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Abstract

Hajj is one of the greatest logistics challenges in the world. Each year,
more than three million pilgrims arrive in Makkah, Saudi Arabia to per-
form Hajj. The movement of pedestrians and vehicles during Hajj has
unique spatial and temporal constraints. The movement between one stage
to another within a specific time has to be carefully planned, monitored
and managed.

This paper presents an interactive integrative framework of Radio Fre-
quency Identification (RFID) technology and Geographic Information Sys-
tems (GIS) to monitor and provide real-time online information about the
movement of pilgrims. The framework also captures and stores infor-
mation for future use in transportation planning. The RFID system is com-
posed of RFID tags embedded on the vehicles that transport the pilgrims
and RFID readers installed at key locations. The data read by the RFID
readers are sent wirelessly to a workstation for analysis and, then presented
on interactive maps utilizing a GIS application. A prototype of this project
was successfully implemented during Hajj.
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The system developed through this research is essential to support urban
transportation planning and management of Hajj. Decision makers and ur-
ban transportation planners can use this system to monitor and control the
pilgrims’ movements and then archive the data for future urban transporta-
tion planning and management.

1. Introduction

RFID technology is an automatic identification system that uses radio
waves to identify and track groups or individual objects at distance using
an electromagnetic charge and response exchange. RFID has been imple-
mented in sectors such as retail, health care, and transportation [7]. It has
found rapid acceptance as an efficient and economical system for identify-
ing and tracking objects. Conceptually, RFID technology is similar to bar-
code identification systems. However, one difference between RFID and
bar-code technology is that RFID does not rely on the line-of-sight read-
ing, which is required by bar-code scanning. It is capable of transmitting
data by a portable device (i.e. a tag) that is remotely detected by a reader.
In addition, unlike bar-code, RFID can read multiple tags simultaneously.
The capacity of tags can be expanded to carry more information than a bar-
code. Moreover, RFID technology and systems still work despite bright
sunlight and extreme heat.

The reading range and the speed of data transfer of RFID technology
have been enhanced by sophisticated RFID components. Consequently, the
capabilities of RFID have been investigated and used to improve opera-
tional efficiencies. This can be achieved by providing spatial referenced in-
formation about the tracked objects. Hence, there have been many oppor-
tunities to integrate the collected RFID data with other systems such as
GIS. GIS integrates different methods to establish a decision support sys-
tem associated with spatial problems.

Hajj is one of the five pillars of Islam. It is a set of worships to be per-
formed in and around Makkah (Mecca), Saudi Arabia, at least once in a
lifetime. Today's Hajj requires substantial planning and efforts. The Hajj is
also one of the world's largest mass events. Over three million pilgrims
come to Makkah for six days each year to perform their religious duty.
This number increases every year, making it one of the world's largest
temporary gatherings. The Hajj has unique spatial and temporal con-
straints. These constraints post challenges to Hajj authorities. Planning,
monitoring, controlling, and managing the pilgrims as they move from one
stage to another is one of the critical challenges during Hajj. This research
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project therefore proposes an integrated RFID-based monitoring system
and GIS framework.

This application was integrated with the spatial referenced data collect-
ed through RFID technology for the transportation system. The system
provides real-time information to ensure that the pilgrims have been trans-
ported within the time constraints of the Hajj. Thus, RFID technology is
deployed to track the vehicles at specific locations. This information is,
then, integrated with a customized interactive GIS application. The inte-
gration process gives the managers and operators in Hajj authorities a deci-
sion support system that provides live spatial-temporal and statistical in-
formation about the pilgrims’ transport. It also provides urban planners
with valuable data to support future transportation planning.

2. Hajj Background

Hajj is held in Dhul-Hijjah (the last month of the Hijri calendar), and lasts
for six days. On the first day of Hajj, pilgrims travel 1.5 miles from
Makkah to the plain of Mina and camp there. The next morning, they trav-
el 9 miles (14.4 km) to the plain of Arafat where they spend the entire day.
That evening after sunset, the pilgrims move 6.5 miles (10 km) to camp at
Muzdalifah, a zone between Mina and Arafat (Fig. 1). The transportation
in this 5-hour time frame between sunset and midnight is one of the most
serious traffic problems in Hajj. Pilgrims stay overnight and return to Mina
the next day. After three days in Mina, they return to Makkah and depart
for their home countries. The first three zones (Mina, Arafat, and
Muzdalifah) are non-residential areas, except for the six days of Hajj.

