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ABSTRACT Hajj, the annual pilgrimage to Makkah, is one of the most massive gathering events in the
world. It is a mandatory religious activity, once in a lifetime for every sane well-off Muslim. Every year
around 3 million Muslims across the globe visit Makkah to perform this spatiotemporally constrained
set of religious activities, like circumambulation around the Kaaba and the encampment at Mina, Arafat
and Muzdalifah. The key ritual at Rami-al-Jamarat (the stoning-of-the-pillars) is a place seen particularly
crowded. The diversified nature of the crowd in terms of race, age, language and culture brings several
administrative challenges for local organizers whose responsibility is to ensure the smooth organization of
the event. The advent of digital technologies has helped researchers to explore and propose modern methods
for better crowd management and devise control strategies to organize such a mass gathering. In this paper,
we present a taxonomy that summarizes our survey on the utilization of technology areas for providing
needful services and improving crowdmanagement during the Hajj season. These technologies areWireless,
Computer Vision, Spatial Computing, Data Analytics, Mobile Applications, Immersive Technologies, and
Crowd Modelling and Simulation. We have also included the current research work and its implementation
plan for Hajj 2020. One dimension of the taxonomy is to understand different possible technologies for
Crowdmanagement. Another dimension is to understand the impact of technologies to handle such amassive
crowd. The discussion section covers a comparison of technologies with multiple aspects that may help
researchers to contribute more towards dealing with future mass gathering events.

INDEX TERMS Hajj, crowd management, mass gatherings, large events, technology review.

I. INTRODUCTION
Hajj, the fifth pillar of Islam, is an annual Islamic pilgrimage
to the sacred city of Makkah, located in Saudi Arabia. It is
performed in the 12th month (Zulhijjah1- the month of the
pilgrimage) of the Islamic Lunar calendar2 [1], [2]. It is a
mandatory religious activity, to be performed once in life by
every sane adult Muslim, who can afford it and is physically
fit. Once pilgrims from all over the world reach [2] the
vicinity of the holy city of Makkah, they become bounded
by certain religious obligations. They are required to perform

The associate editor coordinating the review of this manuscript and
approving it for publication was Utku Kose.

1https://en.wikipedia.org/wiki/Dhu_al-Hijjah
2https://www.islamicfinder.org/islamic-calendar/

a series of Hajj rituals which are spatial and temporal in
nature. Fig 1 shows the different spatial zones, where pil-
grims are required to perform Hajj rituals within the duration
of a week. These spatial zones are Masjid Al Haram (the
Grand Mosque), Mina, Muzdalifah, Arafat (three plains in
and aroundMakkah where the pilgrims encamp for the whole
week or so). Hajj rituals are spatially strict, however, in some
cases they may be temporally relaxed, but all rituals must be
completed within six days (8th to 13th day of Zulhijjah). Fig 1
shows pilgrims’ five days’ activities while they perform the
Hajj rituals within different spatial zones. On the first day
of Hajj, (8th day of Zulhijjah), pilgrims wear special clothes
called Ihram and go to Mina where they stay for a day and
night. The next day (day 2 – 9th day of Zulhijjah), early in the
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FIGURE 1. Spatial zones in the holy city of Makkah [2], Five days of Hajj – Pilgrims mobility.

morning, the pilgrims head towards the mountain of Arafat
for a day of reflection and repentance. Pilgrims stay within
the Arafat area for the entire day and after sunset, they start
their journey back toMina. On theway back toMina, pilgrims
stay overnight in the Muzdalifah area. On the next day, (day
3 – 10th day of Zulhijjah), also known as Yaum Al-Nahr (the
day of Sacrifice), the pilgrims go to Jamarat al Aqaba, the
first stoning pillar, and pelt it with seven pebbles. The ritual
of stoning the Jamarat is called Rami-al-Jamarat.

For the next two days, pilgrims are required to repeat the
Rami (stoning) twice (for a total of three-times in 3 days).
After the stoning ritual, pilgrims are left with three main
activities, namely, going to Masjid Al Haram to perform
Tawaf and Sai, sacrificing the animal, shaving or trimming
hair. Pilgrims can perform these three rituals during the
remaining days of the Hajj. Most of the pilgrims prefer to
perform these three rituals on the same day (day 3 – 10th

day of Zulhijjah) however due to mobility schedules, many
pilgrims complete these rituals on day 4 and day 5 (11th and
12th day of Zulhijjah). Some of the pilgrims complete their
rituals in five days while others prefer to stay one extra day
(day 6, 13th day of Zulhijjah).
Hajj is an example of a heterogeneous massive crowd

where most of the pilgrims are attending the event for the
first time in their lives and are hence very eager to comply
with the spatiotemporal requirements of the ritual. The Saudi
government, through theMinistry of Hajj and Umrah3 as well
as other departments and ministries, plans, implements, and

3https://www.haj.gov.sa/en

monitors the entire Hajj event. It considers it as its duty to
provide pilgrims with the best possible services, from their
arrival in Makkah, till they return home. Keeping in mind
spatial and temporal constraints, crowd diversity in terms of
race-ethnicity, age, language and culture, the organizers have
to face several administrative challenges [1]–[3]. Since it is
the priority of the Saudi government to plan and execute
the Hajj event in a smooth manner, authorities, organizers
and researchers continuously investigate innovative ways and
means for better crowd management and control strategies.
New problems and solutions appear every year which are
studied, analysed and improved upon during the next year.

This paper presents a taxonomy that summarizes our sur-
vey on the utilization of technology areas for providing
required services and improving crowd management dur-
ing the Hajj season. The taxonomy classifies crowd man-
agement technology areas into Wireless Systems, Computer
Vision, Spatial Computing, Data Science, Mobile Applica-
tion, Immersive Technologies, Crowd and Traffic Modelling
and Simulation. Later, we present a discussion section that
covers a comparison of technologies with multiple aspects,
that may help researchers to contribute more to deal with
future events.

After the introduction in Section I, crowd statistics and
challenges are presented in Section II. Section III discusses
in detail the state of advance technologies deployed during
Hajj to deal with massive crowds. In Section IV, we sum-
marise the current technologies that were deployed during the
Hajj 2020 event. In Section V, we present the technologies
proposed or used by researchers during the past Hajj events.

208584 VOLUME 8, 2020



E. A. Felemban et al.: Digital Revolution for Hajj Crowd Management: A Technology Survey

FIGURE 2. Pilgrims count over the past decade (2010 (1431-H) to 2019 (1440-H)). Green color is for pilgrims from inside Saudi
Arabia and blue color is for international pilgrims.

Section VI is about the discussion that presents some graphi-
cal representation of our surveyed papers with the perspective
of technologies proposed or used for the Hajj events. Finally,
we conclude the survey and discuss future research approach.

II. HAJJ CROWD STATISTICS AND CHALLENGES
Every year, only around 2 million Muslims out of a total
population of 1.8 billion (0.11%) manage to perform Haj,
mainly due to cost, physical capacity and time constraints
[4]. Over the past 10 years, Saudi Arabia has hosted 23.97
million pilgrims from all over the world [5]. Fig 2 shows the
pilgrim count for this period, with the blue part of the bars
showing local pilgrims and the green part of the bars showing
international pilgrims.

As per the General Authority for Statistics (GASTAT)
Kingdom of Saudi Arabia,4 the largest number of pilgrims
were counted in the year 2012, when about 3.16 million
performed the Hajj. The lowest recorded count in the last
ten years was 1.98 million during the year 2016 [6] when
the number of pilgrims were officially controlled due to
expansion activities in the area. Table 1 gives an overview
of the number of pilgrims during the Hajj 2019 event.

A major area of concern for large gatherings is crowd
density, since it has a serious impact on crowd safety [7],
[8]. In this context, pilgrims’ mobility under spatio-temporal
constraints during Hajj introduces different degrees of crowd
density. Fig 3 shows a varying degree of pilgrims’ crowd
seen by the human eye while they perform Hajj rituals. Fig. 3
(a) represents a moderate crowd that can be considered safe.
Fig 3 (b) is depicts an overcrowding scenario and requires
attention. Fig 3 (c) and Fig 3 (d) show a very dense crowd
with a serious threat to public safety [9] that can result in
stampedes like the one that happened during the stoning ritual
in 2015 [10], or create a human catastrophe in case of fire
or proliferation of a pandemic [10]–[13]. Considering all the

4https://www.stats.gov.sa/en

TABLE 1. Pilgrims count – Hajj 2019.

challenges of the diversified crowd, the authorities connected
with Hajj event are constantly working on their respective
portfolios to understand, design, implement and provide the
necessary services such as pilgrim identification, mobility
tracking, navigation to points of interests, and health, to man-
age the Haj crowd in an efficient manner [1].

III. TAXONOMY
Fig 4 summarizes our proposed taxonomy that classifies the
various technologies used in Hajj for crowd management.
These technologies have been used to design and implement
solutions by different researchers to facilitate the Hajj crowd.
The taxonomy classifies crowd management technolo-
gies areas into Immersive Technologies, Wireless Systems,
Computer Vision, Spatial Computing, Big Data Analytics,
Mobile Application and Crowd and Traffic Modelling and
Simulation.

Immersive Technologies emulate the physical world envi-
ronment into a virtual world using wearable devices. The
immersive technologies section is further classified into vir-
tual reality, augmented reality and mixed reality.

