expected customer arrival times for both ! = 3 

and ! = 10 since ! !!  only depends on the common values of ! and ! in the calculation 

for !!,!! . Figure 21 and 22 show a negligible difference between Minh model and single- 
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Figure 20: Validation of single-server models using expected arrival times 
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Figure 21: Validation of single-server models using expected departure times 
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Figure 22: Validation of single-server models using expected waiting times 
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server PH extension model for ! = 10 because the geometric service distribution in the 

Minh model is truncated at ! = 14 elements since dimension of the ! matrix becomes too 

large for Matlab to compute, which results in slightly imprecise probability values that 

get compounded as I increases. 

Finally, since both models validate each other, the single-server PH Type service ex-

tension model is used exclusively for the numerical examples in section 5.4 since it is 

computationally faster and more precise than the truncated Minh model. 

5.4 Numerical Examples 

This section helps understand how the Tawaf waiting area behaves under different pil-

grim arrival and Tawaf throughput conditions in order to choose Hajj crowd management 

decisions to minimize pilgrim waiting time and queue length in the Tawaf waiting area 

while processing all the pilgrims during the 48-hour Tawaf duration in the Kaaba court-

yard. 

5.4.1 Constraints 

Recall that approximately 1.4 million pilgrims must perform Tawaf in the courtyard with-

in the required 48-hour period, which is approximately one third of the total 4 million an-

nual pilgrims.  To manage this large crowd, consider 4 equal periods of 12-hours, where 

each period must accommodate 350,000 pilgrims.  Furthermore, assume for logistic rea-

sons the pilgrims are batched into 10 large groups of 35,000 each in order to transport 

them from Mina to Mecca to perform the Tawaf. 
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 Additionally, the arrival of the 10 customer groups from Mina to Mecca depends on 

many factors, including pilgrim preference and transportation system capacity via train, 

bus, pedestrian walkway, and aerial ropeway transit in the near future [8].  Nevertheless, 

consider pilgrim group arrival probability  of arriving at the Tawaf waiting area in the 

range of 0.1 to 0.3, which as shown later allows all the pilgrim groups to arrive slowly 

within 12 hours to quickly within 5 hours respectively. 

 Furthermore, the Tawaf waiting area is modeled as a first-come-first-served queue.  

As such, the customer group at the start of the Tawaf waiting area queue is served (i.e., 

transitions from the start of the Tawaf waiting area to the Tawaf courtyard) at the same 

rate as the Tawaf throughput in the Kaaba courtyard as determined by TawafSIM.  There-

fore, the fastest (optimistic) Tawaf waiting area service time is 30 minutes (i.e., 49,234 

pilgrims per hour from TawafSIM scenario 23) while the most likely and slowest (pessi-

mistic) service times are 50 minutes (i.e., 30,283 pilgrims per hour from TawafSIM sce-

nario 1) and 70 minutes (i.e., 20,994 pilgrims per hour from TawafSIM scenario 21) re-

spectively.  These Tawaf waiting area service times correspond to a queueing model with 

25,000 (i.e., the maximum capacity in the Tawaf courtyard) servers and individual pil-

grim customers.  Since TawafQT uses a single server with group size of 35,000 pilgrims, 

the adjusted Tawaf waiting area service times are 42 minutes for optimistic scenario (i.e., 

30 / 25,000 * 35,000), 70 minutes for most likely scenario, and 98 minutes for pessimistic 

scenario. 

Finally, although three different unrelated ! matrices used for the PH type service 

distributions can be selected such that their mean is equal to one of the above adjusted 

Tawaf waiting area service times, it is better to select a single parent ! matrix which is 

λn
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then scaled by !, where 0 < ! < 1, to produce a family of related ! matrices from which 

children matrices are chosen with a mean equal to one of the above adjusted service 

times.  As such, the parent ! = 0.5905 0.2445
0.0450 0.7900  is selected which has a ! = 6.06 and 

produces a family of related !!(!) = !"!! !"!"
!!!" !"!!  matrices with 1.00 < !! < ! for 

0 < ! < 1.  Since the adjusted service times are in the range 42 minutes to 98 minutes, 

the time unit for the !! !  matrices is multiplied by 30 minutes.  Thus, the scaled adjust-

ed services times for the Tawaf waiting area are 1.40 time units for optimistic scenario 

(i.e., 42 minutes / 30), 2.34 time units for most likely scenario, and 3.26 time units for 

pessimistic scenario.  As such the following !! !  matrices have the required scaled ad-

justed service times for the Tawaf waiting area, which are used in the numerical exam-

ples below. 

!! 0.345 = 0.2037 0.0844
0.0155 0.2726 , !!.!"# = 1.4046 

!! 0.685 = 0.4045 0.1675
0.0308 0.5412 , !!.!"# = 2.3363 

!! 0.830 = 0.4901 0.2029
0.0374 0.6557 , !!.!"# = 3.2579 

5.4.2 Example 1: Optimistic Tawaf Throughput  

Numerical example 1a to 1d assumes the Tawaf courtyard has the highest throughput rate 

during a 12-hour period (which results in the shortest scale adjusted Tawaf waiting area 

service time of 1.4 time units) and varies the pilgrim group arrival rate from 0.1 to 0.3 to 

see the impact on waiting time and queue length over the 12-hour period. 
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 Figure 23 shows the results for homogeneous pilgrim customer arrival rate of 

!! = ! = 0.1.  The plots for !!! and !![!!] show that not only are the 10 pilgrim groups 

expected to arrive throughout the 12-hour period with a large spread, but also the inter-

arrival time increases from 30 minutes to over 4 hours by the last arrival.  As well the 

plot for !![!!] shows the last pilgrim group is not expected to finish within the 12-hour 

period after the first group arrives due to the significant spread of the arrivals.  Finally, 

the plot for !![!!] shows the expected waiting time for each pilgrim group is less than 1 

hour since the queue length is expected to be short.  For instance, the queue length tail 

distribution shows the probability of queue length greater than 2 is approximately 0.1. 

 Figure 24 shows the results for homogeneous pilgrim customer arrival rate of 

!! = ! = 0.2.  The plots for !!! and !![!!] show all 10 pilgrim groups are expected to ar-

rive within the first 7 hours with a moderate spread and an inter-arrival time which in-

creases from 12 minutes to approximately 60 minutes by the ninth arrival.  As well the 

plot for !![!!] shows the inter-departure time is approximately the expected service time 

for all the pilgrim groups except the last group, which means the server is almost never 

idle.  Additionally, the plot for !![!!] shows the expected waiting time for subsequent 

pilgrim group increases up to a maximum of approximately 2 hours.  Finally, the queue 

length tail distributions shows the queue length is expected to be longer than in example 

1a. 

 Figure 25 shows the results for homogeneous pilgrim customer arrival rate of 

!! = ! = 0.3.  The plots for !!! and !![!!] show all 10 pilgrim groups are expected to ar-

rive within the first 5 hours with a narrow spread and an inter-arrival time which increas-

es from 6 minutes to approximately 42 minutes by the ninth arrival.  As well the plot for 
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!![!!] shows the inter-departure time is almost exactly the expected service time for all 

the pilgrim groups except the last group, which means the server is never idle.  Addition-

ally, the plot for !![!!] shows the expected waiting time for subsequent pilgrim group in-

creases up to a maximum of approximately 3 hours.  Finally, the queue length tail distri-

butions shows the queue length is expected to be longer than in example 1b. 

 Figure 26 shows the results for inhomogeneous pilgrim customer arrival rate of 

!! = 0.1 for 0 < ! < 14 and !! = 0.3 for 15 < ! < 24.  All the plots are similar to ex-

ample 1a (i.e. !! = 0.1) for the first 7 pilgrim groups.  Since the expected arrival time for 

the last three pilgrim groups is influenced by the larger arrival rate (i.e. !! = 0.3), the last 

three pilgrim groups are expected to arrive significantly earlier than in example 1a.  As 

such, all 10 pilgrim groups are able to depart within the 12 hour period while maintaining 

the same small wait time and queue length as in example 1a. 