The pilgrims’ movement from Arafat to Muzdalifah is a critical stage
during Hajj. All pilgrims need to leave Arafat simultaneously and arrive at
Muzdalifah using the available transportation modes and infrastructure.

3. Case Study and Problem Definition

3.1. Study Area

Arafat is divided into small areas and the pilgrims are distributed by na-
tionality. Every nationality or group of nationalities is organized by a pri-
vate establishment under the supervision of Hajj authorities.
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In this study, the upper part of pilgrims’ camps in Arafat and the trans-
portation system in the network between Arafat and Muzdalifah will be the
focal points (Fig. 1). The chosen part of Arafat is assigned to the Pilgrims
Establishment of Turkey, Europe, North America, and Australia
(PETENA). In every group, pilgrims are divided into sub-groups, each
with its own number (Table 1).

. - =Study Area

Fig. 1. The holy areas of Arafat and Muzdalifah, showing the study area.
Table 1. PETENA main groups’ names, numbers, and sub-groups

Group Name Group Number Sub-Group Number

Turkey 1 1-24
East-Europe 2 31-36
West-Europe 3 41-46 and 51-58

3.2. Transportation System

The transportation network connecting the study area of Arafat to
Muzdalifah consists of one 2-lane road with a capacity of 500 vehicles per
hour per lane (vphpl).

The road is operated as right-of-way A for the transportation mode be-
tween Arafat and Muzdalifah. The only mode of transportation mode
available to transfer the PETENA pilgrims from their camps in Arafat to
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Muzdalifah is a shuttle service with a capacity of 67 passengers per bus.
This shuttle service is a scheduled public transport system operates at fre-
quent intervals on a short route between two or more stations. In Hajj, the
pilgrims are transported only in one direction. In our case study the pil-
grims need to be transported from their camp in Arafat to the camp in
Muzdalifah.

Each bus in the service will be assigned to specific subgroup locations;
the driver will be given the subgroup number. These locations represent
the boarding station at Arafat and the alighting station at Muzdalifah. All
locations are equipped with a big sign with the subgroup number and a
gate to board or alight. The bus transfers the pilgrims between the two
points until the last pilgrim in the assigned subgroup has been moved.

All the buses are stored in an area close to Arafat to depart at a sched-
uled time. Based on the number of pilgrims in each subgroup, a specific
number of buses will be operated (Table 2). For example, the Turkey pil-
grims need two buses to serve each of the twenty-four subgroups.

Table 2. Number of Buses needed by each sub-group

Group Number of buses
Turkey 2 buses/ sub-group/ convoy
East-Europe 3 buses/ sub-group/ convoy

West-Europe 2 buses/ sub-group/ convoy

3.3. Problem Definition

Thirteen bus companies transport the pilgrims between the holy areas. The
buses used in the shuttle services are not in the same shape and condition;
some of them are old and likely to break down. In addition, the drivers of
the buses are hired just for the Hajj and may not be familiar with the to-
pography of the holy areas. Some of them might get lost after some shuttle
rounds or at the beginning of the transporting process.

Hajj authorities have difficulties in planning, monitoring, managing, and
controlling the buses. These difficulties and delays are caused by a lack of
real-time information. Consequently, pilgrims might miss their hajj. In this
stage, authorities need to observe and ascertain whether or not the pilgrims
have been placed their assigned buses based on the schedule.
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4. Methodology and Prototype

4.1. System Architecture

The reason for the introduction of an automatic RFID-based tracking sys-
tem and GIS framework is to improve and expand the observation and tra-
ditional monitoring systems used in Hajj. The purpose of this research is to
develop a reliable and efficient system of monitoring and planning. This
system is capable of automatically tracking, visualizing, and analyzing
spatial-temporal data for pilgrims over a specific period of time, as shown
in Figure 2.

