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ABSTRACT.

We provide an extensive set of measurement data from Ramadan 2025 at Makkah,

Kingdom of Saudi Arabia. Our data covers a wide set of locations around the Holy Mosque (Al Haram).
Unlike previous studies of pilgrim flow in Makkah, we analyse the pilgrim behaviour over a large area
and over a long period of time, which reveals interesting patterns over space and time.

Our dataset covers crowd movement in the high density, multi-cultural, multi-age, multi-fitness
regime. This data is needed to better understand the movement and the behaviour of high density

crowds in order to safely manage such crowds.

Analysing real, empirical, crowd flow as opposed to controlled experiments give rise to a number

of challenges which are discussed in our paper.
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1. INTRODUCTION

Makkah is a city in the Kingdom of Saudi Arabia,
which is welcoming millions of pilgrims to the Hajj
and the Umrah pilgrimages. A particularly crowded
period is during the month of Ramadan. Makkah has
been studied extensively, but previous crowd studies
in Makkah have focused mainly on:

e The Hajj (main pilgrimage), or

e Extreme density hot-spots such as Jamarat [I] and
Al Haram [2H4].

This study analyses a somewhat different dataset,
based on ten cameras installed in key locations on
the main routes into and out of Al Haram (the Holy
Mosque). These cameras recorded video for 24 hours
per day, during a 7-day period in the last week of Ra-
madan in 2025. See Figure [I] for the specific locations
of the cameras.

A particular area of interest is to produce a funda-
mental diagram (i.e. the speed-density relationship),
which can be used for design and crowd management
in Makkah.

There have been many previous studies on the fun-
damental diagram for pedestrians [5HI0], some of them
capturing high density crowds [T}, 2} TIHI3]. Further-
more, different theories and fit functions have been
proposed [T4HIT].

Specifically, a proliferation of ‘smart systems’ to
collect data on crowd movement have been deployed
in and around Makkah over the past 20 years [18-20].

Numerous studies have also been conducted to
model the behavior of the crowds during Hajj and
Umrah [21].

2. MATERIALS AND METHODS

2.1. DATASET

The locations of the ten cameras used in this study are
shown in Figure|[l} Note that the cameras are located
around the Holy Mosque (Al Haram), to capture the
movement and patterns of the crowds going into and
out of the area around the mosque. However, unlike
other studies, the cameras are not located inside the
mosque itself (where the crowd density is known to
be extremely high). The benefit of these camera
placements, is to collect a broader set of insights into
crowd behaviour over the course of a week, in order
to capture the daily peaks and troughs, and the range
of crowd conditions over the course of a week (as
opposed to analysing a small snapshot of time within
a confined area).

2.2. METHOD

Each of the ten cameras is processed using a propri-
etary Computer Vision algorithm trained specifically
on Makkah specific data, in order to accurately detect
and track each pedestrian, for different levels of crowd
density. Note that most off-the-shelf pedestrian mod-
els work well for low crowd density, but they tend to
break down at high density, which is why adaptations
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FIGURE 1. Locations of cameras used in this study (red markers). Note that most cameras are located around the
1st ring road of Makkah, and therefore cover the main flows into and out of Al Haram (the Holy Mosque).
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FIGURE 2. Left: Example of pedestrian detections from video (the lattice is a 1m x 1m grid). Right: Example

pedestrian trajectories extracted from video.

are required in order to collect accurate data over the
whole density spectrum. See Figure [2] for an example
output.

Since we are interested in accurate measurements of
crowd density (m~2) and flow (m~!s~!), as opposed
to just people counts, we need to carefully calibrate
each camera in order to be able to translate positions
in pixels and walking speeds in pixels per second, to
ST units (International System of Units) of positions
in metres, and walking speeds in metres per second.

In order to do this calibration, the dimension in me-
tres of known objects on the ground (such as floor tiles,
height of fences and street widths) were measured.
Then an optimisation model was used to find the best
camera parameters to match the camera measure-
ments with the known reference objects on the ground.
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Specifically, the Trust Region Reflective (TRF) opti-
misation method is used to find the camera parameters
that best fit the ground truth parameters. The cam-
era parameters that are optimised are the camera’s
pitch, roll, yaw, field-of-view, and height above the
ground plane.

This optimisation process gives a spatial accuracy of
a = 98 % which is in the same region as the measure-
ment tolerance of the reference objects. This means
that for crowd density, the accuracy will be a? = 96 %.