5.4.3 Example 2: Most likely Tawaf Throughput 

Numerical example 2 assumes the Tawaf courtyard has the default throughput rate during 

a 12-hour period (i.e. expected Tawaf waiting area scale adjusted service time is 2.3 time 

units) and varies the pilgrim group arrival rate from 0.1 to 0.3 to see the impact on wait-

ing time and queue length over a 12-hour period.   

The explanations of the results for example 2a to 2d follow the explanations for ex-

ample 1a to 1d.  As anticipated, Figure 27, Figure 28, Figure 29, and Figure 30 show 

since the expected pilgrim group arrival times in example 2a to 2d are the same as in their 

corresponding example 1 scenarios, a longer expected service time in example 2 scenari-

os causes the expected waiting time and queue length to be longer. 
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5.4.4 Example 3: Pessimistic Tawaf Throughput 

Numerical example 3 assumes the Tawaf courtyard has the pessimistic throughput rate 

during a 12-hour period (which results in the longest Tawaf waiting area scale adjusted 

service time of 3.3 time units) and varies the pilgrim group arrival rate from 0.1 to 0.3 to 

see the impact on waiting time and queue length over a 12-hour period.   

Similar to example 2, the explanations of the results for example 3a to 3d follow the 

explanations for example 1a to 1d.  As anticipated, Figure 31, Figure 32, Figure 33, and 

Figure 34 not only show the longer expected service time in example 3 scenarios cause 

the expected waiting time and queue length to be longer than in example 2, but the ex-

pected departure times in example three can not finish during the 12 hour period. 

5.5 Results 

This section summarizes the numerical example findings in a guideline document format 

to show how Tawaf pilgrim group arrival probability and Tawaf throughput will impact 

pilgrim group departure and waiting times along with the queue length in the Tawaf wait-

ing area. 

1. [Example 1a] In a 12-hour period where the average Tawaf time is 30 minutes, if 

the pilgrim group, transportation system, or scheduling system result in a homo-

geneous pilgrim group arrival rate of ! = 0.1 then the last pilgrim group will 

begin their Tawaf on 15.0 hour of the 12-hour period with a maximum pilgrim 

group waiting time of 53 minutes, an average waiting time of approximately 34 

minutes, and an average queue length of 0.96 pilgrims. 
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2. [Example 1b] In a 12-hour period where the average Tawaf time is 30 minutes, if 

the pilgrim group, transportation system, or scheduling system result in a homo-

geneous pilgrim group arrival rate of ! = 0.2 then the last pilgrim group will 

begin their Tawaf on 8.8 hour of the 12-hour period with a maximum waiting 

time of 2.2 hours, an average waiting time of 1.4 hours, and an average queue 

length of 1.68 pilgrims. 

3. [Example 1c] In a 12-hour period where the average Tawaf time is 30 minutes, if 

the pilgrim group, transportation system, or scheduling system result in a homo-

geneous pilgrim group arrival rate of ! = 0.3 then the last pilgrim group will 

begin their Tawaf on 7.8 hour of the 12-hour period with a maximum waiting 

time of approximately 3.2 hours, an average waiting time of approximately 2.0 

hours, and an average queue length of 2.18 pilgrims. 

4. [Example 1d] In a 12-hour period where the average Tawaf time is 30 minutes, if 

the pilgrim group, transportation system, or scheduling system result in an inho-

mogeneous pilgrim group arrival rate of ! = 0.1 for first 7 hours then ! = 0.3 for 

remaining 5 hours then the last pilgrim group will begin their Tawaf on 10.5 hour 

of the 12-hour period with a maximum waiting time of 54 minutes, an average 

waiting time of 37 minutes, and an average queue length of 1.05 pilgrims. 

5. [Example 2a] In a 12-hour period where the average Tawaf time is 50 minutes, if 

the pilgrim group, transportation system, or scheduling system result in a homo-

geneous pilgrim group arrival rate of ! = 0.1 then the last pilgrim group will 

begin their Tawaf on the 16.5 hour of the 12-hour period with a maximum pilgrim 
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group waiting time of 2.9 hours, an average waiting time of approximately 1.9 

hours, and an average queue length of 2.19 pilgrims. 

6. [Example 2b] In a 12-hour period where the average Tawaf time is 50 minutes, if 

the pilgrim group, transportation system, or scheduling system result in a homo-

geneous pilgrim group arrival rate of ! = 0.2 then the last pilgrim group will 

begin their Tawaf on the 12.5 hour of the 12-hour period with a maximum pilgrim 

group waiting time of 5.4 hours, an average waiting time of approximately 3.4 

hours, and an average queue length of 3.47 pilgrims. 

7. [Example 2c] In a 12-hour period where the average Tawaf time is 50 minutes, if 

the pilgrim group, transportation system, or scheduling system result in a homo-

geneous pilgrim group arrival rate of ! = 0.3 then the last pilgrim group will 

begin their Tawaf on the 12.3 hour of the 12-hour period with a maximum pilgrim 

group waiting time of 6.9 hours, an average waiting time of approximately 4.1 

hours, and an average queue length of 4.07 pilgrims. 

8. [Example 2d] In a 12-hour period where the average Tawaf time is 50 minutes, if 

the pilgrim group, transportation system, or scheduling system result in an inho-

mogeneous pilgrim group arrival rate of ! = 0.1 for first 7 hours then ! = 0.3 for 

remaining 5 hours then the last pilgrim group will begin their Tawaf on 13.0 hour 

of the 12-hour period with a maximum waiting time of 3.1 hours, an average wait-

ing time of 2.1 hours, and an average queue length of 2.44 pilgrims. 

9. [Example 3a] In a 12-hour period where the average Tawaf time is 70 minutes, if 

the pilgrim group, transportation system, or scheduling system result in a homo-

geneous pilgrim group arrival rate of ! = 0.1 then the last pilgrim group will 
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begin their Tawaf on the 19.0 hour of the 12-hour period with a maximum pilgrim 

group waiting time of 5.5 hours, an average waiting time of approximately 3.5 

hours, and an average queue length of 3.17 pilgrims. 

10. [Example 3b] In a 12-hour period where the average Tawaf time is 70 minutes, if 

the pilgrim group, transportation system, or scheduling system result in a homo-

geneous pilgrim group arrival rate of ! = 0.2 then the last pilgrim group will 

begin their Tawaf on the 16.9 hour of the 12-hour period with a maximum pilgrim 

group waiting time of 9.0 hours, an average waiting time of approximately 5.4 

hours, and an average queue length of 4.67 pilgrims. 

11. [Example 3c] In a 12-hour period where the average Tawaf time is 70 minutes, if 

the pilgrim group, transportation system, or scheduling system result in a homo-

geneous pilgrim group arrival rate of ! = 0.3 then the last pilgrim group will 

begin their Tawaf on the 4.4 hour of the 12-hour period with a maximum pilgrim 

group waiting time of 16.9 hours, an average waiting time of approximately 6.2 

hours, and an average queue length of 5.30 pilgrims. 