VOLUME 8, 2020 208585
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FIGURE 3. Hajj Crowd, (a) Moderate crowd with no rush, (b) Possibility of overcrowding, the attention required, (c) Crowded, (d) Massive Crowded.

FIGURE 4. Taxonomy of Technologies used for Hajj.

Wireless Systems provide a ubiquitous platform where
we can connect computing devices, and mechanical and
digital machines with the ability to transfer data over the
network without physical interaction. The Wireless section
is categorized into Wireless Fidelity (Wi-Fi), Bluetooth Low
Energy (BLE), and Radio Frequency Identification (RFID).
The RFID section further discusses application areas such
as monitoring, tracking, medical, transportation and location-
based services.

The aspects of Computer Vision discussed herein are
those which are mainly used for crowd management and
crowd analytics using Artificial Intelligence based algorithms
for image and video processing.

The Spatial Computing section discusses different frame-
works and approaches for scheduling pilgrims’ mobility
and techniques for evacuation of large crowds. These are
of great importance during Haj, especially in Mina, where
around 3 million pilgrims have to stay for 4-5 days in a
spatially restricted area.

Social Media platforms are in use where pilgrims actively
communicate and share their Hajj experiences. Sometimes
Hajj organizers utilize these platforms to disseminate useful
information about Hajj activities.

The Mobile Applications section discusses popular
mobile apps used to provide services duringHajj. This section
mentions the top 10 downloaded apps in Hajj according to
figures shown on Google play store.

The Big Data Analytics is used for Big data and multi-
ple types of analytics. This section discusses research work
related to it in the Hajj domain.

The Crowd and Traffic Modelling and Simulation
section describes the process of simulating the movement
of a massive crowd of humans or vehicles to understand
their behaviour, such as the flow in the network and use it
for prediction of future events. This section discusses crowd
and traffic modelling and simulation that have been used in
Hajj [14].

IV. CURRENT TECHNOLOGIES
This section provides the list of technologies currently used in
Hajj. Based on published research articles, spatial computing,
crowd simulation, mobile applications and big data analytics
are the areas that appear to be the most active for the last
couple of years. The spatial computing and crowd simula-
tion technology areas deal with activities performed mostly
before Hajj to prepare the pilgrim movement schedule and to
understand crowd dynamics.

A. SPATIAL COMPUTING
Spatial computing is one of the areas related to managing the
Hajj crowd while pilgrims move from one place to another
to perform spatio-temporal Hajj rituals. It directly deals with
scheduling pilgrims’ movement within the holy sites such as
Arafat, Mina, Muzdalifah and Jamarat and is done before the
actual Hajj event. Organizing authorities try to ensure that that
the scheduled plan is followed and may request rescheduling
in case of unavoidable situations.

Haase et al., [15] presented an operational research-based
decision support system for crowd management. This sys-
tem provided a scheduling tool and a real-time video track-
ing system (video-based counting system VBCS), to ensure
an uncongested and smooth flow of pilgrims and provide
real-time statistics for an early warning system. The sys-
tem was proved to be effective in stopping the tragic loss
of human lives and there was no massive disaster reported
from 2007 to 2014.

Felemban et al. [16] presented a scheduling process
to facilitate pilgrims’ movement between holy sites, i.e.,
Mina, Muzdalifah and Arafat using trains. The optimised
scheduling technique considers train movement plans, train
capacity, train stations’ capacity, roads allowed to/from
camps-stations, road capacity, and pilgrims’ camp locations
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at source and destination sites. The algorithm has been used
in Hajj 2019.

During Hajj, sometimes, due to unavoidable conditions or
external environmental factors, such as heavy rain, authorities
need immediate solutions to reschedule pilgrims’ movement.
Rehman and Felemban [17] developed an interactive tool that
reads the change requests submitted by the authorities and
efficiently provides updated schedules by accommodating all
the new constraints. The tool allows stakeholders to resched-
ule the groups based on the pilgrims’ temporal preferences
to perform the stoning ritual in accordance with the safety
parameters. The safety parameters make sure that reschedul-
ing of the group does not violate the capacity of the road and
the Jamarat floor. The tool has been used in Hajj 2019 by
the Ministry of Hajj and Umrah to reschedule the pilgrims’
movement before and during the Hajj event.

B. CROWD MODELLING AND SIMULATION
Crowd modelling and simulation is done before Haj to under-
stand the human dynamic behaviour from past years’ experi-
ence using different modelling techniques.

Prof G. Keith was engaged with the Ministry of Hajj and
Umrah from 2000 to 2005. He modelled the crowd dynamics
on the Jamarat Bridge design [18] and at other large scale
public assemblies in complex spaces. This work was car-
ried out in 2003 for new bridge designs and presented an
agent-based modelling tool that included extensive analysis
of the existing Jamarat Bridge. The new, multi-tiered bridge
changed crowd dynamics by providing 5 floor levels with
various entry points, using ramps, lifts and escalators. The
project was completed in 2004 and there were no accidents
reported in the Hajj 2005 event.

C. MOBILE APPLICATIONS
There are hundreds of applications developed for Hajj pil-
grimage in different languages to perform different services
such as rituals, navigation, translation, qibla direction, prayer
times, weather, currency conversion and places of interest.
The ritual service is a step-by-step guide to perform Hajj ritu-
als, the navigation service is to find optimize path or quickest
path from one location to another. Translation service helps
to convert their native language into the Arabic language
to communicate with local shopkeepers or taxi. The Qibla
direction helps pilgrims to find the direction of the Kabah
to perform their prayers. The prayer times shows the time of
daily prayers based on their location. The weather applica-
tions show the weather of nearby cities such asMakkah,Mad-
inah and Jeddah. The places of interest service helps pilgrims
find nearby places such as restaurants, hotels, barber shops,
currency conversion places and more. Below is a review of a
few of theHajj applicationswithmore than 50,000 downloads
and 4.5-5 ratings on Google play store (Table 2).

Hajj and Umrah [App1] is one of the most downloaded
applications. It is available in English andUrdu language. The
application provides Hajj and Umrah ritual service, supplica-
tions, prayer times, travel checklist, weather service, places

of interest and currency conversion. The Android version of
the application was downloaded more than 100,000 times.

Hajj and Umrah Guide Urdu [App2] provides a step-by-
step guide to perform Hajj and Umrah rituals, along with
the list of permitted and non-permitted tasks during the Hajj
journey. The application is in Urdu language only.

Hajj Navigator [App3], Mina Locator [App6] and
Almaqsad [App8] provide only navigation services. [App3]
provides navigation in Makkah and Mina for different places
of interest. [App6] provides navigation inside Mina area to
locate camps, hospitals, mosques, etc.

[App3] is in English language only but [App6] supports
Urdu and Arabic languages as well. [App8] provides indoor
navigation inside Al-Haram mosque, Makkah, using BLE
support in Arabic, English, French, Dutch and Urdu.

WeSalam – Hajj and Umrah guide [App4] andManasikana
[App5] are applications with lots of services and support
multiple languages. [App4] provides Hajj, Umrah and Tawaf
guide, supplications, prayer timings, complete Quran, nav-
igation, places of interest, video tutorial (see Fig 5), and
currency conversion services in Arabic, English, French,
Urdu, Indonesian, Malay, Turkish, Russia, Hindi, Bengali
languages.

Manasikana5 [App5] is the official application byMinistry
of Hajj and Umrah, Saudi Arabia and it provides suppli-
cations, prayer timings, qibla direction, weather, naviga-
tion, places of interest, contact us, currency conversion, Hajj
tweets, Ministry messages services in English, Urdu, Arabic,
Bengali, Turkish, Spanish, French, Indonesian, Malay Lan-
guages. The application uses highly accurate satellite-based
maps of sacred areas to help pilgrims stay at the right place
at the right time. The application helps pilgrims locate other
fellow pilgrims in case they are lost and find a possible route
to reach them.

Al-Haramain [App7] and Al-mutawf [App9] are the offi-
cial applications launched by authorities in Saudi Arabia.
Both the applications show the current crowd status of the
Holy Mosques in Makkah and Madinah. Al-Harmain [App7]
provides hajj and umrah ritual, supplication, prayer times,
navigation, Q&A, live audio and video, contact us and avail-
able in Arabic, English and Urdu languages. The applica-
tions allow users to request for Itikaf (staying in the Holy
Mosque in the last ten days of the holy month of Ramadhan),
wheelchair, visiting permission to Kiswa (the cover for the
Kaaba made from cloth) factory. The application provides
a form to contact the general presidency of the Two Holy
Mosque for complaint, suggestion, or any request.

Duas for Hajj and Umrah [App10] provides a list of sup-
plications specific to different places in Mashaer area (spatial
context) in Arabic and English. Fig 6 shows the summary of
ratings of the above 10 applications based on their reviews on
Google play store.

5https://www.haj.gov.sa/en/News/Details/12353
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FIGURE 5. Screenshots of two applications a) WeSalam [App4] screenshot to perform Hajj rituals step-by-step b) Manasikana [App5]
screenshot for prayer time, weather and emergency call along with Hijri and Georgian date, Screenshot of Apps showing crowd status
along with prayer times maps live audio and video broadcast, c) Al-Haramain [App7], d) Al-mutawf [App9].

