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Abstract
Each year, millions of people visit the sacred sites in
Makkah and Madinah. Even though the Hajj pilgrimage is
one of the biggest annual events in the world, with many
of the pilgrims reporting it as a life-changing experience,
quite a little is done to objectively monitor the pilgrims
and to understand from the crowd and from the individual
point of view what makes this event so special. We
present a data collection phase of 8 days of pilgrimage in
April 2013 with 41 pilgrims carrying Android smartphones
and 10 pilgrims wearing two physiological sensors, namely
chest belts and wrist-worn devices. We describe the data
recording itself, and emphasize the problems raised and
the challenges faced during the study. We provide the
best practices for performing solid and efficient user
studies in such a difficult environment, and give first
insights towards measuring important aspects of the Hajj
pilgrimage such as recognition of activities and stages,
analysis of group behavior, detection of stressful situations
and health monitoring of pilgrims in general.
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Introduction
Pilgrimage is a journey in search for spiritual relief. It is
important for people of many different religious beliefs.
Recent statistics show that the total number of people
participating in pilgrimages, of all religious faiths, is
growing [2].
Hajj is an annual Muslim pilgrimage and is one of the five
pillars of Islam. It is a very old event with the same rituals
dating back to the time of prophet Abraham. Every adult
which fulfills the physical and financial requirements has
to perform the pilgrimage at least once in his or her
lifetime. During the pilgrimage, millions of people from all
over the world congregate for religious rituals in the holy
city of Makkah and the sites around the city. Umrah, also
known as the ”small” Hajj, is the pilgrimage to Makkah
outside the period of Hajj. The holy city of Madinah is
visited as well in both pilgrimages, Umrah and Hajj. Even
though Hajj is one of the biggest and oldest events, still
little is done to objectively monitor the pilgrims and to
understand what makes this event extraordinary.
Motivated by the significance of pilgrimages, we identified
several research fields which can be grouped into the
following four categories:
1. Group behaviour analysis can be used to understand
how people spread and how they come together and
build closely-connected groups.
2. Stress recognition can provide insights on the
emotional load of pilgrims which cannot be
captured by the group behaviour analysis.
3. Health monitoring of individuals using wearable
sensors is an essential aspect for the well-being of
pilgrims.

4. Stage and activity recognition is significant for
monitoring the pilgrimage and its completeness.
There are several stages performed during the
pilgrimage, such as the daily prayers, the Tawaf and
Sa’i rituals, the supplication on the mount of
Arafat, etc [7].
Results in the above-mentioned research areas are of great
interest for the personal and organizational aspect of
pilgrimage. They offer several improvements such as the
ability to predict and overcome high density of masses or
recognition of stressful and anxious situations beforehand.
Early-detection of health issues can provide feedback to
individuals and inform the medical team for fast
interventions. This is particularly important, since most of
the Hajj pilgrims are of very old age. Furthermore,
pilgrims can be shown the completeness of their
pilgrimage journey in terms of performed rituals.
Nowadays, the emerging technologies of smartphones and
wearable devices allow an enriched and deepened
dimension of data analysis. In our study, the participants
wear commercially available chest belt sensors and
wrist-worn devices during the Umrah pilgrimage. As a
result, the data collection presented in this work can be
seen as a big step towards gaining insights on most of the
defined research questions.
In the next section, we provide information about related
work and describe the contribution of our work. Then, we
describe the data collection approaches and the sensor
modalities used. We stress out the challenges encountered
and the lessons learnt. Furthermore, we evaluate the
completeness of the collected data and show results on a
preliminary activity recognition experiment. We conclude
the work by showing the next steps on data analysis and
improvements for the upcoming Hajj pilgrimage.

