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ABSTRACT

Tawaf is one of the most important rituals of hajjumrah performed by the Muslim
pilgrims in Masjid Al-Haram yard, Makkah, Saudi Ara. It consists of seven
counterclockwise circulations around Ka'aba, a blirlg situated in the middle of the
yard. Large crowds of pilgrims performing Tawaf ihgr peak seasons need to be
investigated towards providing a safe and robusiwad management plan. Although
many studies have been reported, related to Tawaff, many of them focused on
animation and behavior during Tawaf. There havendesited studies addressing human
crowd during Tawaf from queuing system and optitidmaperspectives. This research
modeled the Tawaf activities based on queuing iyst&ing discrete-event simulation,
ARENA. Alternative crowd management policies wénelisd and their performances
were compared using three criteria namely, densityyice rate and average time in the
system. Important design factors such as pilgrintersarrival time, group size,
availability of space and switching behavior durifigagwaf were investigated. The
simulation results suggest that switching lane olgiTawaf is the most significant factor
in crowd density development and reduce efficiaidpe queuing system. The proposed
Tawaf model using separation, spiral path and timetheduled the incoming pilgrims
has resulted in the best performance among thesiigated models. The techniques used
in this study, is potentially applicable to otheuge crowd gathering such as in theme
parks, public transportation hubs and sports events
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10 INTRODUCTION

Tawafis one of the rituals that Muslim must perform ogmtering théMasjid Al-Haram

in Makkah Saudi Arabia. During the peak times such as lejs of thousands of
pilgrims performTawafin the courtyard of this Mosque. The timing and®limitation
and large crowd of people, make the crowd managemehallenging task where Safety
is one of the most important issues when dealirth wiich a large crowd. Three steps
should be taken to develop safer crowd, which apgv@¢ modelling, crowd monitoring
and crowd management [1]. Crowd modelling investigehow, where, when and why
crowds arrive, move around and leave an event/ve@rm@vd monitoring is monitoring
of the arrival flow rates, how the queues build apeas of high crowd density and
different types of crowd behaviour, both normal @mergency. Crowd modelling and
crowd monitoring are both essential to develop fe sad robust crowd management
plan. In previous researches, crowd durirggvaf was studied from diverse points of
view [2, 3, 4, and 5]. However, our review ideietif that crowd duringrawaf from
safety and queuing efficiency aspects only adddebgedl-Hanoubi and Selirf6]. Most
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of the other researches from computer science atldematics schools conducted studies
focusing on density estimation and developing wairtepresentation of crowd behaviors.
There is lack of studies on the flow of pilgrimsrithg Tawaf from queuing theory
perspective.

This paper presents investigation to evaltilageeffect of various crowd formation
factors and their interaction in congestion develept towards improving the flow and
reducing the congestion. The study is limited ®¢lowd movement in the main court of
Masjid Al-Haram

The rest of this paper is organized as followstiBe 2 discusses previous works in
the area of crowd modeling approaches &adafsimulation. In section 3, the approach
to the current study is described, while sectigarebents the results. Section 5 discusses
the key findings and finally section 6 concludes paper.

20 PREVIOUSWORKSIN CROWD MODELING

In this section, previous works in crowd simulatiamd modeling are discussed. Some
prior crowd simulation models fdrawafare also highlighted.

2.1 Crowd Simulation Models

Crowd was defined as a single entity whose memhavg the same motives and/or
continuously engage in the same actions [7]; whWilielyarto [2] defined it as a large
number of people that were considered together.edew Zhouet al. [8] believe that a
crowd is not simply a collection of individuals. &tbehavior of an individual may be
affected by others in the crowd, which may depemd v@arious physiological,
psychological and social factors.