FIGURE 6. Ratings of the top 10 downloaded Hajj app in Google play
store.

D. BIG DATA ANALYTICS
The Internet of things (IoT) provides a ubiquitous platform
where a tremendous amount of data is generated when pil-
grims connect with fellow pilgrims and available services
through their smartphones and other communicating devices.
A careful analysis of this communication data can help
in understanding individual and group behaviour for better
crowd management and planning.

Felemban [19] collaborated with the Ministry of Hajj and
Umrah, Saudi Arabia and designed and implemented a simple
dashboard for monitoring pilgrims’ progress while they move
through different holy sites during the Hajj 1441 (2020) event
(Fig 7).

The deployed system collected data from two main
sources, 1) Manually using walkie-talkies and 2) A mobile
phone application that was distributed to group leaders.
They reported ‘‘departure and arrival times’’ while moving
between sites. The interactive dashboard helped in visual-
izing pilgrims, movement and other statistics during Hajj
2020 event. More than 300 major combinations of pilgrim

FIGURE 7. A Multi-Level Dashboard to Monitor Mobility Progress during
Hajj 1441-2020 event [19].

movement one site to another were counted during the event
in both space and time domains [19].

V. TECHNOLOGIES PROPOSED AND USED IN THE PAST
In this section, we summarize the different crowd manage-
ment technologies that were proposed and/or deployed during
the past Hajj events. Fig 4 gives an overview of our proposed
taxonomy for crowd management during the Hajj event, that
has been categorized as per services design and proposed
solutions.

A. IMMERSIVE TECHNOLOGIES (IT)
Immersive Technology emulates the physical world inside
a virtual environment by leveraging the 360-degree space.
It integrates virtual contents with the users’ physical environ-
ment and engages the users naturally with the blended reality.
Being completely isolated from the rest of the world, the
users experience virtual elements as a part of physical reality.6

6https://whatis.techtarget.com/definition/immersive-technology
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Some common styles of immersive technology include video
games (Virtual Reality-VR), Augmented Reality (AR), and
Mixed Reality (MR). In this paper, we also present an
overview of the use of immersive technologies contributing
to Hajj activities and its benefits in this context.

1) VIRTUAL REALITY TECHNOLOGY
The diversified nature of Hajj crowd in terms of different cul-
tures, languages, literacy rate and ages, makes it difficult for
the authorities to deliver information in an efficient manner.
To address this, researchers have proposed solutions based
on immersive technologies to provide necessary information
and virtual training to pilgrims before their arrival for Hajj.
The concept of Digital Hajj was presented in terms of virtual
games to let users learn how to perform Tawaf and Umrah at
the holy mosque of Makkah [20].

Muslim 3D [21] Labbaik [22] and many more applica-
tions7 [23], [24] provide training for pilgrims via immersive
virtual reality-powered tools and provide realistic tours of
sacred sites and access to books for guidance.

Nassr et al. [25] developed a virtual reality-based mobile
phone application for Hajj and found that pilgrims reported
ease of use and enjoyment with their pilgrimage while they
navigated their points of interests.

2) AUGMENTED REALITY AND HAJJ
Augmented reality (AR) is a real-time direct or indirect view
of the physical real-world that augments virtual computer-
generated information. It can assist Hajj organizers tomanage
pilgrims’ mobility and provide them directions to find the lost
pilgrims and places [26], [27]. Devices like headmounted dis-
plays, handheld displays, smartphones and PDAs (personal
digital assistants) utilize sensors, digital compass, cameras
and GPS to guide the pilgrim on demand. Google sky is an
application8 that, on pointing towards a star or planet, lets
users know its name. Similar AR techniques can help pilgrims
identify their tents and other points of interests during Hajj.

Taileb et al. [28] presented a mobile phone application that
uses GPS, compass and accelerometer to provide pilgrims
with live views and description about places of their interest.

Hajj AR9 is a mobile phone app, which uses augmented
reality and provides pilgrims with a unique and diverse expe-
rience for identification and directions of the holy sites and
can guide the pilgrims stepwise to performHajj related rituals
accurately, utilizing 3D maps.

Al Jazeera satellite TV channel provided a guidance seg-
ment to explain the complexities of Hajj. It uses augmented
reality technology and provides pilgrimswith names of places
in virtual lettering ‘‘floating’’ in the air, once they point their
devices towards the holy sites [29].

7shorturl.at/luDW6
8https://www.google.com/sky/
9http://ipay.mobily.com.sa/store/web/portalone/Hajj+AR?mid=

8861820519

3) MIXED REALITY TECHNOLOGY
Mixed reality is a continuum of both AR and VR [30],
[31]. Mixed reality (MR) integrates real and virtual worlds
and produces an environment with both physical and digital
objects to exist side by side and visualizes them in such a
way that users feel that they are interacting with them in a
real environment [32], [33]. MR also known as hybrid reality,
generates computer generated virtual constructs which are
either real or possible. MR allows experiencing new objects
and scenarios which have not even been created yet [34].
All AR and VR Hajj related potential applications proposed
by researchers discussed in virtual and augmented reality
provide sound footing to innovate mixed reality applications
for helping Hajj organizers serve pilgrims in a better way.

B. WIRELESS TECHNOLOGY
The Internet of things (IoT) provides a ubiquitous platform
where we can connect computing devices and mechanical
and digital machines with the ability to transfer data over
the network without physical (human-to-human or human-to-
computer) interaction [14]. During Hajj, millions of wireless
devices are used. Pilgrims, organizers and authorities inter-
act with several services through different peer to peer and
client server-based networks, thereby creating an IoT based
environment.

Mohamed et al. [35] proposed an IoT based framework
that is smart and efficient in terms of crowd time manage-
ment. It allows users to interact through mobile devices. The
interface layer of the proposed framework captures users’
sensory data from their mobile devices, followed by a man-
agement layer, which extracts the information from the col-
lected data and serves users with vital information about
open roads and passages, locating non-crowded areas and
finding their groups and friends. An expert crowd monitor-
ing and management IoT-based framework was presented
by Nasser et al. [36] which is designed to predict possible
problems by monitoring the paths leading to the location of
the rituals.

Islam et al. [37] presented an IoT-based Crowd congestion
and stampede avoidance approach that uses a combination of
different sensors and machine learning-based WEMOS D1.
E-writs belts were proposed to collect data from pilgrims in
real-time and predict the possible risk of a stampede.

Yamin et al. [38] presented a framework designed for
crowd control andmanagement system aiming to manage and
prevent stampedes and catastrophes. The proposed frame-
work presents an algorithm for stampede prediction with
proof and deployment simulation. There are several IoT com-
panies which have launched many innovative products and
solutions using LTE-M (Long Term Evolution (4G), category
M1) or NB-IoT(Narrowband Internet of Things)10 connec-
tivity that enables them to easily deploy numerous devices in
crowded areas without impacting their performance [39]. The
scalability factor of LTE-M or NB-IoT technologies allow

10shorturl.at/advNR
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millions of users to use products simultaneously with better
connectivity.

The different types of wireless technologies deployed in
Hajj to facilitate pilgrims are as follows.

1) Wi-Fi
Jassem et al. [40] proposed an offline group locating and
tracking system based onWi-Fi direct (ad-hoc) to enhance the
service in monitoring and tracking a large group of pilgrims
during Hajj. The system helps in connecting the pilgrim’s
group members to track fellow pilgrims by providing a map
which links to the nearest co-group members and by broad-
casting their MAC address and location from their mobiles.

The ubiquity of Wi-Fi enabled devices helped Anas [41]
deployed a solar-powered beagle-bone based standalone sys-
tem for non-invasive massive Hajj crowd analysis. This sys-
tem continuously sniffs and extracts the MAC address of
users’ devices in a very large crowd. Eight sniffers were
deployed covering about 185,000 people during the Hajj
event which analysed their arrival and departure behaviour
and extracted the transition pattern from one sub-location to
another.

Anis and Saeed [42] presented a multilingual speech trans-
lation and local positioning system for Hajj operations. This
system uses wireless network architecture and at the front-
end, an RF transceiver. The network is a combination of a
base transceiver station (BTS), fixed transceiver (FT) nodes
and ear connected transceiver (ECT) nodes available for pil-
grims. The real-time instructions, sermons, and announce-
ments from administrative authorities are transmitted to the
BTS unit, where the translators provide instant translation in
multiple languages. The multilingual translated information
from BTS node is transmitted to the FT nodes and thereby to
pilgrims.

Mohandes [43]–[45] presented Wireless Sensor Net-
works (WSN) for pilgrim tracking that was interfaced to the
Internet through gateway(s) via an Internet service provider
(ISP). Pilgrims carried a mobile sensor embedded with a
GPS chip, microcontroller, and an antenna. Each mobile unit
shared its user identification (UID), latitude, longitude, and
a timestamp with fixed data receiving units. This data was
integrated with a central server that maps the latitude and
longitude information on a geographical information system
(GIS).

