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ABSTRACT Crowd management is a flourishing, active research area and must be given attention due to the
potential losses, disasters, and accidents that could occur if it were neglected. For the last decade, the crowd
management field has witnessed significant advancements; however, more investigative work is still needed.
The integration of different crowd detection and monitoring techniques can enhance the control and the
performance compared to those of more limited stand-alone techniques. Crowd management encompasses
an entire process, from the monitoring stage through the decision support system stage. This sector involves
accessing and interpreting information sources, predicting crowd behavior, and deciding on the use of a range
of possible interventions based on context. This paper shows a fresh conclusive review of the concept of the
crowd, discussing it from several perspectives in light of its defining characteristics, its risks, and tragedies,
which may occur due to challenges faced during crowd management, where these conclusions are based
on a massive number of scholarly articles that were newly published. Besides, a systematic discussion is
shown concerning the steps of managing a crowd, including crowd detection, in which several new methods
are reviewed, followed by illustrating both direct and indirect approaches to crowd monitoring and tracking
monitoring. The primary purpose of this review is to establish a comprehensive understanding of crowd-
related processes. Moreover, it aims to find research gaps to overcome the limitations of using stand-alone
techniques in each process and provide support to other researchers’ future work.

INDEX TERMS Crowd behavior, crowd simulation, thermography, RFID, spatiotemporal.

I. INTRODUCTION
Crowd management is a required field of study due to its
direct influence on individuals’ lives. When many people
gathered with a shared purpose or shared emotions, this
is called a crowd. Many different reasons could contribute
to a crowd’s occurrence, including a religious gathering,
a political rally, a sporting event, or a concert. In such public
events and mass-gathering, crowd management represents a
stressful mission involves deep and thorough planning, tight
and precise proceeding, and dynamic and agile controlling
strategies. The results of any deficiency or weakness in the
management will cause unbearable and unaffordable results,
including a loss in souls and properties. Historical records
have recorded injuries and fatalities at mass gatherings,
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especially those of a religious nature. For instance, a stam-
pede happened during Hajj on September 24, 2015, causing
over 700 deaths and more than 850 injuries [1]. Therefore,
it is crucial to monitor the crowd’s safety status efficiently
and implement the required management strategies through-
out the event. During this process, members are counted to
identify potential crowd risks. If a risk is detected, it must be
monitored and tracked. Correspondingly, crowd analysis is
applied to understand crowd behavior and to improve crowd
management strategies.

Researchers struggle to employ the recent computational
models and automated technologies to obtain the highest
possible accuracy and performance. These techniques help
manage and automate as many routines as possible, start-
ing with providing statistical insights about the crowd and
proceeding to reach decision support systems and automated
crowd controlling systems. During the last two decades,
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crowd controlling and crowd management research devel-
oped dramatically due to the vast development in the artifi-
cial intelligence (AI) field, which inspired new computerized
tools for crowd detection, crowdmonitoring and analysis, and
crowd management. Eventually, researchers conduct surveys
and review papers to summarize the previous studies and
reveal the state-of-the-art to be the base for further research.

The first phase of managing the crowd is to detect that
crowd and recognize it. Researchers concerned with this
topic providedmany automated tools based on computers and
recent technologies like laser, RFID, Wi-Fi, Bluetooth, and
AI, including automatic recognition and Machine Learning
(ML). The second phase is to monitor, track, and analyze the
detected crowd to obtain reliable insights. Many researchers
investigated this topic using theoretical, statistical, data min-
ing, ML, and prediction techniques. The last phase is to
employ the findings of the previous two phases to create
a crowd controlling system that provides comprehensive
description of the crowd,maintains the security level, predicts
risks, and, based on that, suggests actions.

This paper aims to shed light on these three phases through
a complete literature survey, addressing crowd detection,
monitoring, and management.

This paper consists of five sections. The first section is
this introduction. The second section provides an overview of
recent reviews and surveys on the same topic and summarizes
the works related to this paper. Next, the third section presents
background on the topic. The fourth section talks about the
discussion. Finally, the last section is the conclusion.