Related Work

Figure 1: Zephyr BioHarness 3

Figure 2: Empatica E2

There are several studies done on tracking and monitoring
pilgrims using smartphone devices. Most of them focus on
designing systems for identifying pilgrims in case they get
lost or cannot find the way out of the massive crowds.
The works in [10] and [13] describe two frameworks that
provide pilgrim tracking using GSM- and 3G-enabled
mobile phones. HajjCore [4] is an institute for applied
research in Hajj and Umrah. Its main goal is to improve
the transportation infrastructure and crowd management
services for Hajj and Umrah. HajjDoc [8] aims at efficient
collection of geo-tagged data, such as images, videos and
audio recordings, through smartphones distributed to
pilgrims. These data serve as input for creating an
enriched documentation of the Hajj and Umrah
pilgrimages. To the best of our knowledge, there is no
research contribution yet in our four areas of interest such
as stage and activity recognition, group behaviour,
detection of stressful situations, and health monitoring of
pilgrims in general. Contrary to this, similar studies using
smartphones and wearable sensors have been carried out
in areas different than pilgrimage.
The work in [3] is in the domain of activity and stage
recognition, which has developed and evaluated
algorithms for detecting physical activities from data
acquired using wearable accelerometers. Contrary to this
work, where acceleration is the only modality used, we
incorporate a multi-modal approach.
The Human Dynamics Lab [12] has done several studies
on group behaviour using wearable systems. Their
contribution in [17] and [14] shows how wearable sensing
technology using physical activity, voice patterns and
spatial proximity can be applied in predicting
organizational behaviour. These studies are done in
simplified lab environments and settings, and therefore,
the level of prediction of work flow events is high.

There is an emerging research on detecting stress using
wearable devices, mainly based on two biosensors:
Galvanic Skin Respons (GSR) and Heart Rate Variability
(HRV). In [9], GSR is used to detect stress in call centers
and in [11], students under stress due to university
examination are investigated using HRV measures.
However, in these and other studies, a stimulus that
invokes stress is presented to the subjects. The Affectiva
Q sensor [16], which is very similar to the wrist-worn
device used in our study, is a commonly used sensor for
measuring stress based on GSR.
In recent years, there has been a lot of research done in
the area of wireless and continuous health monitoring
using wearable sensors. The survey paper [15] describes
how the usage of wearable sensors and smartphones sped
up the transition from clinical to home monitoring. The
aspects of obtrusiveness and user acceptance are still
challenging.
In this work, we provide best practices for performing a
user-accepted data collection in out-of-lab environments
by combining multiple modalities and without the
presence of a stimulus. We also give first insights towards
measuring important aspects of a pilgrimage.

Data Collection
We distributed smartphones and physiological wearable
sensors to pilgrims. Two types of Android smartphones
were used: Sony Ericsson Xperia (Active and Neo) and
Samsung Galaxy (SII, SIII and SIII Mini). The wearable
devices consist of the chest strap Zephyr Bioharness 3 [18]
and the wrist-worn device Empatica E2 [6] (See Figures
1 and 2). The Umrah trip lasted 8 days, starting from
April 6, 2013 until April 13, 2013. There were 41
smartphone, and 10 wearable device users. All pilgrims
participated voluntarily and signed a written informed
consent.

Smartphones
For the run using smartphone devices, we developed an
Android application based on the open sensing framework
Funf [1] which transformed the phones into sensing
devices. Figures 3 and 4 show the main and the statistics
screen of the App. Table 1 lists the configured modalities.

Figure 3: App Main Screen

Figure 4: App Statistics Screen

Modality

Description

Proximity
Acceleration
Audio
Location
Battery

Nearby devices (Bluetooth and ANT+)
3-axes coordinates
MFCC
Latitude and longitude coordinates
Current battery level

Table 1: Smartphone modalities and their description

Motivated by the fact that the proximity detection rate of
Bluetooth is relatively low [5], we used the ANT+ protocol
which is only available in Sony Xperia devices. Combining
and comparing them in terms of accuracy and energy
efficiency can help us identify the most suitable method
for upcoming studies. In both cases, the identification
number of nearby phone devices and the signal strength
were stored. The proximity will be used for the group
behavior analysis to detect closely-connected groups of
pilgrims. The 3-axes accelerometer data and the
Mel-Frequency cepstral coefficients (MFCC), computed
from microphone audio recordings, are relevant for stage
and activity recognition. It is very likely for pilgrims to be
praying if they are inside a mosque. Therefore, we expect
location information to serve as ground truth in pilgrim
prayer recognition. The memory capacity of smartphone
devices allows for up to 300 hours of data recordings while
the battery lifetime ranges from 5 to 11 hours.