12. [Example 3d] In a 12-hour period where the average Tawaf time is 70 minutes, if 

the pilgrim group, transportation system, or scheduling system result in an inho-

mogeneous pilgrim group arrival rate of ! = 0.1 for first 7 hours then ! = 0.3 for 

remaining 5 hours then the last pilgrim group will begin their Tawaf on 7.5 hour 

of the 12-hour period with a maximum waiting time of 6.5 hours, an average wait-

ing time of 4.0 hours, and an average queue length of 3.48 pilgrims. 
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Figure 23: Numerical example 1a 

 
 
Figure 24: Numerical example 1b 
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Figure 25: Numerical example 1c 

 
 
Figure 26: Numerical example 1d 
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Figure 27: Numerical example 2a 

 
 
Figure 28: Numerical example 2b 
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Figure 29: Numerical example 2c 

 
 
Figure 30: Numerical example 2d 
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Figure 31: Numerical example 3a 

 
 
Figure 32: Numerical example 3b 
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Figure 33: Numerical example 3c 

 
Figure 34: Numerical example 3d 

 

  



 

 147 

CHAPTER 6 

Conclusion 

This thesis investigates how ABMS and QT techniques can help manage mass gathering 

crowds.  In particular, the techniques are applied to the Hajj mass gathering, which is one 

of the most complex annual mass gatherings, with a focus on its challenging Tawaf ritual.  

The objective is to develop a Tawaf DSS, which can help better understand the Tawaf 

crowd dynamics and discover a set of Tawaf management decisions that lead to superior 

pilgrim crowd throughput, satisfaction, health, and safety.  The Tawaf DSS models: (i) 

Tawaf crowd dynamics in the Kaaba courtyard and (ii) waiting time and queue length in 

the Tawaf waiting area prior to the Tawaf ritual.  TawafSIM is an ABMS model, which 

simulates macro-level Tawaf crowd dynamics through micro-level pilgrim modeling to 

explore the impact of crowd characteristics, facility layout, and management preferences 

on emergent crowd behaviours with respect to throughput, satisfaction, health, and safety.  

On the other hand, TawafQT is a QT model, which uses an accurate queueing model with 

finite source, single service, and PH type distribution to explore the impact of pilgrim ar-

rival rate, Tawaf throughput, and management preferences on expected pilgrim arrival, 

departure, and waiting times along with average queue length.  This chapter concludes 
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the thesis by discussing recommendations, limitations, contributions, future work, and 

closing comments.  

6.1 Recommendations 

The recommendations with respect to MG crowd management, DSS development, Tawaf 

crowd management, and Tawaf waiting area management are discussed in this subsec-

tion. 

6.1.1 MG Crowd Management 

Complex MGs (i.e. relatively large Mass Gathering Magnitude Scale value) like the Hajj 

should be studied to manage them better.  Due to the Hajj’s complex constraints, time-

changing environment, several conflicting objectives, and large number of possible solu-

tions, it is difficult to understand how emergent behaviour materializes, conceive the full 

range of outcomes that can be exhibited, gain insight into key variables and their causes, 

and identify decisions that lead to superior performance.  Therefore, specialized research 

studies provide an opportunity to manage mass gathering crowd complexity. 

6.1.2 DSS Development 

DSS like TawafDSS should match the most appropriate modeling technique to the com-

plex system to better understand it and identify superior performance decisions.  For in-

stance, ABMS is more applicable if the emergent behaviour in the system is influenced 

by individual agent behaviour.  While, QT is more applicable if arrival and service distri-
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butions can adequately define the behaviour of the system.  Therefore, choosing the ap-

propriate modeling technique is essential to successful DSS development. 

6.1.3 Tawaf Crowd Management 

Superior Tawaf crowd management with respect to throughput, satisfaction, health, and 

safety requires several pragmatic steps.  First, replace well-known undesirable and avoid-

able crowd dynamics that cause poor performance with pragmatic new Tawaf policies.  

The thesis recommends eliminating the disturbance to the natural flow of Tawaf crowd 

movement and high crowd density by placing a temporary circular barrier around the 

Kaaba and limiting the maximum number of pilgrims in the courtyard.  Second, simulate 

a wide range of scenarios for the new policies to find the optimum crowd management 

decisions.  For instance, TawafSIM simulates 42 scenarios under 12 categories to deter-

mine the set of management decisions leading to above average Tawaf crowd perfor-

mance.  Third, use the simulation observations to develop a Tawaf Crowd Management 

Guide to understand how different scenarios affect Tawaf performance.  The contents of 

the Guide are to include subsection: 4.5.1: Emergent Crowd Behaviour Results, 4.5.2.2: 

Scenarios Impacting Overall Tawaf Performance, 4.5.2.3: Scenarios Impacting Individual 

Tawaf Metrics, and 4.5.3: Guidelines for Tawaf Crowd Management along with Figure 

18: List of critical scenarios impacting each Tawaf performance metric and Figure 19: 

Summary of observations from each scenario.  Fourth, attempt to find a subset of scenar-

ios, which lead to superior performance.  The thesis identifies the superior performance 

subset scenarios listed in subsection 4.5.2.1 Default Scenario. 
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6.1.4 Tawaf Waiting Area Management 

Superior Tawaf waiting area management with respect to pilgrim group departure and 

waiting times along with queue length requires development of a Tawaf Waiting Area 

Management Guide, which describes relevant numerical example results using the Ta-

wafQT model as shown in subsection 5.5: Results.  These examples suggest different 

recommendations for different situations.  First, if the average Tawaf is 30 minutes and 

the objective is to have the pilgrim groups depart the waiting area as early as possible, 

then the pilgrim group arrival rate should be targeted to be ! = 0.3 (i.e., Example 1c) but 

with a trade off for the longest waiting time and queue length.  Alternatively, if the objec-

tive is to minimize waiting time, then the inhomogeneous arrival rate should be targeted 

(i.e., Example 1d) whereas if the objective is to minimize both departure time and waiting 

time, then ! = 0.2 should be targeted (i.e., Example 1b).  Second, if the average Tawaf is 

50 minutes, then the departure time for all scenarios is approximately the same; thus the 

best decision is targeting the inhomogeneous arrival rate (i.e., Example 2d), which has 

the shortest waiting time.  Finally, if the average Tawaf time is 70 minutes, then all the 

scenarios exceed the required maximum departure time; thus the least negative scenario 

is to target the inhomogeneous arrival rate (i.e., Example 3d), which has the shortest wait-

ing time. 

6.2 Limitations 

The limitations with respect to MG crowd management, DSS development, Tawaf crowd 

management, and Tawaf waiting area management are discussed in this subsection. 
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6.2.1 MG Crowd Management 

Only some aspects of TawafDSS can be directly reused for other MGs.  TawafQT model 

can be applied to all MGs with a finite source and single service characteristics without 

any modifications to the Matlab code.  However, TawafSIM Java code is too specific to 

the Tawaf ritual to model crowd dynamics for other MGs.  Nevertheless, the throughput, 

satisfaction, health, and safety results from TawafSIM may serve as a useful comparison 

or benchmark for other MGs.  As such, TawafDSS can be reused for other MGs with 

some restrictions. 

6.2.2 DSS Development 

Like most DSS, TawafDSS has decision support capability but lacks decision making ca-

pability.  TawafDSS aggregates large amounts of data into useful information, then 

knowledge, in the form of tables and charts, which helps support decision making.  For 

instance, “Table 13: Summary of scenario impacts on Tawaf crowd performance.” pro-

vides useful knowledge, but it is insufficient to help identify the best decision to make 

from a large number of choices.  Therefore, the TawafDSS is useful for decision support 

but unable to provide decision making capability. 

6.2.3 Tawaf Crowd Management 

TawafSIM makes several simplifications to the Tawaf crowd dynamics and uses esti-

mates for many simulation parameters.  Although TawafSIM has many features to model 

pilgrim characteristics, facility layout, and management preferences, TawafSIM does not 

model Abraham Station, pilgrim group movement, and different pilgrim body dimen-
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sions.  Second, the values for most of the simulation parameters for pilgrim characteris-

tics, facility layout, and management preferences are based on best estimates or assump-

tions.  Therefore, although significant effort has been made to incorporate key Tawaf fea-

tures along with validating and calibrating TawafSIM, it is expected the above missing 

features have some impact on the emergent simulation results; as well, the TawafSIM 

must be rerun with as many accurate simulation parameters when they are measured and 

made available. 