II. RELATED WORK
This section provides a comprehensive literature review on
crowd detection, monitoring, and management. First, it pro-
vides insights about other survey research of the related fields
revealing this paper’s contribution. Second, it explores some
of the related works which have impacts upon this research.

This paper contributes to the crowd study fields by sum-
marizing and categorizing the state-of-art in crowd detection,
crowdmonitoring, and crowdmanagement. This fact involves
the survey papers and review papers of the three fields.

Starting with crowd detection surveys and reviews, [2] is
one of the earliest surveys investigating the psychological
factors of crowd applied to mass-gathering settings. It drew a
proto-image of the crowd potentials based on the psychoso-
cial domain. Later, [3], [4] investigated the role of social
context and policing in crowd conflicts through different
disciplines. This paper advances farther in accumulating a
wider scope of research that studied those potential roles.

Besides the social context, a more technical and most
common approach used in crowd detection is the visual
recognition approach. Many surveys and reviews occasion-
ally conducted to summarize and reveal the state-of-art
of computer vision recognition. Paper [5] observed com-
puter vision research about crowd density estimation
and counting methods. It was followed by [6] which
reviewed the crowd investigation methods in computer vision

research highlighting crowd detection, counting, tracking,
and anomaly detection. It discussed the strengths and lim-
itations of each reviewed approach. Later, [7] reviewed the
machine learning (ML) techniques used in automatic image
processing and visual recognition of crowd activities. After
that, many surveys and reviews were conducted to feature
estimation methodologies for crowd density using ML and
deep learning techniques [8], crowd and violence detection
using intelligent video surveillance [9], abnormal behavior
and crowdsensing [10], and deep learning methods for crowd
counting and how to address the challenges [11]. A recent
modern approach involves mobile devices in crowdsensing
under the name of Mobile Crowdsensing System (MCS)
surveyed in [12] followed after two years by [13] which added
new perspectives from task scheduling, resource manage-
ment, and random arrival tasks.

Detecting and recognizing the crowd is the first step to
monitor, track, and analyze that crowd. There are many per-
spectives to describe the state-of-the-art crowd behavior, as
in [14], which reviewed studies considered with the crowd
analysis and proposed a framework to detect abnormal behav-
ior in crowd scenes. Physics and biology represent another
perspective to survey crowd behavior as in [15]. Gener-
ally, surveys and reviews considering crowd monitoring and
crowd analysis which highlight crowd behavior detection
and analysis techniques classifications as in [16], observe
crowd dynamics and its safety impacts as in [17] or focus on
abnormal crowd behavior as in [18].

Moreover, this paper involves the managerial aspect of
crowd study, which adds crowd management surveys and
reviews to this paper’s literature review. This fact involves
surveys and reviews concerned with the technical practices
and the role of technology in crowd management [19],
methodologies for crowd monitoring and density estima-
tion [20], technological advancements in planning and moni-
toring techniques for the crowd [21], and crowd management
and monitoring techniques to address the challenges with
proposed solutions [22].

In summary, the surveys and reviews above used wide var-
ied perspectives and methodologies. Some of them focused
on crowd detection based on the social context. Others
focused on the detection based on modern technical inven-
tions like the laser, radio-based detection, or computer
vision. Some of them investigated and classified crowd
analysis methodologies while others surveyed the managing
techniques and crowd management strategies and appli-
cations. However, in this paper, we summarize all the
results and combine them in a defined and comprehen-
sive classification, as revealed in the discussion section.
It incorporates crowd detection, monitoring, and manage-
ment featuring the latest techniques in each aspect. In com-
parison to the previous studies, this approach provides a
broader view and coverage of crowd studies. It includes some
recent unobserved researches tackling challenges to keep
the researchers with state of the art in the crowd studies
field.
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FIGURE 1. Black lives matter protest in australia.

FIGURE 2. Muslim pilgrims at Mina, Makkah during Hajj.