Wearable Devices
For the second run, both wearable devices were combined
and used in parallel. Table 2 lists the available sensors in
each device. Beside the heart rate and breathing rate, the
raw electrocardiography (ECG) signal is logged with a
sampling rate of 250 Hz. From the ECG signal, the
internal algorithms extract automatically the HRV signal.
The posture measured in degree refers to the upper-body
angle relative to the vertical axis of the earth surface, e.g.,
standing is equal to 0◦ . The activity level, determined
every minute, ranges between low, medium and high,
corresponding to a person being static (S), walking (W)
or running (R). The pulse is estimated with a pulse
oximetry sensor (64Hz) integrated in the device. The
Galvanic Skin Response (GSR), sampled at a frequency of
4 Hz, is an indicator for the emotional arousal, cognitive
workload or physical exertion. The temperature sensor
ranges from -40◦ C to 125◦ C. Both devices have built-in
3D accelerometers.
Zephyr BioHarness 3

Empatica E2

Heart Rate [1/min]
Breathing Rate [1/min]
ECG (250 Hz)
Posture (±180◦ )
Activity level {S, W, R}
3D acceleration (100 Hz)

Pulse [1/min]
GSR (4 Hz)
3D acceleration (100 Hz)
Skin temperature (2 Hz)

Table 2: Wearable Sensor Modalities

The storage capacity and the battery lifetime of Zephyr
BioHarness 3 are 500 hours and 35 hours, respectively.
Empatica E2 has a storage capacity of 70 hours and 12
hours battery lifetime.

Sensing Schedule
The essential objective of this data collection was to
capture religious activities during the Umrah pilgrimage,
such as daily prayers, supplications or rituals of Tawaf and
Sa’i. There was no sharply-defined sensing schedule. As a
general rule, participants were encouraged to carry the
device preferably in a pocket in the case of smartphones,
or to wear the sensors while performing any of the
religious activities. Participating pilgrims were taught the
necessary steps for triggering data recording on their
assigned devices. Data recording of smartphones is
enabled all the time, except when the phone is in
battery-charging mode. For the case of wearable devices,
data recording is triggered by pressing a button.

Figure 5: Zephyr Android App

Event Annotation
By annotation or labeling, we denote the action of
recording the start and stop timestamps of an event.
Group labeling of events was done in parallel by three
members of the team. Majority voting was used to decide
for an event when merging the three labels and the final
timestamps were computed by averaging the three
individual timestamps.
All relevant events around the sites in Makkah and
Madinah are live broadcast during the whole year.
Additionally, all loud prayers (3 out of 5 daily prayers) are
recorded and are available on www.haramain.info. These
recordings can be used as an additional source for
annotation.
Time Synchronization
Clock synchronization of sensing devices is very important
when data of multiple devices is combined. As a result,
clocks of the sensing devices needed to be synchronized to
a common time server. Due to the inability to install SIM
cards on each smartphone device for time synchronization

with a mobile operator, we decided for an Internet-based
clock synchronization. Smartphones were configured to
automatically enable the wireless adapter and connect to
a preconfigured wireless network, at recharge time. In
order to provide a fair wireless coverage, we installed a
wireless network of several wireless access points over the
hotel halls. Clocks of wearable sensors were synchronized
during connection to a computer. This was done while
copying data from the sensor to a computer.
Data Storage
Data was copied from the sensing devices every second
day on average. Both sensors had the ability to transfer
data to smartphones. The reason why we did not use this
option is that Zephyr BioHarness 3 can only communicate
with Android devices whereas Empatica E2 is only
supported by iOS. To transfer the data in real time, the
pilgrims would have to carry two different smartphones
which was not feasible. However, since both devices use
the standard Bluetooth protocol for wireless data
transmission, we could easily integrate the communication
to the devices into our Android application. Nevertheless,
as proof of concept two participants carried one suitable
smartphone each and the data that was sent to the
smartphones was directly uploaded to the Empatica server
and Zephyr web portal [19]. Figures 5 and 6 show the
used Zephyr Android and Empatica iOS App.