Large crowds are a normal part of operation in ynaumblic venues such as railway
stations, fairgrounds, leisure centers and spaatdilans. Overcrowding in places like
concerts, stadiums or pilgrimage locations migimeitmes cause injury or even loss of
life. From the commercial point of view, large noens of customers may be desirable,
but excessive crowding and poor crowd managememtlezd to crushing, injury and
even death and at the very least to such anxietyseass that visitors decide not to come
again or recommend a visit to others. Maintainimg $afety of crowd in these places is
therefore of prime importance. In addition, inciegsthe safety performance of the
buildings and structures has always been an impoctancern.

In addition to the personal suffering such disastéghe accompanying adverse
publicity, loss of revenue, compensation paymeilmsurance costs and possible
prosecution can have a long-term effect on orgaéniza. Disasters should not happen
provided those responsible, at all levels, payfohsdtention to managing crowds safely.
Overcrowding might lead to crowd disasters and €dass of life and serious injuries.
Several major incidents that had happened in teegra shown in Table 1.
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Table 1: Recent crowd incidents [8]
\ Date H Incidents \

18th 42 Homeless people were trampled to death and 3@ wured in
December |stampede dung the distribution of flood relief supplies at heker in
2005 Chennai, India.

31st August
2005

12th 363 dead inJamaraatBridge when large seas of pilgrims were mo
January forth to theJamaraatat noon to perform the stoning ritual Makkah
2006 Saudi Arabia.

1st January
2007

4th August [[150 Hindu worshippers were crushed to death inampéde at a h
2008 temple in northern India.

Hundreds dead pilgrimage stampede in Iraqg.

Hundreds hurt in New Year revelry in Philippines.

ﬁg\r/]ember 60 People hurt in crush to see JLS at Christmas lightent ir
2009 Birmingham, England.

There had been an extensive literature on crowdlation and many techniques had
been proposed. Nine major systems of modeling baea found in literatures. Flocking
system also known as Rule-Based model was theestaslystem of crowd modeling [9].
In this model, agents can seek goal, move as ggnd can avoid collision. Each boid
(bird-oid) acts independently, keep track of itsipon and orientation by perceiving the
local dynamic environment and usually adopt a cmadive approach by avoiding
contact, however, it has only local information athokes not know about the global
environment. Thus the agent perceives its neighgofliock-mates and obstacles and
applies “wait” rules to enforce ordered crowd bebawithout the need to calculate
collision detection and response.

Behavioral system that was developed by Tu andopenos[10], utilize reusable
characters is especially beneficial to the movidustry and computer games. In Chaos
model [11], the crowds are set as independent rgoagents that have general motion
pattern. The Agent- Based model could capture bditipof different characteristics and
heterogeneity to motion but since individual agemist be considered separately,
comparing its state with every others resulting@mplexity [12]. Social Forces Model
was based on repulsion and tangential forces talatminteractions between people and
obstacles, realistic “pushing” behaviors and vdeattow rates [13]. Hybrid System
which was a combination between Flocking agentdbasel behavior systems, required
modeling of crowd information and hierarchical sttue, also concerning its distribution
among groups and structure to provide interactioth \groups of agents during the
simulation in real-time [14].

Fluid Dynamic Model or Cellular Automata that caantdle obstacles and pedestrian
was noted acting like a combination of groups dadpgbe [15]. Cognitive Model mixed
with rule-based model to achieve more realisticav@rs of pedestrian was reported by
Shao and Terzopulus[16]. Another pedestrian simulation system calbetl and portal
graphs was presented by Pettteal. [17]. In this system, information can be embedided
high-level representation of the virtual environmeto achieve real-time crowd
simulation. However, as space dimension or comtyleXi the configuration gets larger,
the number of cells required might increase toohrode practical.
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2.2 Tawaf Simulation

A few studies have been reported on crowd flowheNlataf area in the Masjid al
Haram. A spiral movement path was proposed by Aldtdi and Selim [6] in th&awaf
area to decrease congestion and hence increaghrtheghput and the safety of the
system. The proposed design involved building aatgath around<a’aba which
encircles it seven folds where the entrance ofpidih is at the outermost fold and the
completion of thelTawafis at the innermost fold leading down a ramp taaderground
tunnel.