This paper investigates the following related works by
briefly reviewing their methodologies and classifying them
according to their scope. The related works belong to one of
the following three levels: crowd detection, crowdmonitoring
and analysis, and crowd management. Table 1 highlights this
matter.

III. BACKGROUND
A crowd is a situation in which a large number of peo-
ple are gathered in one physical place. These people might
have similar interests or emotions, or they might be casually
linked [28]. Other research confirms that a crowd may exist
regardless of the reason for the gathering [2]; its members
need not share goals or interests [19]. However, when a large
number of people with shared goals attend an organized
event in a defined space, this constitutes a mass gathering.
In addition, any crowd may be quantified by the number of
individuals per unit area at a given moment [22].

Mass gatherings may occur as political riots or protest
movements, as seen in Figure 1, as well as religious gath-
erings, sporting events, concerts, or festivals. An example of
this event is when Muslims make the pilgrimage to Makkah,
which is called the Hajj. During this annual religious event,
more than two million pilgrims come from all over the world
and move between different sites. Figure 2 illustrates the
pilgrims’ path to the Jamaraat Bridge. Another religious
crowd gathering is Kumbh Mela. This gathering is one of
the largest religious gatherings in Allahabad, India, where an

estimated 100 million pilgrims head to a sacred river over a
span of one month every 12 years. Unlike in the Hajj, these
pilgrims are Indian locals. However, other smaller Kumbh
Mela events also take place at different sites across India, each
iteration, including many movement rituals among the dense
crowds [25]. Elsewhere in the world, the annual Notting Hill
Carnival in Central London, UK, is another type of crowd
involving a musical parade, which attracts 1 million visitors
over the two-day public holiday [42].

The most crucial thing in crowded events is to ensure
safety, especially in dense crowds. Such gatherings must be
contained to prevent catastrophes. These situations can also
facilitate the spread of incurable and/or contagious viruses
and diseases [42].

Some of the most common crowd risks may include stam-
pedes, congestion, mobbing, and fires, among other secu-
rity issues. In 2015 there was a stampede during Hajj in
Makkah, which resulted in more than 700 dead and more than
850 injured [1], [21]. These kinds of tragic accidents happen
at gatherings all over the world, and some of those from the
last ten years can be briefed in Table 2.

The main aim of crowd management is to prevent tragedy.
Crowd management had been studied involving different
fields, including theoretical physics, sociology, psychology,
computational science, and artificial intelligence [19]. This
concept will be more widely explored later on within this
section.

Crowd analysis is thus an essential process for under-
standing crowd behavior and providing crowd management
solutions. Many crowd aspects have been analyzed, such as
crowd detection, crowd tracking, crowd density estimation
and counting of people, and crowd behavior [10].

Lately, crowd analysis and management have been
more focused on employing methods for computer visual
surveillance.

Despite the many efforts that have made to further crowd
management, there have also been many challenges. One of
these is the unpredictability of crowd behavior.

In addition, some visual methods fail in analyzing high-
density crowd scenes because they are so difficult to pene-
trate; also, the insufficient datasets that represent the crowd
scenarios [22].

A. CROWD DETECTION
To control a crowd, it is essential first to know when the
crowd will be formed, which requires proper methods for
crowd detection. A crowd could be discovered in various
ways. Traditionally, one would be reported by people who
have witnessed congested areas.When a crowd is anticipated,
its location should be monitored. In such cases, it is likely
to be detected using surveillance devices or other intelligent
solutions that give warnings whenever there is overcrowding.

There are some factors considered in detecting crowd.
These factors include events, places, times, and catastrophes.
For example, some well-known events creating extremely
dense crowds are religious pilgrimages (Hajj, Kumbh Mela);
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TABLE 1. The related work. TABLE 1. (Continued.) The related work.