6.2.4 Tawaf Waiting Area Management 

TawafQT model needs to scale down the number of pilgrim groups and number of paral-

lel servers.  First, although Minh’s accurate model for finite source and single service QT 

model is used, due to practical matrix size limits and computational inaccuracy warnings 

in Matlab, a maximum of 50 pilgrim groups can be executed with the model rather than 

the actual 1.4 million pilgrims.  Second, although extending Minh’s model to single-

server PH type service distribution model was relatively easy and extending the single-

server PH type service model to two-server PH type service model involved significant 

work, it is not pragmatic to extend the model to three-servers, let alone the imaginary 

25,000 parallel servers used in the Tawaf with maximum 25,000 pilgrim capacity.  There-

fore, in order to use the TawafQT model, the service distribution has to be scaled and ad-

justed down to a single server with at most 50 pilgrim groups. 
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6.3 Contributions 

The contributions with respect to MG crowd management, DSS development, Tawaf 

crowd management, and Tawaf waiting area management are discussed in this subsec-

tion. 

6.3.1 MG Crowd Management 

There are four contributions of the thesis towards MG crowd management.  First, a broad 

definition for MGs is proposed, which suggests that MGs are common phenomena.  Se-

cond, since all MGs are not of the same significance, a novel MG Magnitude Scale 

(MGM Scale) is proposed to rate MGs on a scale of 1 to 10 using 8 characteristics of the 

MG.  Third, it is proposed that complex MG with a relatively high MGM Scale value 

should be managed after conducting a research study while less complex MGs rely on 

legislation, health and safety acts, and best practices to be adequately managed.  Finally, 

it is implied through the TawafDSS that MGs not only be managed to provide required 

throughput, health, and safety, but also to produce satisfaction. 

6.3.2 DSS Development 

There are two contributions of the thesis towards DSS development.  First, TawafDSS is 

the first research study on Tawaf crowd management (possibly Hajj crowd management), 

which uses a hybrid approach where the results from an ABMS model (i.e., TawafSIM) 

are used in a QT model (i.e., TawafQT).  Second, TawafDSS is the first Tawaf crowd re-

search, which studies both the Tawaf courtyard and also the Tawaf waiting area to pro-

vide a more complete analysis of the Tawaf ritual. 
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6.3.3 Tawaf Crowd Management 

There are several contributions of the thesis towards Tawaf crowd management.  First, 

TawafSIM is currently the most comprehensive simulation of the Tawaf ritual on multi-

ple aspects.  It incorporates the most features for pilgrim characteristics, facility design, 

and management preferences.  It calculates 8 metrics for Tawaf performance, which in-

cludes one for throughput, three for satisfaction, one for health, and three for safety.  It is 

the only Tawaf simulator to attempt to calculate satisfaction and spread of infectious dis-

ease.  It conducts 42 simulation experiments in 12 categories.  It generates a vast amount 

of Tawaf crowd observations, including emergent behaviours, tipping point behaviour, 

expected behaviour, and counter intuitive behaviour.  It suggests a default scenario as the 

best scenario along with a small subset of alternative scenarios, which provide above av-

erage Tawaf performance.  It generates a Tawaf Crowd Management Guide to better un-

derstand Tawaf crowd dynamics and how to pursue above average Tawaf performance 

under different conditions.  Finally, it emphasizes simulation generated data rather than 

simulator generated video as a method to understand the Tawaf crowd dynamics. 

 Second, TawafSIM is the only Tawaf simulator that does not model the status quo 

Tawaf crowd dynamics with its well-known undesirable and avoidable crowd dynamics.  

Instead, it proposes to remove them with pragmatic temporary circular barrier, which re-

sults in significant improvement in Tawaf performance. 

 Third, TawafSIM provides insight into the herd immunization debate.  It would seem 

immunization strategies which limit or decrease the total number of infected pilgrims in 

the Tawaf significantly decreases the chance of susceptible pilgrims getting in contact 

with them during the Tawaf and being affected.  However, for a given number of infected 
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pilgrims in Tawaf, having more pilgrims that are immunized in Tawaf does not create a 

barrier between the infecting pilgrims and the susceptible pilgrims, thus higher immun-

ization levels does not decrease the chance of susceptible pilgrims being infected. 

 Fourth, TawafSIM provides a pilgrim next-step movement algorithm using a combi-

nation of macro-level trajectory through a spiral-based equation followed by micro-level 

refinements in movement by evaluating fitness of each Moore neighbour of the macro-

level destination.  This macro-micro movement algorithm allows each pilgrim to: (i) per-

form simple calculations to provide spiral in, maintain circle, and spiral out Tawaf 

movement; (ii) avoid collisions; (iii) accommodate personal congestion avoidance deci-

sions; and (iv) provide distinct movement patterns based on pilgrim attributes and local 

environment conditions. 

 Fifth, TawafSIM is a custom built Java program, which incorporates all aspects of 

ABMS features decision rules, adaptive capability, perception capability, and internal 

models, to allow full flexibility to add Tawaf features without the limitations imposed by 

generic simulation platforms. 

Finally, TawafSIM provides an opportunity to better understand the impact of pilgrim 

characteristics, Tawaf facility design, and management policies on emergent Tawaf 

crowd dynamics with respect to throughput, satisfaction, health, and safety. 

6.3.4 Tawaf Waiting Area Management 

There are four contributions of the thesis towards Tawaf waiting area management.  First, 

TawafQT model extends Minh’s discrete time, finite population with single service QT 

model to have PH type service distribution.  Second, it extends the single-server PH type 
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service extension model for a two-server queue with PH type service distribution.  Third, 

TawafQT is the only study of the Tawaf waiting area using a QT model that generates a 

set of numerical examples in the form of a Tawaf Waiting Area Management Guide to 

better understand how pilgrim arrival and Tawaf throughput impact pilgrim expected ar-

rival, departure, and waiting time along with queue length.  Finally, TawafQT is not only 

applicable to the Tawaf and other Hajj related queueing systems, but also to any other 

queueing system that has finite population and single service characteristics. 

6.4 Future work 

The future work with respect to MG crowd management, DSS development, Tawaf 

crowd management, and Tawaf waiting area management are discussed in this subsec-

tion. 

6.4.1 MG Crowd Management 

Compute the MGM Scale for as many historical MGs as possible to determine how well 

the MGM Scale is able to measure the potential fatal impact of MGs.  As well, determine 

at what threshold should MGs be considered complex and warrant an in-depth research 

study to determine how best to manage them. 

6.4.2 DSS Development 

Since the TawafDSS is useful for decision support but unable to provide decision making 

capability, it would be useful to extend the capability of the DSS to develop an autono-

mous system to find and recommend optimum Tawaf crowd management decisions.  In 
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particular, a real-time Tawaf crowd tracking system with a component to predict the fu-

ture state of the Tawaf crowd along with optimization techniques could be used to auton-

omously find the set of best decisions for above average performance. 

6.4.3 Tawaf Crowd Management 

It is essential to generate a common comprehensive Tawaf crowd dataset, which can be 

used to calibrate and validate all existing and future Tawaf crowd simulator.  This would 

include collecting anonymous data on pilgrim characteristics and experience through pre- 

and post-Hajj surveys, pilgrim Tawaf movement telemetry data, extracting non-

movement Tawaf dynamics data from video footage, and infectious disease spreading da-

ta.  

 TawafSIM can be enhanced to model Abraham Station, pilgrim group movement, and 

different pilgrim body dimensions to see the difference between the original and en-

hanced model results.  Furthermore, TawafSIM can be extended to model the Tawaf 

crowd dynamics on the non-courtyard Tawaf areas (i.e., second floor and roof) to see 

how the results differ in the different Tawaf areas. 