RFID Tag (@
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GI3 Application
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Fig. 2. The RFID-GIS System Architecture

4.2. Data Collection through RFID

RFID is a technology that uses small computer chips (tag) and radio waves
to transmit the identity of an object wirelessly. The RFID tag is a small ob-
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ject that can be attached to or incorporated into an object. It contains an an-
tenna with which it receives and responds to radio-frequency queries
through a reader. A typical RFID reader has one or more antennae that
emit radio waves to energize the tag and receive signals. The reader then
wirelessly passes the information in digital form to a computer system.
The system is depicted in Figure 3.

Rt >
Contactless
RFID Reader _ﬂ —Fiming=> data carrier =
transponder

—Energy—

[ e— (Goll mirovrave amterna)

Fig. 3. The working mechanism of RFID technology (Source: RFID-
Handbook)
The rationale for choosing RFID technology for this project is first to as-
sess whether RFID technology is suited for monitoring and managing a
transport system. Second, the relative low infrastructure and operational
cost during Hajj compared to GPS. However, the largest portion of the to-
tal RFID technology implementation cost is associated with the RFID
readers and their installation.

4.2.1. RFID Tags

An RFID tag consists of a micro-chip attached to a radio antenna mounted
on an encapsulating material (Figure 4). The chip can be programmed with
up to 2 kilobytes of data. RFID tags can be either active or passive. Passive
tags are powered by the magnetic field sent by RFID readers. Active tags
are powered with an internal battery that runs the tag’s antenna. Active
tags have a longer reading range than passive tags which have a maximum
range of 10m. Consequently, the trade-off choosing passive tags over ac-
tive tags is smaller size, lower cost, and longer operational life.

Antenna

Chip

Fig. 4. Components of an RFID tag
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Passive tags are sufficient for the goals of this research; hence, they
have been used as the first part of the designed RFID technology.

In this project, RFID tags were mounted on top of all buses used for
transportation between the camps of Arafat and Muzdalifah (Figure 5).
Each tag was encoded with a unique ID to keep track of the bus.

Fig. 5. The team installing RFID tags on the buses

4.2.2. RFID Readers

An RFID reader, or interrogator, communicates with the RFID tag by
broadcasting a radio signal to energize the RFID tag. The tag responds by
sending its data to the reader. Readers can either be portable handheld
terminals or stationary devices. The frequency of the RFID reader affects
the reading range. High frequency RFID systems (850 MHz to 950 MHz
and 2.4 GHz to 2.5 GHz) offer transmission ranges of more than 90 feet

[1].

In this research, four RFID readers with a frequency 902-928 MHz have
been installed to read RFID tags on the buses (Figure 6). The locations of
the readers over the shuttle bus routes are as follows:

- Arafat Entry

- Arafat Exit

- Muzdalifah Entry

- Muzdalifah Exit
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Fig. 6. The RFID readers installed at Arafat entry

Each RFID reader has been given a unique ID. Furthermore, the loca-
tions of the readers are geo-referenced to be integrated easily with the cus-
tomized GIS application. The reader is used to energize the tags on each
bus passing it and read the unique tag ID stored in each of them (Figure 7
and Figure 8). Hence, it is possible to record when each shuttle-bus enters
or exits either of the two holy areas, Arafat and Muzdalifah. Through this
project, a sophisticated computer application has been developed to ana-
lyze the raw data based on the requirements to help Hajj authorities to
monitor and manage the pilgrims’ transportation on the shuttle-bus system.
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Fig. 7. Conceptual data collection mechanism for the system
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Fig. 8. The buses passing the RFID readers at Arafat entry and Arafat Exit

The data will be collected instantaneously from the readers and processed
in the CPU connected to each reader. In this step, each tag’s data, once
read will be stored as a record containing the following information after
ensuring that no duplication has occurred in reading the tags:

1. RFID Reader ID

2. RFID Tag ID

3. Time that the record is stored

4.3. Data Processing

The algorithm designed for this process is shown in Figure 9. Subsequent-
ly, the processed data will be sent simultaneously through a point-to-point
wireless network to the main server in the control room.

In the main server, the data will be stored in a database for real-time
analysis. Each tag ID number is a primary key in the database that links to
the vehicle information dynamic database.