TABLE 2. Examples of crowd disasters [1], [5], [68].

the World Cup; and music festivals, such as Coachella. There
are also some places that always have a high degree of
congestion, including the following places in India: Haridwar
(Ganga River); Prayag (confluence of the Yamuna, Ganga,
and Saraswati Rivers); Nasik (Godavari River); and Ujjain
(Kshipra River) Hindus often gather to bathe in such rivers,
according to FPJ Web Desk [69], so there are times when
crowds are expected. During Nafra, for instance, 3 million
Muslim pilgrims move from Arafat to Muzdalifa before sun-
rise, as illustrated by Abuarafah et al. [43]. From a catastro-
phe perspective, a fire outbreak could cause congestion at the
exits, leading people to panic, potentially turning aggressive.

According to Abuarafah et al. [43] and Neufert [70],
the typical number of persons that occupy one square meter
while walking is 2.14, whereas the figure increases to
3.75 persons per square meter when people are still. On a
similar note, the maximum density should be six persons per
square meter. Meanwhile, the maximum density observed in
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some of the crowded places mentioned above was around this
maximum of six persons per square meter. The maximum
density of Kumbh Mela observed by authors [41] was seven
persons per square meter, similar to the conditions in Hajj,
both considered to be dense crowds.

Furthermore, Khan [37] studied the relationship between
oscillation and average trajectory speed. He concluded that
a higher oscillation would display lower average speed and
trajectory length. This means that people able to move freely
will move at their desired speed, resulting in long, smooth
trajectories. Therefore, when a place is congested, pedestrians
will have limited movement, which may incite conflicts.

Afiq et al. [10] covered some of the detection techniques
that are applicable to intelligent video surveillance systems.
Ji et al. [71] and Al-Shaery and Khozium [22] discussed
the concept of the Gaussian Mixture Model (GMM), which
generates a model based on the Gaussian probability density
function by calculating intensity, mean, and frame variance.
Another model, the Hidden Markov Model (HMM), is a
double stochastic process consisting of hidden and observed
processes such as initial states, transitions, and observation
probability distribution, as discussed by Ji et al. [71].
Another concept, optical flow (OF), is used to describe

the movement pattern of points, objects, or shapes illustrated
by Fortun et al. [72]. Afiq et al. [10], Chaker et al. [51],
and Al-Shaery and Khozium [22] discussed spatiotemporal
technique (STT), in which the features from the spatial and
temporal dimensions are combined for scene anomaly detec-
tion. A hybrid approach between these detectionmethods was
recommended to increase accuracy.

Furthermore, Pennisi et al. [33] described a real-time
online crowd behavior detection algorithm called FSCB.
It consists of feature detection, temporal filtering, image
segmentation, and crowd behavior detection. Along the same
lines, Arandelovic [73] introduced an algorithm for crowd
detection in still images. This algorithm is appearance-based,
employing a statistical, Poisson model of occurrences of
quantized Scale-Invariant Feature Transform (SIFT) words
across an image. Then Khan [37] proposed a method that can
detect and localize congestion locations in videos by using
motion features to generate oscillation maps in a spatiotem-
poral way.

The study of Chaudhari and Ghotkar [36] introduced a
Convolutional Neural Network (CNN), which involves deep
learning approaches to detect crowd congestion and to per-
form density analysis. CNN employs non-linear functions to
calculate crowd numbers. In another vein, a particle entropy
approach was proposed by Gu et al. [50] to represent crowd
distribution using GMM, while Xiong et al. [49] developed
a method by building histograms on the axes and obtaining
the probability distribution of the foreground object, which
represented crowd entropy. This Crowd Distribution Index
combined the people counting results with crowd entropy to
represent the crowd’s spatial distribution.

Branching out from visual surveillance techniques,
Gong et al. [4] used social media posts for four sub-events

in Amsterdam, detecting crowds is by clustering points
of interest (PoIs). Another contribution was made by
Huang et al. [44], the development of anomalous mobility
networks, which employ a topologicalmeasure in discovering
congested locations and events in their early stages.