6.4.4 Tawaf Waiting Area Management 

The current conditional probability for !!,!!  using ! can not fully accommodate a custom 

user defined pilgrim arrival distribution based on pilgrim preference, scheduling plan, or 

transportation system constraints.  Therefore, !!,!!  can be manually set to match the cus-

tom user defined arrival distribution. 
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 TawafQT can be used to analyze other Hajj related queueing systems to compare the 

results between the TawafQT finite source, single service QT model and the existing 

modeling technique. 

6.5 Closing comments 

In summary, TawafSIM is an example of a Hajj ABMS, which allows Hajj authorities to 

determine the impact of pilgrim characteristics, facility layout, and management prefer-

ences on crowd performance with respect to throughput, satisfaction, health, and safety.  

As well, TawafQT is an example of a Hajj QT model for finite population with single 

service, which allows Hajj authorities to better predict pilgrim arrival, departure, and 

waiting times along with pilgrim queue length for different combination of pilgrim arrival 

and service times at Hajj sites.   

In closing, this thesis provides the state-of-the-art, specialized, and custom-built Hajj 

crowd management decision support system using ABMS and QT to help Hajj authorities 

discover superior Hajj performance decisions.  
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Appendix A: 

TawafSIM Throughput Metric Figures  
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Figure 35: Gender impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 2 to 5. 
 

Figure 36: Rate of entry impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 6 to 11. 



 

 165 

Figure 37: Courtyard access impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 12 to 14. 
 

Figure 38: Capacity impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 15 to 17.  
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Figure 39: Manner impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 18 to 20. 
 

Figure 40: Speed impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 21 to 23.  
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Figure 41: Strength impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 24 to 26. 
 

Figure 42: Desire to touch Kaaba impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 27 to 29.  
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Figure 43: Health impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 30 to 38. 
 

Figure 44: Degree of spiralling impact on time to complete rounds. 
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* Default scenario 1 along with scenarios 39 to 42.  
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Appendix B: 

TawafSIM Satisfaction Metric #1 Figures  
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Figure 45: Gender impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
100%#Male,#0%#Female# 11# 19# 45# 20# 3# 0# 0# 0# 0#

75%#Male,#25%#Female# 11# 20# 44# 19# 2# 0# 0# 0# 0# 0#

60%#Male,#40%#Female*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

25%#Male,#75%#Female# 10# 21# 44# 19# 3# 0# 0# 0# 0# 0#

0%#Male,#100%#Female# 10# 19# 45# 20# 3# 0# 0# 0# 0# 0#
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* Default scenario 1 along with scenarios 2 to 5. 
 

Figure 46: Rate of entry impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
20#Pilgrims/sec*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

10#Pilgrims/sec# 18# 39# 38# 3# 0# 0# 0# 0# 0#

15#Pilgrims/sec# 11# 24# 52# 9# 1# 0# 0# 0# 0# 0#

25#Pilgrims/sec# 10# 19# 38# 27# 4# 0# 0# 0# 0# 0#

157#257#357Pilgrims/sec#burst#every#300#sec# 11# 23# 55# 8# 0# 0# 0# 0# 0# 0#

157#257#357Pilgrims/sec#burst#every#600#sec# 11# 24# 57# 5# 0# 0# 0# 0# 0# 0#

157#257#357Pilgrims/sec#burst#every#900#sec# 12# 32# 50# 4# 0# 0# 0# 0# 0# 0#
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* Default scenario 1 along with scenarios 6 to 11. 
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Figure 47: Courtyard access impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
25%#Circular#Entry#Access# 9# 18# 41# 26# 4# 0# 0# 0# 0#

50%#Circular#Entry#Access# 9# 18# 44# 23# 3# 0# 0# 0# 0# 0#

75%#Circular#Entry#Access# 10# 19# 46# 21# 2# 0# 0# 0# 0# 0#

100%#Circular#Entry#Access*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#
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* Default scenario 1 along with scenarios 12 to 14.  

 
Figure 48: Capacity impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
25,000#Max#Pilgrims*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

30,000#Max#Pilgrims# 8# 19# 42# 26# 3# 0# 0# 0# 0#

35,000#Max#Pilgrims# 7# 18# 38# 29# 4# 0# 0# 0# 0# 0#

40,000#Max#Pilgrims# 3# 17# 35# 35# 5# 1# 0# 0# 0# 0#
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* Default scenario 1 along with scenarios 15 to 17.  
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Figure 49: Manner impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
25%#Low,#50%#Med,#25%#High*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

100%#Low,#0%#Med,#0%#High# 11# 20# 44# 20# 2# 0# 0# 0# 0#

0%#Low,#100%#Med,#0%#High# 11# 20# 45# 20# 2# 0# 0# 0# 0# 0#

0%#Low,#0%#Med,#100%#High# 5# 21# 47# 24# 1# 0# 0# 0# 0# 0#
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* Default scenario 1 along with scenarios 18 to 20.  

 
Figure 50: Speed impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
25%#Low,#50%#Med,#25%#High*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

100%#Low,#0%#Med,#0%#High# 8# 8# 63# 18# 1# 0# 0# 0# 0#

0%#Low,#100%#Med,#0%#High# 27# 43# 23# 5# 0# 0# 0# 0# 0# 0#

0%#Low,#0%#Med,#100%#High# 34# 50# 13# 2# 0# 0# 0# 0# 0# 0#
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* Default scenario 1 along with scenarios 21 to 23.  
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Figure 51: Strength impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
25%#Low,#50%#Med,#25%#High*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

100%#Low,#0%#Med,#0%#High# 11# 20# 44# 20# 2# 0# 0# 0# 0#

0%#Low,#100%#Med,#0%#High# 11# 19# 44# 20# 2# 0# 0# 0# 0# 0#

0%#Low,#0%#Med,#100%#High# 11# 20# 45# 20# 2# 0# 0# 0# 0# 0#
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* Default scenario 1 along with scenarios 24 to 26.  

 
Figure 52: Desire to touch Kaaba impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
25%#Low,#50%#Med,#25%#High*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

100%#Low,#0%#Med,#0%#High# 11# 17# 45# 21# 3# 0# 0# 0# 0#

0%#Low,#100%#Med,#0%#High# 11# 18# 45# 22# 3# 0# 0# 0# 0# 0#

0%#Low,#0%#Med,#100%#High# 11# 17# 45# 22# 3# 0# 0# 0# 0# 0#
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* Default scenario 1 along with scenarios 27 to 29.  
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Figure 53: Health impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
20%#Immunized,#70%#Normal,#10%#Infec=ng# 10# 19# 46# 20# 2# 0# 0# 0# 0#

20%#Immunized,#60%#Normal,#20%#Infec=ng# 10# 20# 46# 20# 2# 0# 0# 0# 0# 0#

20%#Immunized,#50%#Normal,#30%#Infec=ng*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

20%#Immunized,#40%#Normal,#40%#Infec=ng# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

20%#Immunized,#30%#Normal,#50%#Infec=ng# 10# 20# 46# 20# 2# 0# 0# 0# 0# 0#

0%#Immunized,#70%#Normal,#30%#Infec=ng# 10# 20# 46# 20# 2# 0# 0# 0# 0# 0#

10%#Immunized,#60%#Normal,#30%#Infec=ng# 10# 20# 45# 20# 2# 0# 0# 0# 0# 0#

30%#Immunized,#40%#Normal,#30%#Infec=ng# 10# 20# 46# 20# 2# 0# 0# 0# 0# 0#

40%#Immunized,#30%#Normal,#30%#Infec=ng# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

50%#Immunized,#20%#Normal,#30%#Infec=ng# 10# 20# 45# 20# 2# 0# 0# 0# 0# 0#
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* Default scenario 1 along with scenarios 30 to 38.  

 
Figure 54: Degree of spiralling impact on time off desired spiral path. 