Mohandes [46] used NFC (Near Field Communication)
technology for socio-religious events and applied it to Hajj
crowd as a case study. The developed system utilises an NFC-
enabled Samsung smartphone that runs on Google Android
OS. NetBeans IDE with the Android plug-in was used for
developing the application. AMicrosoft SQL server was used
to store the pilgrims’ database and a Microsoft ASP.net web
service was created to provide web access to the database.
The application incorporated the pilgrim’s profile (name,
nationality, languages, address, group number, health con-
dition, etc.) and those without NFC mobile phones were
given NFC wristbands with all information stored in it. This

system helped pilgrims in medical emergencies, Hajj permit
verification, pilgrims’ identification at any stage, data and
information exchange whenever required and more specifi-
cally helping lost pilgrims.

Nasser et al. [36] utilized RFID and WLAN technologies
and proposed an expert crowd management framework that
integrated crowd density information with available mobility
paths to facilitate the efficient movement of traffic within
Mashaer.11 Furthermore, the framework was proactive in
predicting potential problems related to ritual location paths,
followed by a concept to substitute the current human force
system of crowd control and management.

2) BLE
Bluetooth Low Energy (BLE) is remarkably analogous to
Wi-Fi. BLE is used to exchange data over short distances
(about 30 meters) however Wi-Fi goes further beyond. BLE
prices are low and operate at relatively much less power.
Leveraging the low-cost BLE technology, Jamil et al. [47]
deployed a BLE setup and mobile-phone application during
Hajj 2014. BLE tags carried by pilgrims in small groups were
easily detected by a smartphone application which was con-
nected to a server-based network. Their main objective was
to understand pilgrims’ individual and collective behaviour
in both indoor and outdoor environments.

Anas [48] proposed relatively cheap off-the-shelf BLE
proximity tagging architecture as an alternative method to
RFID tagging which needs deployment of expensive RFID
readers. BLE was utilized for navigation that provided turn-
by-turn bearingsand identified important locations. Further-
more, it suggested pilgrims the appropriate routes at airport
terminals, railway stations, tents in Mina and pathways inside
the HolyMosque. The deployed BLE taggingmethodworked
well and Hajj authorities were proposed to make use of the
multiple advantages of location-based services and track-
ing individual pilgrims and groups across different regions
(Aziziyah, Mina, Arafat and a night at Muzdalifah) within
the holy city of Makkah.

To sense and track group mobility with time constraint,
Jabbari et al. [49] proposed a passive BLE device for each
group of pilgrimswhich can be detected by scanners deployed
on towers on the roadside. This was to detect suspicious
group movement (asynchronous speed among the crowd or
an opposite direction flow) within the coverage range and
accordingly alert the organizing body for needed action.

3) RFID
Radio Frequency Identification (RFID) is a wireless commu-
nication technology that uses a radiofrequency portion of the
electromagnetic spectrum to identify an object, animal or a
person. It has been utilized successively to track individuals
and groups in a large gathering.

11 Mashaer: Holy sites in Makkah including Mina, Arafat and Muzdalifah
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Yamin and Ades [50] provide a management framework
for large and dense crowds that offers cost-effective solutions
to deal with large crowd events.

Hashedi et al. [51] proposed a Strategic Information Sys-
tem Planning (SISP) model for the implementation of an
RFID system for Hajj management by defining its processes,
data classes, information architecture and its priorities in an
RFID environment.

Naser et al. [52] proposed a lightweight protocol for RFID
technology for monitoring and tracking system to be embed-
ded in Hajj.

Based onWSN andRFID, an optimalmonitoring and evac-
uation methodology for pilgrims in Arafat area was proposed
by Sonia andMuhammad [53]. The proposedmechanismwas
evaluated using simulation to solve many of the underlying
challenges of Hajj crowd management.

Mohandes [54], [55] conducted a pilot study for pilgrims’
identification and tracking during the Hajj event. A prototype
using passive RFID technology was tested on a group of 1000
pilgrims from Ivory coast to examine the effectiveness of
the system. The details of the pilgrims stored in the RFID
tag included personal information (name, address, national-
ity, age, blood type, medical history, etc.). Information was
retrieved by scanning the RFID tag using an RFID reader.
The experimental results were promising and convinced
Hajj authorities to deploy RFID technology in monitoring,
tracking pilgrims and providing them health, transport and
location-based services.

Binsalleeh et al. [56] proposed an RFID based system
to improve pilgrimage management. RFID tags with unique
identities were provided to pilgrims which were used to track
their location in emergency cases.

Hidayat et al. [57] utilized a 2-nodeMCU communications
concept and proposed a system for anticipating the disappear-
ance of pilgrims by detecting their current location through
the pilgrim’s RFID tag.

Alsubhy et al. [58] proposed an automated integrated man-
agement model for tracking pilgrims and their property dur-
ing the Hajj event. The proposedmodel was based onweb and
IoT technology that uses RFID tags and readers to monitor
and track pilgrims. Pilgrims were provided maps and location
services through a mobile phone application.

Mitchell et al. [59] introduced a solution to track a pil-
grim’s mobility in different zones of the Hajj areas via Inte-
grated Mobile and RFID Systems. To enhance the accuracy
and tracking time, pilgrims without mobile were distributed
RFID tags. RFID reader was installed at multiple points,
so once the pilgrims passed by them, their movement was
detected and shared with the central control and command
centre which could visualise it on a web-based application.

Khan [60] developed an RFID-based system for pilgrim
management and was deployed at King Abdul Aziz Inter-
national Airport, one of the busiest entry points for pilgrims
coming from outside Saudi Arabia. Each pilgrim was given
an RFID card to track them at different stages of the arrival
process. The proposed system helped pilgrims finding their

FIGURE 8. The arrows on the image represent the dominant flows where
more thickness of arrow represents the high density, the arrowhead the
direction of flow and the red color, the low speed. [63].

ways to the designatedwaiting areas for their nationalities and
helped officials update their pilgrims’ record accordingly.

Koshak and Nour [61] presented an automatic RFID based
tracking system and GIS framework to monitor and provide
information about the pilgrim’s mobility in real-time during
Hajj 2012. RFID provided information about the pilgrims rid-
ing a bus, as well as names of those who have not done so yet.
This technique allows Hajj organizers to track the pilgrims,
find out who is missing, and take up suitable measures to
counter the situation.

Table 3, summarizes the wireless technologies and related
applications proposed by different researchers during Hajj.

C. COMPUTER VISION
Another active area of research in the Haj domain is computer
vision (CV). Vital information regarding the Haj crowd has
been obtained through the application of computer vision
algorithms. Some of the most important areas where these
algorithms have provided encouraging results are crowdman-
agement and crowd analytics. Many researchers have used
computer vision techniques to count the number of pilgrims
in different spatio-temporal zones like Mataaf (the round
courtyard of the Grand Mosque in Makkah where the Tawaf
ritual is performed through circumambulation of the Kaaba)
using snapshots. Video recordings of the crowd have been
used to process crowd behaviour to detect and avoid possible
congestion scenarios in advance [62].

Saqib et al. [63], developed a framework that took multi-
ple snapshots from videos of the moving Haram crowd and
extracted crowd density and directional flow information by
applying an unsupervised hierarchical clustering algorithm,
(see Fig 8).

The framework generated trajectories from the snapshots
and clustered them based on their spatial and temporal char-
acteristics to produce long-distance paths. Eventually, the
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FIGURE 9. Crowd Analytic Framework For Crowd Management in
Majid-al-Haram [67].

video was converted into multiple small segments to calculate
the long-distance trajectories for each segment.

To solve the problem of counting people performing Tawaf
at any time, Arif and Daud [64] proposed a computer vision-
based framework. After performing background removal,
blobs ofmoving pilgrimswere obtainedwhichwere then used
to estimate headcount according to proportional blob size.
Testing was done on 100 frames of video and 95% accuracy
was claimed.

Another problem faced by the Haj authorities is the
allocation of limited space in Mina for pilgrim tents.
Alharthy et al. [4], extracted the tent template from three dig-
itized aerial photos of Arafat and passed them over the tested
image to compute the matching function for each pixel using
cross-correlation matching [65]. The outputs were the 2D
coloured map of matching function and a 3D representation.
The tent count was calculated by passingmaximumfilter [66]
over the matching function that is exactly equal to the size
of the tent template. The results obtained helped in planning
the tenting activity in future as well as in estimating the total
number of pilgrims present in the area of interest.

Sultan et al. [67] proposed a computer vision-based ana-
lytical framework to compute crowd density estimation, con-
gestion detection, and dominant pattern identification using
videos from IP cameras installed in Masjid al-Haram (see
Fig 9).

Dominant flows and scene summaries were calculated
initially. Summaries of all the short views were calculated
next. Based on the above, crowd density and congested areas
were calculated and detected, and security management was
informed.

Hussain et al. [68] proposed an Artificial Intelligence-
based crowd density estimation system (CDES) for Masjid
al-Haram. First, foreground features were extracted using
edge detection and background removal techniques. Pixel
size normalization for perspective distortion correctness was
applied to the extracted features. This data was then fed

to a backpropagation (BP) neural network to correlate the
normalized pixels and number of people.

In Sultan [69], computer vision has also been used to
detect congestion in Masjid al-Haram. The system divides
crowd video clips into multiple overlapping temporal seg-
ments of equal duration. Using the particle advection
approach, the trajectories are extracted from each of those
segments. Critical congestion locations are identified by
calculating oscillation maps from these trajectories. The
author has proved the detection accuracy qualitatively and
quantitatively.