Processed RFID data was provided as a Microsoft Access database. The
database consists of six data tables, categorized in Table 3. The RFID da-
tabase structure is illustrated in Figure 10Fout! Bladwijzer niet gedefini-
eerd..
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Fig. 9. Data collection algorithm flow-chart

Table 3. Categories of Data in RFID Database

Data Category Table Name(s)
Information about Bus tblVehicle
Information about RFID Observations  tblTransaction
Information about RFID Readers tblLogical, tblDevice

Information about Bus ‘Group’

tblGroup, tbISubGroup

11
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thlTransaction tbiLogical thiDevice

TID LogicallD DevicelD
RFID f DevicelD IPAddress
LogicallD

LogicalDescription UserlD

tblVehicle Tstamp Direction iPassword
WehiclelD WehiclelD Port
Description isConsumed Description
LicenseFlate
RFID
CreateDate —_———
CreatedBy thlSubGroup thlGroup
SID — SIb GID
MaxPax GID L GrouplD
TempID SubGrouplD

Fig. 10. RFID Database Structure

For the purpose of analyzing the RFID data, the most valuable fields

are:

. LogicallD (location of the detector)

. VehicleID (unique identifier for each bus)

. MaxPax (capacity of each bus)

. TStamp (date and time of observation)

. GID (major group that bus was assigned to)

. SID (station where a bus picks up and drops off pilgrims during ini-
tial runs)

This database is programmed to be updated with every new record re-
ceived in the main server through the number of shuttle round field. The
number of shuttle round field is based on the number of records scanned
by the RFID reader at the Arafat exit. Therefore, the initial value for all the
buses for this field is 0, as the buses will depart for the first time from Ara-
fat. As long as the bus is read by the reader at Arafat exit, the value will be
updated in the database based on the equation shown in Equation (6.1).

NSR ., = NSR+1 (6.1)
NSR = NSR. ,

AN AW =

where
NSRnew = the new value of the number of shuttle round
NSR = the current value of the number of shuttle round

Moreover, the database is linked to a main dynamic databases includes
three tables presents three levels associated with the pilgrims’ camps in
Arafat. The changes in the previous database will be reflected in all three
tables though dynamic calculated fields.

The first table presents the level of the pilgrims’ sub-groups camps in
Arafat that includes the following information:
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1. Sub-group number (Primary Key)

2. Group

3. Total number of pilgrims

4. Number of pilgrims transferred to Muzdalifah

5. Number of pilgrims remaining in Arafat

As mentioned before, each bus can hold a maximum of 67 pilgrims.
Thus, whenever the RFID reader at Arafat exit reads a bus tag ID, 67 pil-
grims are boarded from the designated sub-group to alight at Muzdalifah.
Consequently, the “Number of pilgrims transferred to Muzdalifah™ field
has an initial value of 0. Afterward, it is estimated as the sum of the num-
ber of round for each bus multiplied by the capacity of the bus over all the
buses assigned to each subgroup, Equation (6.2). Subsequently, the “Num-
ber of Pilgrims remaining in Arafat” field is updated from its initial value,
which is the total number of pilgrims in the sub-group, as shown in Equa-
tion (6.3).

) (6.2)
NPM, = > NSR[, xC,
ID

NPA =TNPR, — NPM, (6.3)

where
NPM, = number of pilgrims in sub-group & transferred to Muzdalifah

k= sub-group number
ID= tag ID associated with the bus
C» = bus capacity (67 passengers)

NSRﬁ3 = number of shuttle round performed by specific bus associated

with a tag ID serving subgroup &
NPA= number of pilgrims remains in Arafat

TNP, = total number of pilgrims in subgroup k&

The second table presents the pilgrims’ main group camps in Arafat, in-
cluding the following information:

1. Group (primary key)

2. Total number of pilgrims

3. Number of pilgrims who transferred to Muzdalifah

4. Number of pilgrims remaining in Arafat

Similar to the first table, the last two fields are estimated as shown in
Equations (6.4) and (6.5).
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o | (6.4)
NPM, =8 NPM!

k

NPA =TNR - NPM, (6.5)

where

NPM, = number of pilgrims in group / transferred to Muzdalifah
/= group number

NPM | = number of pilgrims in sub-group  in group /

NPA, =number of pilgrims remains in Arafat in group /

The third table presents the all-camp of Arafat belonging to PETENA
which includes the following information:

1. Total number of pilgrims

2. Number of pilgrims who transferred to Muzdalifah

3. Number of pilgrims remaining in Arafat

Once more, the dynamic calculated fields will be estimated as the sum
of the number of pilgrims transferred to Muzdalifah from all groups and
subtracted from the total number of all pilgrims in PETENA.