10# 20# 30# 40# 50# 60# 70# 80# 90# 100#
100%#n=1,#0%#n=2,#0%#n=3,#0%#n=4# 0# 32# 31# 19# 12# 3# 0# 0# 0#

0%#n=1,#100%#n=2,#0%#n=3,#0%#n=4# 0# 15# 45# 37# 2# 0# 0# 0# 0# 0#

25%#n=1,#25%#n=2,#25%#n=3,#25%#n=4*# 10# 19# 46# 20# 2# 0# 0# 0# 0# 0#

0%#n=1,#0%#n=2,#100%#n=3,#0%#n=4# 0# 2# 45# 47# 4# 0# 0# 0# 0# 0#

0%#n=1,#0%#n=2,#0%#n=3,#100%#n=4# 0# 3# 19# 40# 21# 13# 1# 0# 0# 0#
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* Default scenario 1 along with scenarios 39 to 42.  
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Appendix C: 

TawafSIM Satisfaction Metric #2 Figures 
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Figure 55: Gender impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
100%"Male,"0%"Female" 7" 18" 25" 23" 15" 6" 2" 0" 0"

75%"Male,"25%"Female" 6" 18" 26" 24" 15" 6" 1" 0" 0"

60%"Male,"40%"Female*" 6" 18" 26" 24" 15" 6" 1" 0" 0"

25%"Male,"75%"Female" 6" 18" 26" 24" 14" 6" 1" 0" 0"

0%"Male,"100%"Female" 7" 18" 25" 23" 15" 6" 2" 0" 0"
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* Default scenario 1 along with scenarios 2 to 5. 
 

Figure 56: Rate of entry impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
10"Pilgrims/sec" 7" 19" 27" 23" 14" 5" 1" 0" 0"

15"Pilgrims/sec" 6" 19" 27" 24" 14" 6" 1" 0" 0"

20"Pilgrims/sec*" 6" 18" 26" 24" 15" 6" 1" 0" 0"

25"Pilgrims/sec" 6" 18" 26" 24" 15" 6" 2" 0" 0"

157"257"357Pilgrims/sec"burst"every"300"sec" 6" 18" 26" 24" 14" 6" 1" 0" 0"

157"257"357Pilgrims/sec"burst"every"600"sec" 6" 18" 26" 24" 15" 6" 1" 0" 0"

157"257"357Pilgrims/sec"burst"every"900"sec" 6" 18" 27" 24" 15" 6" 1" 0" 0"
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* Default scenario 1 along with scenarios 6 to 11. 
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Figure 57: Courtyard access impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
25%"Circular"Entry"Access" 6" 17" 26" 24" 15" 6" 2" 0" 0"

50%"Circular"Entry"Access" 6" 18" 26" 24" 15" 6" 1" 0" 0"

75%"Circular"Entry"Access" 6" 18" 26" 24" 15" 6" 1" 0" 0"

100%"Circular"Entry"Access*" 6" 18" 26" 24" 15" 6" 1" 0" 0"
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* Default scenario 1 along with scenarios 12 to 14.  

 
Figure 58: Capacity impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
30,000"Max"Pilgrims" 5" 15" 24" 25" 17" 8" 2" 0" 0"

35,000"Max"Pilgrims" 4" 13" 23" 25" 18" 9" 3" 0" 0"

25,000"Max"Pilgrims*" 6" 18" 26" 24" 15" 6" 1" 0" 0"

40,000"Max"Pilgrims" 3" 12" 22" 25" 20" 10" 4" 0" 0"
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* Default scenario 1 along with scenarios 15 to 17.  
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Figure 59: Manner impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
25%"Low,"50%"Med,"25%"High*" 6" 18" 26" 24" 15" 6" 1" 0" 0"

100%"Low,"0%"Med,"0%"High" 6" 18" 26" 24" 15" 6" 1" 0" 0"

0%"Low,"100%"Med,"0%"High" 6" 18" 26" 24" 15" 6" 1" 0" 0"

0%"Low,"0%"Med,"100%"High" 6" 16" 26" 25" 16" 7" 2" 0" 0"
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* Default scenario 1 along with scenarios 18 to 20.  

 
Figure 60: Speed impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
25%"Low,"50%"Med,"25%"High*" 6" 18" 26" 24" 15" 6" 1" 0" 0"

100%"Low,"0%"Med,"0%"High" 4" 13" 22" 24" 19" 11" 3" 0" 0"

0%"Low,"100%"Med,"0%"High" 4" 16" 26" 25" 16" 7" 2" 0" 0"

0%"Low,"0%"Med,"100%"High" 6" 18" 25" 22" 14" 7" 2" 0" 0"
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* Default scenario 1 along with scenarios 21 to 23.  
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Figure 61: Strength impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
25%"Low,"50%"Med,"25%"High*" 6" 18" 26" 24" 15" 6" 1" 0" 0"

100%"Low,"0%"Med,"0%"High" 6" 18" 26" 24" 15" 6" 1" 0" 0"

0%"Low,"100%"Med,"0%"High" 6" 18" 26" 24" 15" 6" 1" 0" 0"

0%"Low,"0%"Med,"100%"High" 6" 18" 26" 24" 15" 6" 1" 0" 0"
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* Default scenario 1 along with scenarios 24 to 26.  

 
Figure 62: Desire to touch Kaaba impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
25%"Low,"50%"Med,"25%"High*" 6" 18" 26" 24" 15" 6" 1" 0" 0"

100%"Low,"0%"Med,"0%"High" 6" 18" 26" 24" 15" 6" 2" 0" 0"

0%"Low,"100%"Med,"0%"High" 6" 18" 26" 24" 15" 6" 2" 0" 0"

0%"Low,"0%"Med,"100%"High" 6" 18" 26" 24" 15" 6" 2" 0" 0"
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* Default scenario 1 along with scenarios 27 to 29.  



 

 180 

Figure 63: Health impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
20%"Immunized,"70%"Normal,"10%"Infec<ng" 6" 18" 26" 24" 15" 6" 1" 0" 0"

20%"Immunized,"60%"Normal,"20%"Infec<ng" 6" 18" 26" 24" 15" 6" 1" 0" 0"

20%"Immunized,"50%"Normal,"30%"Infec<ng*" 6" 18" 26" 24" 15" 6" 1" 0" 0"

20%"Immunized,"40%"Normal,"40%"Infec<ng" 6" 18" 26" 24" 15" 6" 1" 0" 0"

20%"Immunized,"30%"Normal,"50%"Infec<ng" 6" 18" 26" 24" 15" 6" 1" 0" 0"

0%"Immunized,"70%"Normal,"30%"Infec<ng" 6" 18" 26" 24" 15" 6" 1" 0" 0"

10%"Immunized,"60%"Normal,"30%"Infec<ng" 6" 18" 26" 24" 15" 6" 1" 0" 0"

30%"Immunized,"40%"Normal,"30%"Infec<ng" 6" 18" 26" 24" 15" 6" 1" 0" 0"

40%"Immunized,"30%"Normal,"30%"Infec<ng" 6" 18" 26" 24" 15" 6" 1" 0" 0"

50%"Immunized,"20%"Normal,"30%"Infec<ng" 6" 18" 26" 24" 15" 6" 1" 0" 0"
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* Default scenario 1 along with scenarios 30 to 38.  