Widyarto and Abd- Latif [18] investigatetie relationship between fractal pattern and
crowd behaviotto imitate the crowd paths [18]. Zarita et al. ptpposed a model for
circumambulating th&a’aba in SimWalk software. In theimodel, waiting areas were
placed in specifiedreas to guide the pedestrians to walk seven tmasd thea'aba.

Sarmadyet al. [3] presented a cellular automata model for the sinwdaof the
pilgrim’s circular Tawaf movement based on a discrete-event model to siendke
actions and behaviors of the pilgrims. The studsegtigated whether structurethanges
to the area or the operational elements would er@aignificant gain in the throughput of
the system.

A framework for simulating complex behaviors extehi by pilgrims performing the
Tawafwas proposed b@urtiset al. [19]. By coupling a high-level finite-state-manhi
with a low-level local collision avoidance algorith they modeled a range of behaviors
such as: circumambulating th&’aba, queuing to touch the Black Stone, entering and
exiting theMataf floor, and pausing to perforfatilam.

Based on the above review, it is identified thatr¢his a research gap between crowd
modeling and crowd optimization techniques. Althougany works have been reported
in the area offawaf simulation, none of the reviewed models addreSsmdaf as an
optimization queuing problem.

3.0 M ethodology of the Investigation

According to Adnanet al. [20], seven steps should be considered in sinwiati
procedure namely, i. Recognition, ii. Problem folation, iii .Model construction, iv.
Data collection, v. Model solution, vi .Model rddiity and validity and vii.
Interpretation of result, implications and sendifivanalysis. This study adopted these
steps.

Tawaf consists of a set of prescribed rites in assigloedtions around<a’aba.
Performing this ritual within limited time, wouldesults in crowded scenario of
extraordinary magnitude. Such bottlenecks can inim congestion arounda’aba and
may lead to accidents. High density, varying véloand complex motions maKeawafa
challenging task [19]. In this study, the probleraswnodeled in such a way to address
these factors. The crowd density throughout Taevaf area would often vary and can
reach as high as eight pilgrims per square metar theKa’'aba [21]. Such extremely
high density could restrict the movement of thgniihs. The velocity of the pilgrims in
Tawafarea may vary depending on many factors suchewsdistance from th&a’aba,
proximity of structures on the floor or congestioaused by special events. Different
types of crowd flows can be observed duriregvat At any given time, pilgrims would
try simultaneously to stand still to kiss the Blastone located at the corner of the



Jurnal Mekanikal June 2013

Ka'aba, circumambulate th&a'aba, or attempt to move orthogonally to the circular
flow, inwards, toward theéka’aba, or outwards, towards the exit, preventing purely
circular flow.

To formulate the problem the layout of thiawaf area and the sequence Tdwaf
should be considered. Figure 1 showvesvafprocedure graphically. Pilgrim walks seven
counter-clockwise circles around ta’aba andHateem Each circle starts in front of the
black stone indicated as the start region [19].

Exit 2

QI ,— Magam Ibrahim

g+ RN

& Black Stone
[ £
Exit 4 Safa exit

Figure 1: Tawaf Procedure, Seven Counter- clockaiiste [19]
TheTawafProcedure is described below:

i. Pilgrims enter thelawaf area and proceed towards the start region that is
located at th&Ka’abas eastern corner. This landmark serves as theastdr
finish point of each circumambulation.

ii. After reaching the region in front of the Black S¢o pilgrims performstilam
(a short prayer said facing th&'aba).

iii. The pilgrim walk, in counter-clockwise directionfoand theKa'aba and
Hateem

iv. At the completion of each circumambulation, thegqths performistilam
again.

v. At the end of seventh circle, the pilgrims perfaanshort prayer outside the
Tawafarea, in behind th®lagame Ibrahinor any convenient location in the
mosque. Some pilgrims may prefer to join the queukiss the Black Stone
upon completion on th€&awaf.

vi. Pilgrims exit theTawafarea. Zarita et al [4] noted that 61% of the pitggi
exit theTawafthrough theSafaexit in preparation for the next ritual.