Challenges
The main challenges and issues that were encountered
during the data collection phase in Umrah pilgrimage are
grouped and described in categories.
Organizational Challenges
Pilgrimage is difficult to perform because of several
reasons such as the large number of people from all

around the world, different cultures encountered or high
desert temperatures. People were anxious and
preoccupied with their own interests. Therefore, getting in
touch with the participating subjects was not an easy
task. This led to several situations when smartphone
devices were forgotten at the hotel rooms and other cases
of smartphones not being recharged.

Figure 6: Empatica iOS App

Smartphone Devices
Most of the participants had to carry two smartphone
devices, their own device and our sensing smartphone.
Battery consumption still remains one of the most
affecting issues. The battery life of Sony Xperia Active
devices allowed for up to 5h of data recording. This was
due to the high amount of computations performed, e.g.,
calculation of MFCC. Some functions of the smartphones,
such as usage of the integrated camera, could not be
disabled. This led to subjects, especially children, being
able to ”play” with the smartphone and drain the battery.
Zephyr BioHarness 3
There were some status lights installed on the device. The
light blinking was visible and attracted the attention of
people around, including security personnel.
The download time of 5-10 minutes per 1 hour recorded
data was very slow.
Empatica E2
The device showed a low level of robustness, as 2 out of
the 10 devices were hampered in their operations due to
technical problems. Empatica E2 is more obtrusive than
Zephyr BioHarness 3, and it has to be taken off during
ablution (the process of washing before the prayer).
Moreover, few participants complained that they got
minor skin injuries from the device.
The download time of 5 minutes was slow as well and no
parallel downloads were possible.

Lessons learnt
The encountered challenges and issues provide additional
insights on how to improve the completeness and the
stability of the data collection. Interaction with pilgrims is
difficult and high input from participants cannot be
expected, especially in cases where people are highly
preoccupied with their own problems. Therefore, the
design of data collection should minimize the need for
interacting with participants. A practical approach to
overcome this problem is to introduce incentive. A good
incentive would be to install SIM cards with data flat rates
and to offer free communication services to smartphone
users, including SMS, phone calls and Internet access.
This method creates new possibilities such as uploading
data recordings to a server in real-time, continuous clock
synchronization of sensing devices with a mobile operator
and a way to use the sensing smartphones as a primary
phone. Another incentive that would motivate people to
use the smartphone would be to develop a real pilgrimage
smartphone application with useful information such as
details about how to perform Hajj, description of the Hajj
stages, emergency contacts and hospitals in the area, etc.
Pilgrims could benefit from the application and they
would turn into ”customers” rather than being simple
”subjects”. Regarding wearable sensors, people reported
that they would like to see, from time to time, their
health and physiological status. Showing some graphs on
the phone would also possibly encourage people to more
seriously participate in the study.
Experience from this data collection has shown that there
should always be a backup plan for everything. This is
because of possible sudden changes in the pilgrimage
organizational plan or the subject’s private plan.
Additionally, we should not fully rely on the provided
technical infrastructure, e.g. the quality of communication
services offered by mobile operators.

First Data Analysis
Participant Demographics
Figure 7 shows the age histogram of both smartphone and
wearable device participants. There were 41 smartphone
participants in the data collection. This number was not
constant during runtime. We started with 44, and on the
seventh day, 3 withdrew due to privacy reasons. The
youngest participant was a 7-year-old boy and the oldest a
53-year-old gentleman. Mean and standard deviation were
30 and 13 years, respectively. There were 31 male and 10
female participants, among which, 11 individuals and 10
families, i.e., a couple with or without children.
There were 10 participants using wearable devices. The
youngest and the oldest subjects were 21 and 53 years old,
respectively. Mean and standard deviation were 34 and 11
years, respectively. The gender distribution is 8 males and
2 females.
Wearable devices

4.5

12
4

3.5

Number of participants

Number of participants

10

8

6

4

20

30

Age

40

50

60

(1)

Then, data completeness c is computed as
cj =

rj
∗ 100 .
N

(2)

Figure 9 shows a histogram of data completeness for each
of the smartphone devices. Data completeness for the
wearable sensors was computed in the same way using the
posture data for Zephyr and GSR data for Empatica
devices.
8

2

7

1.5

6

0.5

10

bi .