Stampede during Haj has resulted in many deaths in the
past. Musa et al. [70] devised a method to count pilgrims to
avoid congestion and stampede. An input image of the crowd
is converted into a grayscale image. A threshold is applied
to segment the head from the body. Heads are detected using
erosion techniques to filter the segmented image against the
template. Area of the marked region is calculated by inverting
and selecting high-intensity pixels and recursively traversing
the eight connected neighbours. Area of the marked region
calculated in this manner is counted as head if the value is
closer to the predefined head region value, otherwise, a noise.

Farooq et al. [71] proposed a system that uses blockmatch-
ing and optical flow techniques to help maintain the smooth
flow of pilgrims. The system pre-processes input images to
segregate the moving shadows and the pilgrims and nullify
the false motion due to moving shadows. The implementation
results were promising with an accuracy of 90.58% for the
congestion classification of pilgrims.

Another technique for counting pilgrims in a crowded
environment was proposed by Sajid et al. [72]. A slit win-
dow is used to mark the area to count people and adaptive
thresholding is used to filter and count the relevant blobs to
estimate the number of pilgrims.

Dridi in [73] presented a tracking method for an individual
pilgrim from a high-density crowd. The objective was to esti-
mate the pedestrian velocity. At the first stage, the crowd den-
sity was estimated manually by loading an existing footage
to a 3D program. After that, the virtual camera was placed in
position so that the rotation and focal length matched with the
original camera. This helped construct a grid of Mataaf area
inMasjid Al Haram to count the people manually using video
editing software. The automatic process was used to estimate
the density of expected crowded areas. The density of the
crowd was measured using texture mapping. The texture of
the low-density area was rough while the high-density area
had a fine texture which lead to estimating the number of
people. (Fig 10). Shows the manual and automatic estimation
of several people in Masjid Al Haram.

Adnan et al. [74] used thermal cameras to capture still
images and live videos to record and calibrate the temper-
atures of the pilgrims. The pixel ratio of calculated video
frames was mapped to the temperature ruler colour to deter-
mine the crowd-density in real-time. Table 3 summarizes the
Computer Vision Technologies related research work pro-
posed by different researchers during the Hajj events.
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FIGURE 10. Manual and Automatic estimation of a number of people in
Masjid-al-Haram [73].

Al-Khaffaf et al. [75] used background modelling and
active contours method to analyse the motion of pedestrians
that leads to extracting the speed and density of the pedestri-
ans. The proposed method uses videos from the main gates
of Masjid Al Haram to extract these parameters. Initially, the
median-based approach is used to remove the background
from the dataset. People are detected using the active contour
method. The next step is to track people. This is achieved by
silhouette tracking, followed by human detection from Fig-
Ground segmentation. The pixel-to-pixel subtraction between
frames results in finding the movement between images. This
movement helps to find the pedestrian speed in the videos.

Khozium et al. [76] develop a decision support system to
monitor crowd movement. The proposed approach analyses
the crowd flow and density in real-time. The system is divided
into twomain components, i.e., Informationmanagement and
decision support. The data is acquired using thermal cameras
and fed to an analyser to calculate crowd density. The deci-
sion support system has two sub-modules named operations
research and expert system. The operations research module
calculates the pilgrims’ mass per unit for each road, while the
expert system estimates the road closure, road priorities, and
pilgrims’ organization.

Al-Sheary and Almagbile [77] presented a crowd monitor-
ing system to calculate the density of the crowd with an accu-
racy of 80%. High-resolution images were collected using
Unmanned Aerial Vehicle (UAV) along with the location
of the crowd. The L∗a∗b colour space was used to segment
the image. The crowd density was calculated by converting
the segmented image into a binary image. Georeferencing
was used to identify the particular area concerning the crowd
density level.

Eldursi et al. [78] developed a crowd density estima-
tion system, ‘‘Al-Haram Crowd Guide System’’, which uses
texture-based feature extraction methods for crowd manage-
ment within Masjid Al-Haram. The application helps users
visualize the crowded areas in the form of a heat map.

Alharbi et al. [79] presented a crowd counting system for
Mas’a within Masjid Al-Haram. The proposed system uses
a Viola-Jones detection algorithm to detect faces in frames.
The algorithm counts the number of people based on the
detected faces. Their experimental results showed that the
accuracy directly depends on crowd density. The managing
authorities were able to visualize the crowd flow patterns

through histograms to take necessary measures in case of
overcrowding or an emergency.

Liew et al. [80] presented a crowd monitoring framework
which uses two crowd density estimation approaches to detect
potentially dangerous situations at Masjid Al-Haram. The
first approach is a combination of background removal and
edge detection while the second one uses the Grey Level
Co-Occurrence Matrix (GLCM) to extract texture features.
The framework detects the overcrowding and stationary con-
gestion at Tawaf, Sai’e and entrances of the holy mosque and
generates alerts for necessary action.

Summary of research contributions that use computer
vision technologies can be found in Table 3.

D. SPATIAL COMPUTING
Spatial computing related problems such as scheduling, evac-
uation and rescheduling appear when a large number of
people stay in a limited area or move from one place to
another. During Hajj, around 3 million pilgrims move from
one place to another at the same time to perform spatio-
temporally restricted rituals and stay 3-4 days in encampment
areas such as Mina, and Arafat. A number of scheduling
and rescheduling mechanisms have been devised to tackle
this problem. Moreover, to be in the state of preparedness,
the researcher also devised different evacuation techniques
to make an evacuation strategy to handle any emergency
conditions.

The different types of spatial computing methods deployed
in Hajj to facilitate pilgrims are as follows.

1) SCHEDULING
To minimize the congestion during the Hajj event, a schedul-
ing model was presented that discusses multiple constraints
including religious, spatial and temporal ones [81]. This
model considered real-time roads congestion and over-
crowded areas and effectively provided quantitative back-
ground for a general policy decision on Hajj transportation.
Considering the congestion during Tawaf around the Kababh,
Koshak and Fouda [82] developed a web-based GIS system
to provide relevant and crucial spatial information, where
important layers were stacked over each other to provide
crucial information to authorities to ease the decision-making
process. This system used GPS devices and GIS to analyse
pedestrian movement for performing the Tawaf ritual. The
authors used GPS devices to collect tracking points at dif-
ferent time intervals. The movement coordinates were then
visualized using specific GIS tools. Unique patterns of pedes-
trian movement emerged when the collected data was plotted.
This helped the authors identify service level and flow rate of
different regions of the Mataaf area.

Khan and McLeod [83] developed a Tawaf agent-based
simulation called ‘‘TawafSIM’’ to explore the crowd charac-
teristics during movement in the Mataaf area. The goal of
authors was to explore throughput, satisfaction, safety and
health aspects concerning facility layout and management
preferences of Tawaf. The simulator is based on micro-level
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behaviour which explores the movement of an individual
pilgrim in crowded areas.

Shuaibu et al. [84] simulated complex scenarios involving
multiple agents interacting with each other and avoiding col-
lision within a defined path. The agents were set at defined
velocities on spiral paths during Tawaf ritual, moving counter
clockwise with multiple scenarios concerning radii of the
seven lapses of Tawaf. Based on flow rate, average velocity,
Tawaf duration and pilgrims’ density, they found that a spi-
ral movement (4in_3out) presents better Tawaf performance
with a duration of about 38 minutes and average density of
4.2 persons per square meter.

Alnabulsi and Drury [7] hypothesized that social iden-
tification helps in moderating the effect of crowd density
on crowd safety. To validate, they surveyed 1194 pilgrims
during Hajj 2012 and found the negative effect of crowd
density on crowd safety, which can be moderated by social
identification. This offers a novel perspective on crowd safety
management.

Mahmood et al. [85] proposed an Agent-based Crowd
Simulation&Analysis framework that incorporates the use of
Anylogic Pedestrian library and integrates Anylogic Simula-
tion environment with external modules for optimization and
analysis. The framework can model large crowd in a spatially
explicit environment at real scale.

Ahmed et al. [86] proposed Hajj Management System
which helps pilgrims in an emergency. In case a pilgrim is
missing or there is an emergency, pilgrims interact through
HajiPilot, a mobile phone app. The framework develops an
emergency strategy were HajiPilot auto-responds and shares
the location with family members or friends through an SMS
containing the user’s location.

2) EVACUATION
Hajj, the diversified massive crowd is always at a high risk of
natural or human-induced disasters. A couple of past events
were a gas cylinder explosion in 1975 and then in 1997 when
550 pilgrims were reported dead and the latest was the Mina
Stampede in 2015 that caused massive causalities.12

Mahmood et al. [85]modeled and analysed the Tawaf ritual
using an agent-based crowd simulation and analysis frame-
work. Incorporating Anylogic Pedestrian library, this frame-
work provided a runtime environment for analysing complex
situations like emergency evacuation plans. However, the
authors noted that the effectiveness of these plans may vary
with the increase in the complexity of the crowd simulation
scenarios due to additional physical and behavioural details.