A proposed model is formulated according to thevaborocedure, however, due to
the variations that exist between different schafothoughts as well as for simplicity,
details related to Steps 2, 4 and 5 are not coresida this study.

Conceptual Model oTawafarea adopted from Sarmady al.[3] is shown in Figure
2. Different sections of th&awaf area in theMasjid Al-Haram court have different
properties. Therefore, thieawafcircle was divided into sub-sections to represiiferent
speed-density. Th&a'aba walls, especially those parts that are in Secldbiare very
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favorable to pilgrims who would attempt to reachd daouch the walls and pray in this
section. Additionally, people move slower as theywmclose tdKa'aba. In Sections 14,
M4 and O4, there is an arbitrafawafstart-finish line or area. Too many people in éhes
sections may cause congestion in the area singenpd either starting theifawaf or
cross theTawafcircumambulation for exits. The sections O1, 02, @3, M2 and M3
were chosen for comparison since they lack of socigestion.

0z 03
M2 M3
I 11
M4,
M1
ca

01
Tawaf start/Finish line

Figure 2: Conceptual model [3]

In the simulation model, each sectionTafwafarea is represented with a Server as a
single machine having specific cycle time accordimgection characteristics. Parts that
enter the model represented the pilgrims or custeroé the Tawaf queuing system.
Customer characteristics such as speed and seqatmactions are shown by different
attributes that either individual or batch of parésry when entering the system. Machine
cycle times and failures schedule, represent aveqagcess time and disturbance
intervals that occur in eachawaft Other elements such as buffers, routes, stativee
used in the modeling.

A discrete event modeling tool, ARENA was chosentliss research. The simulation
model describes the process that an “entity” expegs while flowing through or using
the elements of the system [22]. In this studytesysrefers tdMataf or the Tawafcourt.
The entities are Pilgrims who perform thawaf Pilgrims are discrete units that enter the
system, flow through the system and then departystem. Resources used by entities
may constrain the flow of the entities in the systén Tawafsystem, théMiataf area and
its sub-areas (sections) are the resource that ggpwice’ to pilgrims.

The nature of this study is that most of the realadare neither available nor
collectable. As such reference and derived paranvelees were used. The alternative
models in this research were built incrementallgdohon Basic Model as a benchmark.
The concept behind the Basic Model is to repreeMataf by a queuing system that
has several servers aselveral queues, as shown in Figure 3.

Each entity with its specific attributes namely den speed and size was generated
according to Poisson distribution. They were stared buffer to be called randomly to
the available queues. Queue capacities of servers analyzed and upon availability of
space in gueues, each entity moved to first availabrver with priority given to the
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closest queue tKa'aba. The queues of entities moved seven times in a fipécbute
according to their attributes until they reacheel finishing line in the seventh round. At
this stage, entities were disposed. The movemdatwas set in such a way to enable
each entity to switch queues by choosing the closewer toKa'aba whenever more
than one section with free space was availablsidéfined route.

/ START \\
\ 4 \ 4
QUEUE IN THE
CREATE PILGRIM CLOSEST
SECTION TO
KA’ABA
\ 4 \ 4
MOVE IN THE

A -
» SEND TO BUFFER DEFINED PATH

\ 4

READ DATA NO
FROM NO. OF

PEOPLE IN THE
EACH SECTIO

YES

DISPOSE PILGRIM
(LEAVE MATAF)

Figure 3: Schematic view of the basic model

4.0 RESULTS
4.1 Screening Experiment

After building the basic model, screening simulatexperiment was performed. Critical
process factors and direction of adjustment fosehiactors were determined to further
improve the model performance that is to maximiee ftow of pilgrims. Series of tests
were performed in which purposeful changes wereentadthe investigated factors to
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identify corresponding effects to the output reg@orThe objective of the experiments
was to determine significant factors to the syssepgrformance (response), specifically,
the service rate, average time, and crowd denisitthis study service rate refers to the
number of people finisffawafin two hours. Average time refers to the average ta
pilgrim performsTawafin the presence of 2000 person in kataf. Density refers to the
average number of people in each square metee dMakaf.