3

2

0

N
X
i=1

2.5

1

0

rj =

0
20

25

30

35

40

Age

45

50

55

Number of devices

Smartphones

data collection. Completeness is the amount of available
data that is recorded during the duration of a labeled
activity. For the case of smartphones, we used the battery
probe as an indicator of completeness as follows: There
are N labeled events, each with a starting and ending
time. Let the indicator bi be 1, if there is at least one
data sample during event i, and 0 otherwise.
Let r be the sum of indicators bi for a device j:

5
4
3
2
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Right) Age histogram of wearable device participants
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Mean (%)
Std (%)
Min (%)
Max (%)

Smartphones

Zephyr

Empatica

42.11
16.66
9.09
72.70

39.35
13.94
12.90
80.64

47.03
37.73
3.70
96.29

Table 3: Statistics on the Data Completeness

Table 3 provides some statistics on the data completeness
for each of the devices.

Prayer Activity Recognition
In this section, we provide a preliminary experiment of
previewing prayer recognition using wearable sensors.
During a prayer activity, the body of a person will switch
among six possible positions as illustrated in Figure 8,
from the person standing still (No 1), to the person’s
forehead touching the ground (No 6). For this task, we
examined the posture and acceleration data of the
wearable sensors.
The sensor is located under the subject’s left arm.
Accelerometer orientation is illustrated in Figure 10.

Lateral (Y)

Sagittal (Z)

Vertical (X)

Figure 10: Accelerometer Axis
Orientation; Device is in side
trap, placed under the subject’s
left arm

The subject does not perform lateral movements,
therefore the Y-axis is not shown in the plot.
Sensor readings do not change when the person is not
performing any movements. Contrarily, values change
during the transition of positions only. Posture measured
in degree refers to the upper body angle relative to the
vertical axis of the earth surface, e.g., position 3 is equal
to 0◦ and position 2 is 90◦ . Acceleration data changes
depending on the distribution of forces at the axes.

Future Work
The lessons learnt from the challenges that were faced
during the data collection gave us insights on how to
improve the design for the upcoming Hajj this October.
We expect to complement the work of this paper by
further analyzing the obtained data and providing
meaningful results of the goals of this work related to
group behavior analysis, recognition of stressful situations,
stage and activity recognition and health monitoring of
pilgrims.
Our next step is to detect closely-connected groups of
pilgrims by using proximity data, and to understand how
people spread and how they come together. Since we used
ANT+ and Bluetooth sensors to collect proximity
information, it will be interesting to compare them in
terms of accuracy and energy efficiency.
Recognition of stressful situations can be achieved by
analyzing HRV, GSR and breathing data from the
wearable sensors. This can also be combined with the
detection of highly dense places as such conditions can
lead to stressful situations as well.
We will combine posture data, acceleration data and
audio features to build classifiers for the differentiation of
stages and activities. The GPS data will serve as ground
truth. Results of this recognition will be used as a

feedback to inform the pilgrims on the completeness of
their pilgrimage and the performance.
The combination of all analysis will lead to a complete
solution for monitoring pilgrims during Hajj and Umrah
which hopefully can be used by the organizers of this
event as well as by the pilgrims themselves.

Conclusion
We performed a data collection using smartphones and
wearable sensors during an 8-day Umrah pilgrimage in
April 2013. There were 41 participants using smartphone
sensing devices and 10 users using wearable sensors. We
used Sony Xperia and Samsung Galaxy Android
smartphones, Zepyhyr BioHarness 3 and wrist-worn
Empatica E2 sensors.
We recorded data during worship activities, such as daily
prayers and rituals of Tawaf and Sa’i. The smartphone
sensing application collected proximity (Bluetooth and
ANT+) data and location data, and extracted MFCC
features from audio recordings. The wearable sensors
collected physiological data such as HRV, GSR and
breathing activities.
We showed the limitations and the challenges of the data
collection. At the same time, we described the lessons
learnt from the experience, especially how appropriate user
incentives could be designed.
At the end, we gave suggestions on how our first data
analysis can be extended for the successful realization of
our long-term goals.
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