In addition, the system is designed to detect and report the buses that are
running behind schedule as broken-down or lost. The received data will
undergo parallel analysis to ensure that each sub-group is fully serviced as
scheduled. As mentioned before, the convoy of buses will launch based on
a pre-set schedule starting with convey 1 and going through 7. The order
will be kept for the entire operational period. Thus, the system can detect
the buses that belong to each convoy at the four RFID readers’ locations in
the following order:

1. Arafat Exit

2. Muzdalifah Entrance

3. Muzdalifah Exit

4. Arafat Entrance

If a bus in convoy number (i+1) read before a bus in convoy (i) in serv-
ing a specific sub-group by a particular RFID reader, the system will report
a problem. In this case, we will be facing four possibilities:

1. If the tag ID is last read by the RFID reader at Arafat exit, the bus

will be in the road between Arafat and Muzdalifah and reported as
broken-down.
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2. If the tag ID is last read by the RFID reader at Muzdalifah entrance,
the bus will be reported as lost or broken-down in the area of
Muzdalifah.

3. If the tag ID is last read by the RFID reader at Muzdalifah exit, the
bus will be allocated in the road between Muzdalifah and Arafat and
reported as broken-down.

4. If the tag ID is last read by the RFID reader at Arafat entrance, the
bus will be reported as broken down in the area of Arafat.

All of these possibilities need a quick response by the operators and

managers in Hajj authorities to avoid causing delays for pilgrims.

4.4. Data Visualization (GIS Interactive Application)

GIS is an integrated system of computer hardware, software, geographic
data and trained people designed to store, manipulate, retrieve, analyze,
display and report all forms of geographically referenced information to-
wards a particular set of purposes [4, 9]. GIS is a spatial and statistical
method of analyzing attribute and geographic information. The result of
the analysis can be presented in formats such as reports and charts.

In this research, the GIS vector spatial system is used to present the
camps distribution in Arafat for the study area. The main geo-database
created includes three polygons feature classes:

1. All tent camps of Arafat.

2. Groups’ camps distribution.

3. Sub-groups’ camps distribution.

These three feature classes in the database will be linked via primary
keys (Establishment ID, Group Number, and Sub-group Number) to the
dynamic database. Hence, the pilgrims' transport will be monitored
through a real-time customized interactive GIS application. The applica-
tion can convey real-time statistical information about the number and per-
centage of pilgrims that have moved and those remaining in Arafat at the
establishment, group, and sub-groups levels. Figure 11 shows a screenshot
from the developed GIS application showing the map with the percentages
of the pilgrims remaining in each tent camp in Arafat in each subgroup in
addition to a bar-chart presentation on the left.
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Fig. 11. A screenshot showing the percentages of the pilgrims remaining
in each tent camp in Arafat.

Fig. 12 shows another screenshot from the GIS application showing the
map with the percentages of the pilgrims in each subgroup remaining in
each tent camp in Arafat. On the lower part, three gauges give the number
of pilgrims remaining at the level of all establishment, East-Europe group
(group 2), and subgroup number 33 (right to left).
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Fig. 12. A dynamic map and three gauges representing the percentages of the pil-
grims remaining in tent camps.
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5. Concluding Remarks and Future Plans

In this research, an interactive integrative framework of RFID and GIS so-
lution is developed and applied during Hajj. The system helped in manag-
ing the pilgrims' movements from Arafat to Muzdalifah. Moreover, the
system provided the managers and operators with accurate information.
The framework presented here is essential to supporting urban transporta-
tion planning and management during Hajj. Decision makers and urban
transportation planners can use this framework to monitor and control the
pilgrims’ movements.

The system can generate performance evaluation reports for transporta-
tion companies. Furthermore, it will be extended to provide traffic infor-
mation for the traffic network between Arafat and Muzdalifah, such as av-
erage speed and travel time. Such information can be used to support
future redesign of the road network and urban planning in order to enhance
performance and efficiency.

The system developed through this research is essential to support urban
transportation planning and management of Hajj. The system enables Hajj
authorities to track and control pilgrims’ movements, and to archive essen-
tial data for future urban transport planning and management.
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