Choice of factors and levels was based on the shadi literature. Table 2 shows the
factors and levels used in this study.

Table 2: Factors and Levels

Levels

Factors Low (-) High (+)
A. Inter-arrival Time
(Second) 0.15 3.6
B. Group Size (person) 1 50
C. Space Limitation (%) 0 50
D. Switching between queug Not ?‘g? wed Allowed (100%)

lines

Table 3 summarizes the results of experiments an d¢ontrollable factors, namely,
Inter-Arrival Time (A), Group Size (B), Space Limiion (C) and the permission to
switch between queue lines (D).

A four-factor full factorial experiment with 16 ranand three replications was
conducted and the results were analyzed usingstitati software, MINITAB. The
average value of responses on crowd density, geraie and average time in the system
are shown in Table 3.

Table 3: Result of Experiments

Factors Response
RUN | g Gro | Space : Crowd | Service | Average
1A up | Limita Swite Density Rate Timein
or (X) Size | tion Q'[’;)Q' (Pilgrim/ | (pilgrim/2 Sytgtim
der ® | © m?) hrs) (min)
1 o] - - - - 35 29333 30
2 a + - - - 3.9 25890 27
3 b - + - - 4.7 39344 29
4 ab + + - - 4.5 24987 25
5 c - - + - 3.6 20432 36
6 ac + - + - 4.4 24654 31
7 bc - + + - 4.6 25222 33
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8 abc| + + + - 6.5 21098 30
9 d - - - + 4 18222 39
10 ad| + - - + 4 21861 30
11 bd | - + - + 7.6 30765 33
12 abd| + + - + 6.6 25870 27
13 cd | - - + + 6 16987 45
14 | acd| + - - + 4.7 12876 33
15 bcd - + + + 8 23543 39
16 a(ljac + |+ + + 7 9994 30

Results of analysis of variance (ANOVA) for averagewd density, average service
rate and average time in the system are shownhite$4d, 5 and 6 respectively.

Table 4: Analysis of Variance for crowd density

Sour ce DF SeqSS AdjSS AdigMS F P
Main Effects 4 26.3850 26.3850 6.59629640.005
A 1 0.0100 0.0100 ®@O10.02 0.886
B 1 14.8225 14.8225 128233.61 0.002
C 1 2.2500 2.2500 P@55.10 0.073
D 1 9.3025 9.3025 23021.09 0.006

2-Way Interactions 6 4.5400 4.5400 0.75672 0.285

A*B 1 0.0025 0.0025 0.002501 0.943
A*C 1 0.0900 0.0900 0.09aD20 0.670
A*D 1 24025 2.4025 2.40Z245 0.067
B*C 1 0.0225 0.0225 0.02Z605 0.830
B*D 1 19600 1.9600 1.9606D44 0.089
C*D 1 0.0625 0.0625 0.06Zp14 0.722

Residual Error 5 2.2050 2.2050 0.4410

Total 15 33.1300

Two of the main effects were significant @t 0.05 and affected the density.
Significant factors are Group Size (B) and switghbetween queuing lines (D), which
had significant effect on the crowaknsity. Two-way interactions were not significant.
The above results suggest that the most imporgatdif in crowd density development is
the pilgrim group size (B), followed the degreeswafitching between queuing lines (D).