Felemban et al. [87] presented a Capacity Aware Multi-
modal Transportation platform that was designed to evac-
uate either pilgrims’ crowd and/or public or private buses
transporting them from Mashaer area in case of any disaster.
During the Hajj 2018 event, the movement of 20,000 buses
was tracked using trackers installed in buses. The proposed
platform can extract knowledge from captured GPS data from

12https://www.bbc.com/news/world-middle-east-34346449

20,000 buses (operating under the control of the Ministry of
Hajj and Umrah) and combine it with the available trans-
portation plan to provide innovative decision analysis to Hajj
organizers for pre-planning exercises.

Bilal et al. [88] presented Spatio-Temporal Service Model
(STSM), a theoretical model, that can detect and predict
anomalies within a large crowd. This model correlates cap-
tured crowds’ real-time mobility information with past user’s
Spatio-temporal data and their traffic mobility and generates
alerts for an optimized path to shelter points and safe exits in
case of any possible disaster. As a use case, data captured by
tracking devices installed in 2970 buses during Hajj 2016 was
analysed and summarized to develop a basic model for future.

Yang et al. [89] proposed a novel approach-Crowd-
separated Allocation of Routes, Exits and Shelters (CARES),
which will reduce the chances of conflict due to movement
in the opposite direction during evacuation. CARES assigns
path and destination shelters to specific groups to be evac-
uated and attempts to minimize evacuation time under the
constraint of spatial dis-jointness of evacuee groups assigned
across different shelters. CARES deployment over the Hajj
crowd showed that it provided faster evacuation plan when
compared with a current practice based on the Nearest Exit
or Shelter (NES) paradigm.Moreover, CARES showed much
less evacuee movement conflict risk concerning current com-
putational approach, known as capacity-constrained route
planning (CCRP) scheme.

E. SOCIAL MEDIA
Different Social media platforms are in use that allow pil-
grims to actively communicate and share their Hajj expe-
riences. Sometimes Hajj organizers utilize these platforms
to disseminate useful information about Hajj activities. This
has made social media a very important real-time source of
information.

Akhlaq [12] presented Hajj Geo-Social Network (HGSN)
to efficiently diffuse important information in multilingual
Hajj crowd. HGSN (see Fig 11) utilizes the social data
captured by pilgrims’ social network while they were using
communication services to help them perform their spa-
tiotemporal religious activities. Pilgrims with many acquain-
tances or those who had higher language degree were tracked
and a second layer of network MLH (multilingual hub)
was constructed to bridge the linguistically diverse subnets
of HGSN.

The theoretical results showed that by considering pilgrims
with language degree 6 or higher, the entire network can be
utilized for quick diffusion of information.

Ahmad et al. [90] presented a data collection architecture
that validates the quality of sensory data captured through a
mobile phone application for multiple services during Hajj,
integrates it with pilgrims’ personal information and social
media content generated through their Facebook, LinkedIn
and Twitter as well as the Hajj messenger account. The Hajj
messenger was an application provided to pilgrims for blog-
ging, discussing and reflecting their opinions, memories and
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FIGURE 11. HGSN – (Hajj Geosocial Network). A multilingual social
network of 48 different nationalities (each nationality has a different
color) during Hajj 2014 event.

experience about Hajj. The architecture fine-tunes the users’
contexts and provides them with a set of adapted services.

Elgamal [91] presented sentiment analysis methodology
that uses Hajj related tweets to get rapid and accurate views
and impressions of pilgrims about some quality of service.
The proposed system architecture is shown in Fig 12 below.

Ghassan [92] uses SpringXD,Hadoop, Hive andMSExcel
to collect, refine and visualize pilgrims’ tweets. The author
uses Big Data tools effectively to make better decisions and
enhance provided services during the Hajj event.

Qurashi and Sharpley [93] discussed the impact of using
social media during the Hajj event. Albeit th existence of sev-
eral benefits of social media interaction, the author criticized
the use of social media while pilgrims perform Hajj rituals
which impacts their spiritual experience.

Bilal et al. [94] present an ad-hoc social network platform
that connects Community of Common Interest (CoCI). The
application allows users to group for shared intra-city trans-
portation with the aid of multimedia content. The pilot project
was presented to connect pilgrims during the Hajj 2015 event
to address their transportation needs.

Yamin et al. [95] proposed a mobile phone application that
integrates social media and provides pilgrims with informa-
tion about disasters related to Hajj crowd so that they can
adopt safety measures.

F. MOBILE APPLICATIONS
Mobile phones embedded with varieties of sensors help
researchers design applications that can capture users’ data,
analyse it and provide them with services of their interests.
One of the most significant uses of these technologies is
to develop applications to provide solutions to several chal-
lenges faced by diversified communities of common inter-
est. In this context, many applications have been developed,

FIGURE 12. Sentiment analysis methodology of Twitter – System
Architecture [91].

deployed and tested which were purposefully designed to
cope with Hajj crowd challenges. In this section, we sum-
marise a few popular applications that were provided to pil-
grims to facilitate them in performing Hajj rituals.

Many mobile phone applications have been proposed by
researchers to help pilgrims by providing them multiple
services such as rituals guide, navigation, translation, qibla
direction, prayer times, weather, currency conversion and
places of interest [96]–[100].

Ahmad et al. [101] presented a spatiotemporal GPS based
diary that serves pilgrims with multimedia content shared by
past years’ pilgrims. The multimedia content associated with
different Hajj areas helps pilgrims get educated about the holy
place they are in which in turn helps in crowd management
related to the area.

Faizan et al. [102] presented a cloud-based multimedia
routing application that tracks pilgrims through their GPS
information and helps pilgrims in their mobility with mul-
timedia content when they navigate to their point of interests.

Ahmad et al. [1], [2] designed and deployed a mobile
phone application ‘‘Perform Hajj and Umrah’’, that reads
the pilgrims’ context and offers them multiple location-based
services, such as locating points of interests, providing guid-
ance and set of supplications associated with the spatial zone
they are in, lost and found service, a Hajj messenger service
with audio-video facility and many more.13 Addressing the
spatiotemporal nature of the Hajj rituals, out of boundary
service was provided to pilgrims that showed the them if
they were inside or outside the Haram, Mina, Muzdalifah and
Arafat boundary.

Faizan et al. [103] presented a data collection framework
that helps pilgrims find optimized routes while they perform
spatio-temporal Hajj rituals. Users were provided with a
mobile phone application where they can upload multimedia

13https://iitwares.com/perform-hajj-umrah/
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information about accidents, congestion and traffic flow
along with spatial and temporal coordinates. The framework
was able to recommend users with an optimized path by
integrating these constraints and users’ preferences.

Koshak and Fouda [82] utilized Global Positioning Sys-
tem (GPS) and Geographic Information System (GIS) and
analysed pilgrim movement during the Tawaf ritual during
Hajj 2004. The deployed system captured users’ temporal
data to be integrated with past data to understand flow rates at
different hours of the day and added their recommendations
to remove obstacles and facilitate pilgrims’ mobility during
the Tawaf ritual.

Parveen and Aldhlan [104] proposed a system to report
missing pilgrims and track their location simultaneously. The
suggested framework will have a mechanism to identify and
track the pilgrim through periodic updates.

Mantoro et al. [105] presented Hajj Locator framework for
tracking pilgrims usingGPS sensory data. The framework has
two parts, a mobile device and a tracking system that uses
a database server. The pilgrims carry GPS enabled mobile
phone devices to share data with the Subscriber Identity
Module (SIM) card number as their identities along with
other information such as their position coordinates. In case
of no connectivity, the system switched to an automatic mode
where an SMS is sent as an alternative option. This feature
made Hajj locator a better option as compared to other track-
ing frameworks where internet connectivity was compulsory.

Koshak et al. [61], [82] deployed an RFID and GIS
technology-based framework to monitor and provide real-
time information about pilgrim mobility. Vehicles carrying
RFID tags were detected when they passed by the readers
installed at key locations and communicated wirelessly to
a workstation to get back interactive maps through a GIS
application.

G. BIG DATA ANALYTICS
Nowadays, multi-sensory data can be easily collected
continuously from social sensors, vehicle sensors, physi-
cal sensors, human sensors, etc., through mobile phones,
radar, IP-cameras, OBD within vehicles, and many other IoT
devices. These data are huge, fast in generation and process-
ing, and composed of a variety of data types, e.g., number,
text, photo, video, etc. Due to the nature of big data, the tools
for management of traditional data have failed to provide
efficient services even in simple queries., Intelligent methods
have thus been adopted for data collection and storage, data
analysis and computation, and data collaboration and sharing.
Big data solutions outperform traditional data approaches in
exploration, availability and utilization.

Big data content is usually hosted on a cloud computing
infrastructure [106]. In an occasion like Hajj, where crowds
are huge and vehicular traffic and social networks are rel-
atively dense, the availability of multi-sensory technology
with an internet connection and big data analytics (i.e., cloud
computing) makes it possible to continuously collect a variety
of information, including spatial and temporal data from

different sources (e.g., smartphones, digital devices, OBD4
equipped vehicles, etc.), process and store them and retrieve
them from the server as needed. These big data platforms
are designed to be elastically scalable by splitting massive
clustered data into chunks to allow parallel processing.

Big data technology has served various applications in
Hajj, supporting parties such as ministries, private and gov-
ernment agencies, health care officials, and individual pil-
grims. For smart tutorial and guiding services of pilgrims in
Hajj; Snoussi et al. [107], [108] used the big data concept to
store printed and handwritten documents, video clips, sound
recordings and cards that contain information about Hajj
rules, prayers, Duaa of Hajj and Umrah, etc., then process
these data to provide spatiotemporal advice to pilgrims and
answer users’ questions through a mobile application.