 
Figure 64: Degree of spiralling impact on time with 0 to 8 neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
100%"n=1,"0%"n=2,"0%"n=3,"0%"n=4" 5" 12" 16" 19" 19" 15" 8" 2" 0"

0%"n=1,"100%"n=2,"0%"n=3,"0%"n=4" 4" 12" 21" 24" 19" 11" 4" 1" 0"

25%"n=1,"25%"n=2,"25%"n=3,"25%"n=4*" 6" 18" 26" 24" 15" 6" 1" 0" 0"

0%"n=1,"0%"n=2,"100%"n=3,"0%"n=4" 3" 12" 22" 25" 20" 10" 3" 0" 0"

0%"n=1,"0%"n=2,"0%"n=3,"100%"n=4" 5" 14" 21" 22" 17" 10" 5" 1" 0"
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* Default scenario 1 along with scenarios 39 to 42.  
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Appendix D: 

TawafSIM Satisfaction Metric #3 Figures  
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Figure 65: Gender impact on time with opposite gender neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
100%"Male,"0%"Female" 100" 0" 0" 0" 0" 0" 0" 0" 0"

75%"Male,"25%"Female" 53" 25" 12" 5" 1" 0" 0" 0" 0"

60%"Male,"40%"Female*" 41" 30" 17" 7" 2" 0" 0" 0" 0"

25%"Male,"75%"Female" 51" 28" 12" 5" 2" 0" 0" 0" 0"

0%"Male,"100%"Female" 100" 0" 0" 0" 0" 0" 0" 0" 0"
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* Default scenario 1 along with scenarios 2 to 5. 
 

Figure 66: Rate of entry impact on time with opposite gender neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
10"Pilgrims/sec" 43" 29" 17" 7" 2" 0" 0" 0" 0"

15"Pilgrims/sec" 42" 30" 17" 7" 2" 0" 0" 0" 0"

20"Pilgrims/sec*" 41" 30" 17" 7" 2" 0" 0" 0" 0"

25"Pilgrims/sec" 40" 30" 17" 7" 2" 0" 0" 0" 0"

157"257"357Pilgrims/sec"burst"every"300"sec" 42" 30" 17" 7" 2" 0" 0" 0" 0"

157"257"357Pilgrims/sec"burst"every"600"sec" 42" 30" 17" 7" 2" 0" 0" 0" 0"

157"257"357Pilgrims/sec"burst"every"900"sec" 42" 30" 17" 7" 2" 0" 0" 0" 0"
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* Default scenario 1 along with scenarios 6 to 11. 
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Figure 67: Courtyard access impact on time with opposite gender neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
25%"Circular"Entry"Access" 42" 29" 17" 7" 2" 0" 0" 0" 0"

50%"Circular"Entry"Access" 41" 30" 17" 7" 2" 0" 0" 0" 0"

75%"Circular"Entry"Access" 41" 30" 17" 7" 2" 0" 0" 0" 0"

100%"Circular"Entry"Access*" 41" 30" 17" 7" 2" 0" 0" 0" 0"
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* Default scenario 1 along with scenarios 12 to 14.  

 
Figure 68: Capacity impact on time with opposite gender neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
30,000"Max"Pilgrims" 39" 29" 18" 8" 2" 0" 0" 0" 0"

35,000"Max"Pilgrims" 38" 28" 18" 9" 3" 0" 0" 0" 0"

25,000"Max"Pilgrims*" 41" 30" 17" 7" 2" 0" 0" 0" 0"

40,000"Max"Pilgrims" 38" 28" 18" 9" 3" 1" 0" 0" 0"
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* Default scenario 1 along with scenarios 15 to 17.  
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Figure 69: Manner impact on time with opposite gender neighbours. 
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25%"Low,"50%"Med,"25%"High*" 41" 30" 17" 7" 2" 0" 0" 0" 0"

100%"Low,"0%"Med,"0%"High" 45" 28" 16" 6" 2" 0" 0" 0" 0"

0%"Low,"100%"Med,"0%"High" 45" 28" 16" 6" 2" 0" 0" 0" 0"

0%"Low,"0%"Med,"100%"High" 41" 30" 17" 7" 2" 0" 0" 0" 0"
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* Default scenario 1 along with scenarios 18 to 20.  

 
Figure 70: Speed impact on time with opposite gender neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
25%"Low,"50%"Med,"25%"High*" 41" 30" 17" 7" 2" 0" 0" 0" 0"

100%"Low,"0%"Med,"0%"High" 39" 29" 18" 8" 3" 0" 0" 0" 0"

0%"Low,"100%"Med,"0%"High" 43" 28" 17" 7" 2" 0" 0" 0" 0"

0%"Low,"0%"Med,"100%"High" 45" 27" 16" 7" 2" 0" 0" 0" 0"
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* Default scenario 1 along with scenarios 21 to 23.  
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Figure 71: Strength impact on time with opposite gender neighbours. 
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100%"Low,"0%"Med,"0%"High" 45" 28" 16" 6" 2" 0" 0" 0" 0"

0%"Low,"100%"Med,"0%"High" 45" 28" 16" 6" 2" 0" 0" 0" 0"

0%"Low,"0%"Med,"100%"High" 45" 28" 16" 6" 2" 0" 0" 0" 0"
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* Default scenario 1 along with scenarios 24 to 26.  

 
Figure 72: Desire to touch Kaaba impact on time with opposite gender neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
25%"Low,"50%"Med,"25%"High*" 41" 30" 17" 7" 2" 0" 0" 0" 0"

100%"Low,"0%"Med,"0%"High" 42" 29" 16" 7" 2" 0" 0" 0" 0"

0%"Low,"100%"Med,"0%"High" 42" 29" 16" 7" 2" 0" 0" 0" 0"

0%"Low,"0%"Med,"100%"High" 42" 29" 16" 7" 2" 0" 0" 0" 0"
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* Default scenario 1 along with scenarios 27 to 29.  
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Figure 73: Health impact on time with opposite gender neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
20%"Immunized,"70%"Normal,"10%"Infec<ng" 41" 30" 17" 7" 2" 0" 0" 0" 0"

20%"Immunized,"60%"Normal,"20%"Infec<ng" 41" 30" 17" 7" 2" 0" 0" 0" 0"

20%"Immunized,"50%"Normal,"30%"Infec<ng*" 41" 30" 17" 7" 2" 0" 0" 0" 0"

20%"Immunized,"40%"Normal,"40%"Infec<ng" 41" 30" 17" 7" 2" 0" 0" 0" 0"

20%"Immunized,"30%"Normal,"50%"Infec<ng" 41" 30" 17" 7" 2" 0" 0" 0" 0"

0%"Immunized,"70%"Normal,"30%"Infec<ng" 41" 30" 17" 7" 2" 0" 0" 0" 0"

10%"Immunized,"60%"Normal,"30%"Infec<ng" 41" 30" 17" 7" 2" 0" 0" 0" 0"

30%"Immunized,"40%"Normal,"30%"Infec<ng" 41" 30" 17" 7" 2" 0" 0" 0" 0"

40%"Immunized,"30%"Normal,"30%"Infec<ng" 41" 30" 17" 7" 2" 0" 0" 0" 0"

50%"Immunized,"20%"Normal,"30%"Infec<ng" 41" 30" 17" 7" 2" 0" 0" 0" 0"
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* Default scenario 1 along with scenarios 30 to 38.  

 
Figure 74: Degree of spiralling impact on time with opposite gender neighbours. 

0" 1" 2" 3" 4" 5" 6" 7" 8"
100%"n=1,"0%"n=2,"0%"n=3,"0%"n=4" 22" 30" 24" 14" 6" 1" 0" 0" 0"

0%"n=1,"100%"n=2,"0%"n=3,"0%"n=4" 23" 33" 25" 12" 4" 1" 0" 0" 0"

25%"n=1,"25%"n=2,"25%"n=3,"25%"n=4*" 41" 30" 17" 7" 2" 0" 0" 0" 0"

0%"n=1,"0%"n=2,"100%"n=3,"0%"n=4" 23" 34" 25" 11" 3" 0" 0" 0" 0"
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* Default scenario 1 along with scenarios 39 to 42.  
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Appendix E: 

TawafSIM Health Metric Figures  
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Figure 75: Gender impact on infectious disease exposure. 