10
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Table 5: Analysis of Variance for Service Rate

Source DF SeqSS AdjSS AdjMS F P

Main Effects 4 539891167 539891167 134922786 0.017
A 1 83804870 83804870 5.50 0.066

B 1 58400164 58400164 %B4N 3.84 0.108

C 1 236129322 236129322 23622 15.51 0.011
D 1 161556810 161556810 16838 10.61 0.023

2-Way Interactions 6 121562220 121562220 @826 1.33 0.386

A*B 1 86638864 86638864 888384 5.69 0.063
A*C 1 139502 139502 9%B82 0.01 0.927
A*D 1 92112 92112 2192 0.01 0.941
B*C 1 26915344 26915344 Z&4 1.77 0.241
B*D 1 6105841 6105841 5881 0.40 0.554
C*D 1 1670556 1670556 (%36 0.11 0.754

Residual Error 5 76134365 76134365 6873

Total 15 737587752

The results indicate that space limitation (C) awitching between queuing lines (D),
were significantly affected the hourly service rafdat is by increase any of these
factors, the service rate decreases and vice vAlsawvo-way interaction between the
above factors were not significantoat 0.05.

Table 6: Analysis of Variance for average timehia system

Sour ce DF SeqSS AdjSS AdigMS F P
Main Effects 4 363.750 363.750 90.938 18504000
A 1 162.563 162.563 162.5533.48 0.000
B 1 39.062 39.062 39.083.29 0.001
C 1 85.563 85.563 85.569.20 0.000
D 1 76.563 76.563 76.588.77 0.000
2-Way Interactions 6 41.375 41.375 6.8%600 0.019
A*B 1 3.063 3.062 3.063.55 0.118
A*C 1 3.062 3.063 3.063.55 0.118
A*D 1 27562 27.562 27.5621.96 0.002
B*C 1 0.062 0.062 0.06R.07 0.799
B*D 1 7562 7562 7.568.77 0.031
C*D 1 0.063 0.063 0.068.07 0.799

Residual Error 5 4312 4312 0.862

Total 15 409.438

The results in Table 6 indicate that all the fagtauere significant and affected the
average time in the system. While switching betweeruing lines (D), and Space
Limitation (C) had direct effect on the averagediin the system, that is by increase of
each of these factors, the average time in thesysicreases and vice versa. However,
as the number of people in each group (B) and -entéval time (A) increases, the
average time in system, decreases. This resultgestghat factor B and A has indirect
relationship with the average time in the systenrthermore, the interaction between
Inter-Arrival Time (A) and Switching (D) and alscetveen Group Size (B) and

11
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Switching (D), adversely affected the average tim¢éhe system. The most significant
factor for this response is inter-arrival time (A).

The objective of this study is to propose improwaatlels which lead to an increase in
service rate, decrease crowd density and reducee ith the system. Therefore, the
switching and space limitation should be minimizedhe improved model to optimize
all the responses. Large group size decrease theages time pilgrims spend in the
system, but also increase the density that is esitable. So, the tradeoff for determining
the average group size should be considered. Huedff among these factors led to
creation of three alternative improved models.

On an opemataf, a maximum throughput is 30,000 pilgrims for atsumable, stable
system in dynamic equilibrium [1]. At high through>30,000 pilgrims/hour) the mataf
area becomes unstable, with the high risk of psxive crowd collapse anchass
fatalities. The basic model which reflects the attsystem behavior is not safe. An
improved model should be introduced to make adjestmin the flow of people and
maintain the safety issues in tolerable range. dwvgu alternative models are designed
based on findings from the basic model.

The finding from basic model suggests that restigcand controlling the switching
behavior of pilgrims between the lines, sometinesgl lto lower density, fastéawafand
higher service rate. Subsequently improved modelsraroduced that take advantage of
controlling switching behavior by designing spipaith and separating the pilgrims with
different characteristics. In a classical queuingdal, servers are always available.
However, in many practical queuing systems suchaagfqueuing system, areas which
are defined as servers may become unavailable pariad of time due to a variety of
reasons. This period of server absence may refrédseareas which are busy with some
supplementary jobs such as under maintenance aadiet.To analyze these scenarios,
server vacation in queuing models was introducerepoesent the period of temporary
server absence. Allowing servers to take vacatinake queuing models more realistic
and flexible in the study of real-world waiting-dirsystems [23]

4.2 Alternative Improved Models

Four improved modelsere investigated. The first two models scheduéeatmittance
and restrict the inflow according to the serveraray (space limitation) criteria. Models
3 and 4 were designed based on separation anchBwjteriteria.