For multimedia diary and routing services, [109], [102],
[110] utilized Amazon EC2 server for big data computa-
tion with Amazon S3 as permanent storage for huge geo-
tagged multimedia data containing images, audios and videos
collected from smartphones, social, and vehicle sensors,
and PostgreSQL with PostGIS as spatio-temporal and rela-
tional databases, as well as DynamoDB for NoSQL data.
DynamoDB stores expired sessions of a person’s diary infor-
mation and users’ mobile-application-based historical infor-
mation.

For routing service, Semantic Multimedia Routing Algo-
rithm (SMRA) was proposed in [102] to handle real-time
spatiotemporal route fetching queries on big data. For private-
community services as in [94], Amazon EC2 server was
adopted with the Hadoop Distributed File System (HDFS)
as NoSQL database along with relational and in-memory
databases to store massive multimedia and sensory data col-
lected from smartphones and vehicles. Spatial Hadoop, Post-
gres and Apache Geode were used as NoSQL, relational,
and in-memory database management systems to handle the
request of a user for shared community transportation in Hajj
and for finding members of interest in a large crowd.

For context-aware services, Ahmad et al. [2], [90] pro-
posed a cloud-based server that uses Amazon EC2 server for
computation of pilgrims’ smartphone sensory data, Amazon
S3 for the storage of analysed big data, PostgreSQL database
for storage of users’ own or nearby points of interest spatial
data, and DynamoDB, which is a NoSQL database, for the
storage and retrieval of any amount of data using the Map-
Reduce approach. The data stored in S3 were used for online
analytical and transactional queries related to Hajj and Umrah
services.

For pilgrim monitoring, analysis, and visualization ser-
vices, Saeed et al. [111] proposed the iCrowd framework
that collects, reads, stores, analyses, and retrieves spatial
and health data of pilgrims in Hajj obtained from the built-
in sensors in their smart wearable devices. For data stor-
age, NoSQL Cassandra and HDFS were utilized. For data
management, Apache Kafka was used to ingest and map
data, Spark Streaming to filter and enrich data, Map-Reduce
techniques to analyse data, and QGIS to visualize the crowd.
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Another attempt that supports geo-clustering visualization
solutions for an online map of pilgrims’ crowd was pro-
posed by Atta et al. [112]. The authors in that study adopted
RabbitMQ Server for storage and retrieval of data streams
from the built-in sensors in the pilgrims’ smart wearable
devices. Elasticsear was used for in-memory data storage and
indexing, MongoDB for historical data storage, and HDFS
for archiving both historical and recent records.

For evacuation planning services using Multimodal trans-
portation, busmonitoring, analysis, and visualization services
in Hajj, Felemban et al. [87] migrated bus GPS data to a
NoSQL database management system- Cassandra cluster- to
increase efficiency and scalability, and used Presto to run
effectively distributed SQL analytical queries on HDFS for
big data aggregation services. For personal health and dis-
eases educating and monitoring services,

Nafea in [106], [113] proposed the Hajj Health Con-
trol (HHC) system that collects data from smartphone and
magic card, then combines cloud computing Amazon Web
Services (AWS) and big data Amazon S3 storage services
to provide services relevant to pilgrims’ health and disease
prevention as well as control during Hajj.

H. CROWD SIMULATION AND MODELLING
Abdelghany et al. [114] presented a microsimulation model
for the multidirectional movement of the crowd. The authors
adopted a cellular automata discrete system for the microsim-
ulation model, which allows them to represent each agent in
detail. It also assists in representing walkways and movement
area in the Mataaf area.

Koshak [115] proposed ways to help curb the problem of
overcrowding by designing a more robust urban environment
for the purpose of spatio-temporal visualization of the move-
ment of pilgrims to the Jamarat area according to a schedule
developed by the Ministry of Hajj. The approach utilizes GIS
(Geographic Information Systems) to simulate the movement
of groups of pilgrims from their tent camps to Jamarat and
back to their camp.

Sabban et al. [116] describe the shuttle bus transportation
system that existed in the 2002 Hajj season. A simulation
model was designed for this system and translated into a
simulation program using the Arena simulation system.

Sarmady et al. [117] show that simulation of the movement
and behaviour of crowd can be useful in crowd management.
This paper uses a multi-agent-based method to simulate the
crowd in the Tawaf area. They present the architecture of the
software platform, which implements their proposed model
and briefly reports their early experience in using Repast J,
which is an agent-based simulation toolkit tomodel the crowd
at the area.

Narain et al. [118] introduce a novel scalable-interactive
model that simulates a large crowd of pedestrians. They
describe the mathematical models underlying the proposed
simulation for dense crowds, including agent-level plan-
ning and agents motion. They test the model with different

scenarios and crowd sizes and Compare scenarios, results,
and performances.

Zainuddin et al. [119] suggest various mitigation measures
to alleviate the problems associated with the circumambula-
tion of the Kaaba. The entries into the Tawaf area are directed
and limited, and simulations are done using SimWalk to com-
pare the differences of the time taken to complete the seven
rounds. The basic algorithm to design the pedestrian walking
path in this software is the shortest-path algorithm where the
pedestrian finds the shortest route to reach his/her destination
after avoiding all the obstacles. The study of circumambula-
tion of the Kaaba is taken as an illustrative example, where
performing Tawaf is one of the rituals when performing
Hajj. The process of Tawaf involves circumambulation of
the Kaaba seven times in a counterclockwise direction. The
pilgrims face two main problems in this situation. The first
is the overflowing of the pilgrims during the Hajj season.
Many pedestrians will cause crowd congestion andmay cause
disasters as pedestrians push into each other. Elderly pilgrims
and women face difficulties in completing the seven rounds.
Secondly, entry into the Tawaf area is unlimited, which causes
pilgrims to flow in from various directions at the same time.

Mulyana and Gunawan [120] developed an ‘‘intelligent
agent’’ that can recognize and adapt with the environment
to do the right action. It can also be used for other crowd
simulations because of the existence of reusable components
or objects. System output showed that Hajj crowd simula-
tion could demonstrate more realistic pilgrims’ behaviour
for Tawaf, Sa’yee (the ritual of movement in a straight line
between the hills of Safa and Marwa), and Jamarat. The
design of an intelligent agent can help in figuring out the right
behaviour and activities based on current location or envi-
ronmental conditions (for each specific location and specific
ritual).

Zainuddin et al. [121] discuss the problem regarding the
ritual of circumambulation of the Ka’aba (Tawaf), where the
entrances to this area are usually congested, which worsens
during theHajj season. They have used a computer simulation
using SimWalk, which is based on the Social Force Model,
to simulate the movement of pilgrims in the Tawaf area.

Sarmady et al. [122] devised a method to utilize a cellular
automata model for the simulation of the pilgrims’ circular
Tawaf movement. The authors utilized a discrete-event model
to simulate the actions and behaviour of the pilgrims. The
proposedmodels were used in a software platform to simulate
the actions and movements of pilgrims in the area. A sample
application was also presented based on the model that can
help in predictingwhether specific changes to the architecture
could increase the throughput of the Mataaf area.

To ensure safe, secure, and efficient movement of pilgrims
after understanding their spatiotemporal constraints, Tunasar
[123] used queuing theory to simulate pilgrim’s mobility and
traffic flow, which explains the macro movements across the
Hajj areas. This led the author to test the simulation models
for mechanized movement solutions for the elderly and the
handicapped.
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Curtis et al. [124] developed a system that can model
agents with varying age, gender, and behaviour, supporting
the heterogeneity observed in the performance of the Tawaf,
even at high densities. Tawaf was used as a case study by
the authors. They used a finite state machine to specify the
behaviour of the agents at each time step in conjunction with
a geometric, agent-based algorithm to specify how an agent
interacts with its local neighbours to generate collision-free
trajectories.

Curtis et al. [125] present asymmetric interactions between
agents rather than symmetric relationships with a large group
of crowds. The authors formulate, a novel model called Right
of Way that provides asymmetric interactions between the
crowd, which leads to a realistic and desirable simulation.
This principle can be applied to different crowd models.
Tawaf scenario was used as a case study where such a
dynamic relationship is prevalent.

Manenti et al. [126] depicted cultural heterogeneity in
crowd and groups of individuals to represent the interaction
of such groups in a crowded scene. The model presented by
the authors is based on agent proxemics, where the personal
space of agents influences the movement patterns. The simu-
lation is based on a multi-agent system, where the agents are
instilled with different cultural proxemics.

Reffat [127] proposed a framework for developing an
intelligent real-time virtual environment model for facili-
tating efficient and timely vehicle traffic movement during
Hajj, utilizing various movement scenarios, simulation, and
optimization methods. The model utilizes intelligent agents
within a real-time 3D virtual environment that represents the
departure from Arafat to Muzdalifah, also known as Nafrah.
The proposed framework has three primary phases, each of
which has specific components. Initially, a spatial analysis
of current pedestrians and vehicle access in the Nafrah loca-
tion coverage from Arafat to Muzdalifah is conducted. Fur-
thermore, evaluation of the movement efficiency of current
scenarios of the Nafrah using computational simulation is
performed. Finally, the development of a multi-agent system
within a real-time 3D virtual environment for improving the
movement efficiency of vehicle traffic in the Nafrah.