Once the camera has been calibrated, we can map
each pixel position (u, v), onto a corresponding real-
world Cartesian coordinate system in metres Z. For an
individual pedestrian who has been tracked from Z(t)
to Z(t + At), their walking velocity can be calculated
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FI1GURE 3. Left: Distribution of crowd density. Note that the distribution is heavily concentrated on density values
up to 4m?, and therefore a logarithmic scale is used in order for higher density data points to be visible. Right:
Distribution of free walking speeds (for crowd densities < 0.5m™2).
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2.3. DENSITY

In order to measure crowd density, we use the Voronoi
method, whereby a Voronoi diagram [22] is calculated
based on all positions of pedestrians in the field of
view, and the density around each pedestrian is then
calculated as the inverse of the cell area around that
pedestrian.

Note that, in order to maintain data integrity, we
exclude all truncated Voronoi cells (at the outer bound-
ary) from any further analysis.

See Figure [3] for the density distribution. Note that
even though density values over 4 m~? are occasionally
measured, the vast majority of values are below 4m~2.

2.4. WALKING SPEED

Unlike for controlled experiments [8], we have to be
careful not to assume that every detected pedestrian
has an intent to purposefully walk at their ‘free’ walk-
ing speed in order to reach a destination. Indeed, even
though a large part of the detected pedestrians are
part of the ‘main flow’ (i.e. either walking towards
Al Haram, or leaving it), there are also numerous pil-
grims who dwell under the cameras for various reasons
(e.g. to rest, to pray, or to wait for their group mem-
bers). Looking at the distribution of ‘free’ walking
speeds (i.e. speeds for crowd densities < 0.5m~2) in
Figure [3] the following observations are made: (i) the
average walking speed is somewhat lower than walk-
ing speeds measured in other studies, and (ii) there is
a higher than expected number of pedestrians at very
low speeds.

The reason for the small peak at low speeds is the
‘dwelling’ issue mentioned above. The reasons for the
average speed being slightly lower than that measured
in other studies are as follows:

e Age: The demographic is older than the average for
most other studies.

e Temperature: The ambient temperature is higher
than in most other studies [23] 24].

e Long walking distances: Pilgrims walk for long
distances which means that fatigue will impact on
walking speed.

All of these factors are known to contribute to a drop
in walking speed [14].

3. RESULTS

3.1. FUNDAMENTAL DIAGRAM

Since pedestrians sometimes stop to pray under the
cameras (i.e. a period of time with high crowd den-
sity and almost zero walking speed), we filter out
time periods during the known prayer times from our
datasets before we generate fundamental diagrams.
Furthermore, we also filter out any pedestrian that
has been in the field of view of a single camera for over
60 seconds, as that would likely indicate a ‘dwelling’
pedestrian.

Figure 4] shows the median speed (and flow) as
a function of crowd density, within 0.25m~2 density
buckets.

A Weidmann curve is used to fit the data [14]:

vpi(p) = maz [0.081, 0.99 (1 - e—4~53(%—4és)ﬂ . (2)

The nature of the lower bound (0.081 ms™1!) is anal-
ysed and discussed in [15].

3.2. FLOW PROFILE

In the previous section, we analysed the flow-density
relationship in our data, which is a useful construct in
order to generalise the crowd dynamics and to ensure
that enough road capacity is provided.
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FIGURE 4. Left: Density vs speed. Right: Density vs flow. Empirical data (black dots), with a Weidmann fit function

(dashed blue line).
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FIGURE 5. Pearson correlation coefficient for each of the days vs each of the other days during the week.

In order to gain further insights into specific crowd
behaviours in our dataset, we will now shift our at-
tention to analysing the flow as a function of time.

Since our cameras cover a large area surrounding Al
Haram, we estimate that we cover approximately 40 %
of all flow into and out of Haram. We can therefore
measure the flow under each camera and add them
together, in order to create a representative flow profile
over time (i.e. the demand function).

There is a strong correlation from one day to the
next. In order to quantify this, we use the Pearson
correlation coefficient to measure the correlation r in
flow between pairs of days over the week — see Figure[5}
For most pairs of days, there are strong correlations.
However, there is one exception, which is the 28" of
March 2025, which is a Friday and therefore a special
day in Islam, with a known difference in behaviour
compared to other days.