Model 1 schedules the admittance (incoming) in saclay that the capacity of the
Tawaf area is not exceeded, Model 2 controls the infiowd effectively maintain the
crowd within the capacity of the restricted areagddl 3 has separated route for men,
women and wheelchairs and Model 4 presédiatwafin spiral pass around théa’aba,
which encircle it seven rounds.These models arepaosd according to performance
measures shown in Table 7.

12
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Table 7: Comparison of Alternative Models

M odels
Response Basic Moded1 | Model2 | Modd3 | Modd 4
M odel
Density
(Pilgrim/m2) 8 ° 4.5 6 5.2
Average Time in
the System 32.3 20.8 18.2 26 24
(min)

Service Rate | oo, 53213 49068 88253 74431
(Pilgrim/2hrs)

43 Model Verification and Validation

Verification is the step to verify if the model ¢®ded correctly. There are two basic
approaches to test simulation software which idedaktatic and dynamic testing.
Dynamic testing was done to investigate the inpdpot relationship using different
validation technigque such as the continuity tesigetheracy test and consistency test.
Continuity test was done by increasing the delengtof certain process and analyzing the
output, while for the degeneracy test, a processinmachine was removed from the
system and the output of that area was evaluatedsi§€ency test is done by changing
the random number streams of the machine to setharthe result is merely the same or
not. In ARENA this is done automatically by thetsdadre [22].

In the validation test, the simulation model outmill be compared to the actual
output. Specifically for this study, average timeahe system from three replications was
compared with the actual value reported in litexafd].

Based on the simulation replication, the averaggingatime for the Basic model is
32.3 minutes. On the other hand, the actual watiimg average for three month is 35
minutes [4]. In order to validate the model, thecpatage of variation between the actual
(benchmark) and the model should not exceed 15%%ataverage error. Since the
variation between the Benchmark and the model'fopaance is only 7.7%the Basic
model is considered vali@5]. Due to lack of published benchmarked valeesyparison
for other performance measures was not possible.

44 Comparison of Alternative Models

Each of the four alternative models, namely, MotleModel 2, Model 3 and Model 4
have their own specific features. The tradeoff agntdmese models made the decision
making process a challenging task. Different moal@ly be suitable for a different
situation such as for peak season durldgjj andRamadhanwhile different model may
be better to represent non-peak periods.

As shown in Figure 4, the Basic Model has the Fégldensity and smallest average
time in the system. Even though Basic Model gaechtighest service rate in two hours,
but such scenario may lead to undesirable and damgexcessive crowd. There is no
compromise when dealing with safety issues. Theeetloe Basic Model that represents
the current actual system @awafis not desirable in any aspect of objectives @ th
study.

13
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Improved Model 1, restrict the admittance by sclhesiin such a way that capacity of
Tawafarea is not exceeded. We can see that the adeaotdgis model over the basic
model is in decreasing the density and average itinlee system as well as service rate
to maintain it in a marginal safe level.

Improved Model 2, in comparison with all the invgated models has the poorest
scores in all performance measures. Its Service Ratbout half of the basic model.
Furthermore controlling the inflow may be difficalbd impractical during peak season.

Improved Model 3 with separation of men, women aheéelchairs in different routes,
could achieve high service rate with low crowd dignand lowest average time in the
system. It seems that this model is highly effectduring peak period. Furthermore,
separation can avoid collisions, unwanted free mgixand mayhelp pilgrims to
concentrate oftawafrituals.

Improved Model 4 is based on spiral path model Tlis model stands in the third
rank in all the performance measure criteria. #ns® to be suitable for semi-peak to
highly peak periods. It gives high service ratele/avoiding accidents by channeling the
pilgrims through spiral path and preventing pilgsifrom switching lanes.
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Figure 4: Comparison of Alternative Models
4.4 Comparison with Previous Works
Literature review providesvo similar studies that investigated the average tin the

system for Tawaf and thus can be compared to the results of thidyst®ther
performance measures are not reported in literatgndewed.
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Al-Haboubi and Selini6] studied spiral path design and mathematicatutations
were carried out to estimate the average timee@rsyfstem. Theiresults are comparable
with the simulation result of the spiral path (Mbd# in this study. Figure 5 shows this
comparison.