0"5$ 5"10$ 10"15$ 15"20$ 20"25$ 25"30$ 30"35$ 35"40$ 40"45$ 45"50$
100%$Male,$0%$Female$ 29$ 63$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

75%$Male,$25%$Female$ 29$ 63$ 6$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

60%$Male,$40%$Female*$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

25%$Male,$75%$Female$ 30$ 61$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Male,$100%$Female$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$
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* Default scenario 1 along with scenarios 2 to 5. 
 

Figure 76: Rate of entry impact on infectious disease exposure. 

0"5$ 5"10$ 10"15$ 15"20$ 20"25$ 25"30$ 30"35$ 35"40$ 40"45$ 45"100$
10$Pilgrims/sec$ 49$ 50$ 0$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

15$Pilgrims/sec$ 32$ 66$ 1$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

20$Pilgrims/sec*$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

25$Pilgrims/sec$ 26$ 63$ 9$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

15"$25"$35"Pilgrims/sec$burst$every$300$sec$ 32$ 66$ 0$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

15"$25"$35"Pilgrims/sec$burst$every$600$sec$ 31$ 67$ 0$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

15"$25"$35"Pilgrims/sec$burst$every$900$sec$ 37$ 62$ 0$ 0$ 0$ 0$ 0$ 0$ 0$ 0$
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* Default scenario 1 along with scenarios 6 to 11. 
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Figure 77: Courtyard access impact on infectious disease exposure. 

0"5$ 5"10$ 10"15$ 15"20$ 20"25$ 25"30$ 30"35$ 35"40$ 40"45$ 45"50$
25%$Circular$Entry$Access$ 25$ 66$ 8$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

50%$Circular$Entry$Access$ 26$ 65$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

75%$Circular$Entry$Access$ 26$ 66$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

100%$Circular$Entry$Access*$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

0$

10$

20$

30$

40$

50$

60$

70$

P
e
rc
e
n
ta
g
e
)o
f)
N
o
n
-I
n
fe
c/
n
g
)

&
)N
o
n
-I
m
m
u
n
iz
e
d
)P
il
g
ri
m
s)
(%

))

Percentage)of)Maximum)Exposure)to)Infec/ng)Pilgrims)(%))

HEALTH)METRIC)
Courtyard)Circular)Entry)Access)Impact)on)

Percentage)of)Maximum)Exposure)to)Infec/ng)Pilgrims)
for)Non-Infec/ng)&)Non-Immunized)Pilgrims)

 
* Default scenario 1 along with scenarios 12 to 14.  

 
Figure 78: Capacity impact on infectious disease exposure. 

0"5$ 5"10$ 10"15$ 15"20$ 20"25$ 25"30$ 30"35$ 35"40$ 40"45$ 45"50$
30,000$Max$Pilgrims$ 25$ 65$ 8$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

35,000$Max$Pilgrims$ 23$ 63$ 12$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

25,000$Max$Pilgrims*$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

40,000$Max$Pilgrims$ 19$ 66$ 13$ 0$ 0$ 0$ 0$ 0$ 0$ 0$
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* Default scenario 1 along with scenarios 15 to 17.  
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Figure 79: Manner impact on infectious disease exposure. 

0"5$ 5"10$ 10"15$ 15"20$ 20"25$ 25"30$ 30"35$ 35"40$ 40"45$ 45"50$
25%$Low,$50%$Med,$25%$High*$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

100%$Low,$0%$Med,$0%$High$ 29$ 62$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Low,$100%$Med,$0%$High$ 29$ 63$ 6$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Low,$0%$Med,$100%$High$ 24$ 69$ 6$ 0$ 0$ 0$ 0$ 0$ 0$ 0$
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* Default scenario 1 along with scenarios 18 to 20.  

 
Figure 80: Speed impact on infectious disease exposure. 

0"5$ 5"10$ 10"15$ 15"20$ 20"25$ 25"30$ 30"35$ 35"40$ 40"45$ 45"50$
25%$Low,$50%$Med,$25%$High*$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

100%$Low,$0%$Med,$0%$High$ 9$ 40$ 48$ 1$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Low,$100%$Med,$0%$High$ 33$ 53$ 12$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Low,$0%$Med,$100%$High$ 46$ 52$ 1$ 0$ 0$ 0$ 0$ 0$ 0$ 0$
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* Default scenario 1 along with scenarios 21 to 23.  
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Figure 81: Strength impact on infectious disease exposure. 

0"5$ 5"10$ 10"15$ 15"20$ 20"25$ 25"30$ 30"35$ 35"40$ 40"45$ 45"50$
25%$Low,$50%$Med,$25%$High*$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

100%$Low,$0%$Med,$0%$High$ 28$ 63$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Low,$100%$Med,$0%$High$ 29$ 64$ 6$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Low,$0%$Med,$100%$High$ 28$ 63$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$
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* Default scenario 1 along with scenarios 24 to 26.  

 
Figure 82: Desire to touch Kaaba impact on infectious disease exposure. 

0"5$ 5"10$ 10"15$ 15"20$ 20"25$ 25"30$ 30"35$ 35"40$ 40"45$ 45"50$
25%$Low,$50%$Med,$25%$High*$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

100%$Low,$0%$Med,$0%$High$ 27$ 65$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Low,$100%$Med,$0%$High$ 27$ 65$ 6$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Low,$0%$Med,$100%$High$ 26$ 66$ 6$ 0$ 0$ 0$ 0$ 0$ 0$ 0$
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* Default scenario 1 along with scenarios 27 to 29.  
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Figure 83: Health impact on infectious disease exposure. 

0"5$ 5"10$ 10"15$ 15"20$ 20"25$ 25"30$ 30"35$ 35"40$ 40"45$ 45"100$
20%$Immunized,$70%$Normal,$10%$Infec;ng$ 99$ 0$ 0$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

20%$Immunized,$60%$Normal,$20%$Infec;ng$ 60$ 39$ 0$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

20%$Immunized,$50%$Normal,$30%$Infec;ng*$ 28$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

20%$Immunized,$40%$Normal,$40%$Infec;ng$ 18$ 36$ 43$ 1$ 0$ 0$ 0$ 0$ 0$ 0$

20%$Immunized,$30%$Normal,$50%$Infec;ng$ 13$ 22$ 49$ 14$ 0$ 0$ 0$ 0$ 0$ 0$

0%$Immunized,$70%$Normal,$30%$Infec;ng$ 28$ 64$ 6$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

10%$Immunized,$60%$Normal,$30%$Infec;ng$ 28$ 64$ 6$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

30%$Immunized,$40%$Normal,$30%$Infec;ng$ 27$ 66$ 5$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

40%$Immunized,$30%$Normal,$30%$Infec;ng$ 28$ 65$ 5$ 0$ 0$ 0$ 0$ 0$ 0$ 0$

50%$Immunized,$20%$Normal,$30%$Infec;ng$ 27$ 64$ 7$ 0$ 0$ 0$ 0$ 0$ 0$ 0$
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* Default scenario 1 along with scenarios 30 to 38.  

 
Figure 84: Degree of spiralling impact on infectious disease exposure. 
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* Default scenario 1 along with scenarios 39 to 42.  



 

 193 

 

Appendix F: 

TawafSIM Safety Metric Figures  
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Figure 85: Safety plots for scenario 1 
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Figure 86: Safety plots for scenario 6 
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Figure 87: Safety plots for scenario 11 
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Figure 88: Safety plots for scenario 15 
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Figure 89: Safety plots for scenario 16 
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Figure 90: Safety plots for scenario 17 
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Figure 91: Safety plots for scenario 21 
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Figure 92: Safety plots for scenario 22 
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Figure 93: Safety plots for scenario 23 
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Figure 94: Safety plots for scenario 39 
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Figure 95: Safety plots for scenario 40 
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Figure 96: Safety plots for scenario 41 
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Figure 97: Safety plots for scenario 42 
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