Figure [6] shows the in-flow (positive values) and
out-flow (negative values) for each day. The following
observations can be made:
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(1.) There is a striking repeating pattern for each day
(except Friday the 28" of March).

(2.) The dashed lines show the time of each prayer.
There is a clear ingress peak (positive flow) be-
fore each prayer, and a corresponding egress peak
(negative flow) just after the prayer.

(3.) The profiles of the ingress and egress peaks are
somewhat different, where the egress flow is more
concentrated within a small period of time, com-
pared to the ingress flow which is flatter and spread
out over a longer period of time.

(4.) The peaks of the ingress curves usually occur in
the afternoon/evening (before Asr and Maghrib),
whereas the peaks in egress usually occur the fol-
lowing morning (after Tahajjud and Fajr). This
suggests that many people enter the area for the
evening prayers and stay until after the morning
prayers before leaving again.

For crowd management purposes, it is important
to be able to quantify when and how the highest load
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FIGURE 6. Time series of flow into Haram (positive values) and out of Haram (negative values). Note that the
Tahajjud prayer, while occurring in the early hours of the morning, is considered the last prayer of the previous day.

Date Fajr Dhuhr Asr Maghrib Isha Taraweh Tahajjud
2025-03-23 31.5% 31.8% 262% 25.4 % 33.5% 25.4% 28.0%
2025-03-24 34.0% 338% 256% 27.3% 28.9% 21.8% 23.6 %
2025-03-25 29.9% 31.0% 246% 25.9% 29.4 % 23.2% 25.2%
2025-03-26 335% 31.8% 194% 22.3% 34.4% 23.6% 24.6 %
2025-03-27 30.1% 312% 222% 26.6 % 34.5% 25.6 % 26.8%
2025-03-28 34.9% 25.1% 20.1% 24.7% 21.2% 22.3% 27.8%
2025-03-29 336% 335% 21.0% 28.1% 24.7% - -

TABLE 1. Ramadan prayer egress analysis showing the percentage of egress flow that occurs within the 15-minute
peak of the egress profile. Larger values denote prayers where the egress flow is particularly concentrated at the peak.
Note that Tahajjud takes place in the early hours of the following day for any given date. Taraweh and Tahajjud do

not occur on the final night of Ramadan.

on the infrastructure occurs. It is clear from our flow
profiles that the maximum crowd flow occurs during
the egress following each prayer.

Fruin [I6] analysed 60-minute egress flow and mea-
sured the percentage of the volume of that flow that
occurred during the 15 minutes peak flow. He came to
an average value of 40 % of the egress flow occurring
within the peak, which is a useful approximation to
use for crowd management and design.

In order to use Fruin’s methodology, we apply this
for each day, and each prayer in Table [l The results
show a range of values, somewhat lower than 40 %
(closer to 30 %).

4. CONCLUSIONS

We have presented the analysis of a unique dataset, col-
lected continuously for 24-hours per day over a whole
week, at the end of the month of Ramadan. We high-
lighted some issues that need to be taken into account
(e.g. filtering out ‘dwelling’ pedestrians) in order to
analyse empirically observed crowd flow, as opposed to
crowd flow during controlled experimental conditions.

Furthermore, we presented analysis of flow patterns

which revealed repeating patterns, governed mostly
by the pre-set prayer times; and we provided some
insights that are useful in order to manage crowds
during the month of Ramadan, such as predicting
when the main peaks will occur.

Previous fundamental diagrams obtained in
Makkah, have focused on the most extreme den-
sity hot-spots; such as inside the Holy Mosque (Al
Haram) [2] and at the Jamarat bridge [I]. Our results
are from streets surrounding the Holy Mosque (as
opposed to inside the mosque itself). Therefore, the
motivation and behaviour of the crowd will inevitably
be different. In our dataset, even though we have
seen some localised high-density occurrences, we have
not observed sustained high density at the sort of
levels that have been observed in the previous studies
mentioned above. Furthermore, we have not observed
stop-and-go waves or turbulent motion.

Future work will seek to unify the various different
fundamental diagrams, and to analyse their differences
and similarities.

Even though we provided insights into some of the
challenges (and related solutions) when trying to gen-
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eralise from empirical observations of crowds ’in the
wild’, we will expand on this in future work with
the aim of providing a comprehensive methodology of
how to analyse empirical crowds ’in the wild’ (which
is significantly different from analysing controlled ex-
periments).
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