Zaritaet al [4] simulatedTawafBasic and spiral models in SimWalk software using
social force method. Figure 6 compares the refdts Zaritaet al [4] with the current
study.

26.5
26
25.5 +
25
24.5 —
24
235 -
23
22.5 4
Al-Haboubiand Selim[6 Simulation Model 4
Average Time in the System in Presence of 100GiRifg(Minute)

Figure 5: Comparison of Avearage Time in SystenrModel 4 with Al-
Haboubi and Selim[6]

30 A
25 7
20 7
15 7

10 -~

I- Zaritact al.
Average Time in the System Average Time in the System

for Basic Model{min} for Improved Model 4 Simulation Model

Figure 6: Comparison of Models Performance withtaaat al.[4]
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5.0 KEY FINDINGS

Three responses were selected to measure perfaenadiribe investigated models. The
objective was to find a model that would give hggrvice rate and low crowd density
and minimum time in the system. The results of &hon experiments reveal these
findings:

i. Switching and Space limitation should be minimizethe improved model to
optimize all of the responses.

ii. Large group size can increase the service rateleci@ase the time in the system,
but also increase the density that is not desirdlilerefore, the tradeoff among
the factors should be considered in determiningebemmended average group
size.

iii. Low inter-arrival time has adverse effect on dgnaitd average time in the
system; however, it contributes towards increasestmvice rate.

There is no compromise when dealing with safetyass therefore, Basic Model that
represents the current actual systerfafvafis not desirable in any aspect of objectives
of this study.

The Basic Model was enhanced into four improvedraditive models. Key findings for
the improved models are as the following:

» Improved Model 1 restricts the admittance by schelin such a way that capacity
of Tawafcannot be exceeded. The advantage of this moe@eltbg basic model is in
decreasing the density and average time in theesysts well as service rate to
maintain it in a marginal safe value.

« Improved Model 2, in comparison with all the otlmodels has the minimum value
in all performance measures. Service Rate is retitacabout half of the basic model.
Furthermore, controlling the inflow may not be abie and practical in peak period.

« Improved Model 3 with separation of men, women awitkelchairs in different
routes could achieve high service rate with lovwata@ensity and average time in the
system. It seems that this model is highly effecfor peak period with high demand
and time limitation. Furthermore, separation cacrel@se collisions and help pilgrims
to performTawafeasier.

* Improved Model 4 or spiral model stands in thirdikean all the performance measure
criteria. The model looks promising for semi-pea&k highly peak periods with
contribution towards increase the service rate tversafety range, while the spiral
path avoids accidents and prevents pilgrims frombciimg.

6.0 CONCLUSION

Flow rate determines how quickly the system readsatynamic equilibrium. Too high a
flow rate makes crowd density builds up too quicWligich may cause pilgrims in the
Tawaf area experience congestion and cannot completeritihed. If ingress flow
continues, this will increase the risk of peoplesting and stampede.

According to [1] crowd density above four people pguare meter (for moving crowds)
is defined as the upper safe limit for crowd floft. eight people per square meter, the
risk to the crowd is defined as intolerable. Schieduthe admittance and dividing the
Tawafinto different routes has a significant effectaamtrolling the density and avoiding
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congestion development, thus creating bettawaf experience for the pilgrims. The
simulation results suggested that switching lanenduTawaf is the most significant
factor in crowd density development and efficienéythe queue system. The alternative
model using separation, spiral path and timely doleel the incoming pilgrim result in
the best performance.

Future researches may address different aspeclaveéf such as different queuing
rules, group behaviors, and other possibltaf designs. The approach of this study is
potentially applicable to study other mass crowdvemoent such as in theme parks,
public transportation hubs and sports events.
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