Haghighati et al. [128] evaluate the impact of density,
service rate, and service time on the throughput of the central
court of Masjid Al-Haram and develop a simulation model
for Tawaf area with safe and flow reduced crowd. The authors
described the conceptual model for Mataaf operation and the
proposed a queue system used in ARENA simulation. Fur-
thermore, they investigated the factors affecting the Mataaf
flow and validated their model by increasing the average
service time in the queue system. Different strategic scenario
models for Mataaf operation were also tested.

Crociani et al. [129] develop, calibrate, validate, and
evaluate a dynamic pedestrian and crowd simulator, named
MAKKASim that takes into consideration mainly the coher-
ence of agents as groups in the environment. The sys-
tem architecture for developing MAKKASim simulation
was introduced and tested for different strategies of crowd

FIGURE 13. Four phases of Hajj events.

management in a real-world application. The agent-based
computational model used in the developed pedestrian simu-
lation has also been discussed. MAKKASim simulation was
calibrated and validated.

Alonso et al. [130] proposed to develop a dynamic crowd
simulation model discussing the study of pedestrian panic
using the discrete element model (DEM). The computer sim-
ulation is based on complex shapes of particles to simulate
pedestrian dynamics.

Curtis et al. [131] simulated the movement of individ-
ual agents in large-scale crowds performing the Tawaf. The
authors used a velocity-space-based pedestrian model, which
exhibits consistent results even under extreme density called
reciprocal velocity obstacles (RVO). Furthermore, the authors
extended RVO to include priority and right of way in which
the agents respond to potential collisions asymmetrically
depending on context; one agent may yield, to varying
degrees, to another. The developed simulation uses an RVO
in conjunction with a finite state-machine to demonstrate
collision-free trajectories for the agents.

Sakellariou et al. [132] utilized a multifaceted approach
to identify, simulate, and analyse crowd behaviour. Original
video recording of the high-density crowd has been used to
extract data and patterns of behaviour of crowd movement,
that are used in a general modelling framework to simulate
crowd movement.

Shuaibu et al. [133] reduce the collision problem that is
affecting the flow of pedestrians in a dense environment such
as the Tawaf ritual. The authors proposed a spiral model that
simulates the movement of 1000 agents towards a unified
direction while ensuring minimal collision among pedestri-
ans during Tawaf.

Tayan et al. [134], [135] presented an approach for effec-
tively incorporating efficient transport systems in a primary
candidate application domain, such as the Hajj pilgrimage
traffic scenario. The paper initially reviews all the technolo-
gies used for traffic modelling during hajj and proposes and
hybrid model suitable to ease the congestion at saturated
intersections. The developed model was also used to estimate
and predict traffic flow, which enhances precision.

Rahman et al. [136] presented an agent-based crowd sim-
ulation using CUDA over a Graphic Processing Unit (GPU)
to correctly navigate an agent through the environment while
avoiding obstacles. Due to the limited computational power
of CPUs to display this increasing number of pilgrims, the
execution time for a single simulation step increases, which in
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FIGURE 14. Number of publications (a) Describing theoretical and practical contributions, (b) Related to Four phases of Hajj, (c) Showing technologies
proposed or implemented during the Hajj events, (d) Showing technologies used for four phases of Hajj.
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TABLE 2. List of popular android-based Hajj applications.

turns decreases the frames generated per second. The authors
show that utilising GPUs to simulate a crowd of pilgrims
performing different rites in Makkah, a far higher number of
pilgrims can be simulated than by using OpenSteer, an exist-
ing single-threaded open-source CPU based 3D visualization
library running on Open Graphics Library (OpenGL) API.

Kurdi et al. [137] The authors surveyed recent attempts
to model the critical Hajj rituals of tawaf and Sa’yee and
highlighted ways in which some of the limitations of these
studies may be overcome in future work.

Dridi et al. [138] discuss existing extensive approaches
to simulate huge crowds and model their behaviour in
overcrowding environments. The social and physical forces
affected the pedestrian behaviours in PedFlow simulation.
The structure of the data needed in PedFlow was also demon-
strated. Mataaf area was tested using the developed simula-
tion model to determine its average capacity.

Kim et al. [139] presented an interactive algorithm to
model physics-based interactions in dense crowds. The
authors combined a velocity-based collision-avoidance algo-
rithm with external physical forces. The overall model pro-
duces various effects of forces acting on agents and crowds,
including balance recovery motion and force propagation
through the crowd. The authors further extended the method
to model more complex behaviours involving social and cul-
tural rules. Finite-state machines are also used to specify a
series of behaviours and demonstrate our approach to many
complex scenarios.

Nasir and Sunar [140] address the recent incident that
occurred in Mina, Saudi Arabia, when two large pilgrim
groups converged on the same street, causing a crowd crush.
Since many of the crowd simulation techniques introduced
tend to focus more on individual behaviours while ignoring
group behaviours, less attention was given on the grouping
aspects of the crowd even though it is a common phenomenon
and a key element affecting crowd behaviour. This paper
intends to create a simulation of the multi-group crowd
under reasonable conditions based on the Social Force model.
Tawaf is used as a case study due to its heterogeneous nature.

Majid et al. [141] provide a parallel simulation model that
will improve the performance of pilgrims performing the vital
ritual of Tawaf in large numbers. An optimized parallel model
is proposed. The model utilized is based on the agent-based
architecture, which comprises agents having a reactive design
that responds to a fixed set of stimuli.

VI. DISCUSSION
Integrating past Hajj events and the research work related to
Hajj crowd management and planning presented in this paper
helped us to further classify the Hajj event into four phases.
This classification is based on proposed and implemented
technologies before, during and after the Hajj event (Fig 13).

The planning phase is completed before Hajj, Operation
and Monitoring phases are carried out during Hajj, whereas
the Evaluation or Analysis is done after the completion of the
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TABLE 3. Summary of research article with the description of Hajj phases and technologies proposed and/or implemented by different researchers for
the Hajj event.
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TABLE 3. (Continued.) Summary of research article with the description of Hajj phases and technologies proposed and/or implemented by different
researchers for the Hajj event.
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TABLE 3. (Continued.) Summary of research article with the description of Hajj phases and technologies proposed and/or implemented by different
researchers for the Hajj event.
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TABLE 3. (Continued.) Summary of research article with the description of Hajj phases and technologies proposed and/or implemented by different
researchers for the Hajj event.

entire Hajj event which lays the basis to explore newmethods
for better crowd management and improve the quality of
services.

In the previous sections, we have presented a summary of
previously published research papers (from 2007 to 2020)
and articles discussing technologies. We have classified the
papers into two categories based on whether the technolo-
gies proposed by researchers were just theoretical and/or
were implemented for the Hajj crowd management. Table 3
summarizes the entire discussion, where phase column pro-
vides additional information about the classification of the
scientific contributions into four phases of Hajj. Based on
the information tabulated in Table 3. We have plotted a few
graphs which will give an overview of the entire survey about
the technologies proposed and/or implemented during the
past Hajj events.

Fig 14 (a-d) is the summary of the research contributions
that were published from the year 2007 to 2020. Most of
the researchers focused on theoretical work (64%) and were

successful in publishing their work in international journals
(Fig 14 (a)). When these surveyed papers were categorized
into four phases of Hajj (Fig 13), we found that most of
the publications fall in the planning phase (32%) however
both in Operational and Monitoring phases the publications
were about (26%) each. With emerging Big Data analysis
techniques and tools, we expect that the number of publica-
tions in addressing the analysis phase will increase. Fig 14 (c)
is the summary of scientific contributions categorized into
eight different technologies that were proposed or used by
the researchers during the past Hajj events. Since Hajj is a
massive heterogeneous crowd, crowd management is always
prioritized with other necessary arrangements. This has been
demonstrated by a large number of publications in the crowd
modelling and simulation area. Fig 14 (d) presents Wire-
less Technology at the top that has been used in tracking
individuals and pilgrims in the group and eventually helping
the authorities to plan for better crowd management. Sim-
ilar to (b), Fig 14 (d) demonstrates that the least number
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of research papers have been published in the analysis area
whereas the most number of papers have been published in
technology areas.

VII. CONCLUSION
Managing millions of pilgrims from all over the world gath-
ering for Hajj event at Makkah is a daunting task. The Hajj
crowd is diversified in terms of language, age, race and
culture, and requires an adaptive set of services for better
performance of Hajj rituals. Organizers are working at their
best to ensure the smooth organization of the Hajj event
and allow researchers to explore modern methods and apply
latest technology techniques to improve the level of available
services. In this paper, we presented a survey of advanced
technologies that have been used for crowd management
during past Hajj events, and the solutions to enhance the
safety and security of the pilgrims throughout their stay
in the KSA. We have also included current research work
and its intended implementation during the Hajj 2020 event.
Although advanced technologies provide remedies to tackle
crowd management issues to a good extent, we propose the
integration of added effective technology like data analysis
that could aid in discovering useful information with the help
of data mining, text analytics and data visualization. This can
support the decision-making process. Moreover, the technol-
ogy may allow the authorities to telecast official information
of pilgrim status in real-time.
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