B. CROWD MONITORING AND TRACKING
Monitoring and tracking crowds can prevent unanticipated
situations and help in highlighting abnormal behaviors at
earlier stages to prevent future incidents. This is a continuing
process of detection, an intermediate phase between crowd
detection and crowd management. In this way, these mon-
itoring approaches may be divided into direct and indirect
approaches according to data sources and tracking methods.

A direct approach is when a crowd is treated as a specific
target to be monitored. This approach can be achieved by
using wearable devices such as bracelets or wireless tags
that are attached to pedestrians. Such instruments are used
to monitor and track each individual, which provides highly
accurate data.

Radio Frequency Identification (RFID) is one of
the most ubiquitous technologies used for monitoring
pilgrims [24]–[27]. The RFID consists of RFID tags given
to pilgrims and readers to scan. A wireless sensory network
overlays the device [61], and an additional mesh network
was also proposed [59], with RF readers as topology nodes
used to monitor the crowd and help with the evacuation. The
authors introduced an intelligent agent, applying a scheduling
technique to guide and monitor the crowd with the help of
the RF reader mesh network [59]. Another tool is Bluetooth
Low Energy (BLE), in which the device advertises itself
on dedicated channels to be discovered by a BLE-enabled
smartphone listening for the advertised packets. The BLE
tags are distributed on people to monitor and track the crowd
using beaconing technology [30], [31].

All of these methods are some of the latest that have been
used in the direct approach of crowdmonitoring. On the other
hand, the indirect approach to monitoring is when a group of
people is treated as a single entity, which helps with high-
density crowds, which makes it difficult to track every single
person.

Unlike the direct approach, which gathers data from an
individual agent, the indirect approach monitors the crowd as
a whole using a specific device, such as in video surveillance.

Satellite images also are useful to support the analysis of
high-density crowds. The only drawback found is that the
resolution is not high enough to see each person clearly.
However, this system’s ability to detect color changes at the
place of existence helps in overcoming this problem [22].

Another creative type of indirect detection used laser-based
tracking to scan pedestrians’ feet using laser range scan-
ners [23]. Horizontal scanning occurs at ground level so that
cross-sections at the same horizontal level of about 16 cm,
which contain the data of both moving and still objects, are
obtained in a rectangular coordinate system of real dimen-
sion. Those laser points of movement are obtained through
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background image subtraction. Then the moving points from
multiple laser scanners are temporally and spatially integrated
into a global coordinate system.

The innovations for indirect monitoring did not stop at that
point. On the contrary, thermography images were eventually
used as a crowd control approach. It employs a forward-
looking infrared (FLIR) camera, which quantitatively mea-
sures surface temperatures of objects, with pixel intensities
representing temperatures. In addition, some authors [43]
introduced a real-time crowd density estimation and monitor-
ing software. The software module calculates and processes
the image frames to produce crowd density after specifying
image frames and temperature range. This module generates
warnings and a graph of the calculated density against frames.

Beyond these developments, a system was proposed con-
sisting of two main components [57]. The information man-
agement component contains the thermal video analyzer and
a fuzzy logic module. The decision support system module,
on the other hand, includes the operation researchmodule and
the expert system module. It determines the mass of crowd
participants, such as those on pilgrimages, monitors crowds
in real-time, and displays preferred routes and closed roads.

The author proceeds to illustrate the system architecture
and a detailed description of different system components and
their integration [58]. Capacity-weighted priority technology
has been proposed based on matrix calculations. Due to the
shadows in the background, the calculated crowd density is
prone to inaccuracy. The authors introduced an enhanced
way of integrating the background removal image processing
technique and the thermography approach [32].

Other visual surveillance and camera sensors, including
CCTV cameras, are used to monitor a crowd. However,
the obstacles and limitations associated with such visual-
based technologies may involve loss of vision due to dark-
ness, smoke, fog, or some other occlusion. Visible imaging
also raises concerns regarding privacy and other security-
related issues [21].

This tracking problem involves locating each individual
in a frame as a function of time. A ground truth density
Fo(p) is presented as a kernel density estimation based on
the positions of annotated points as in (1). In this equation,
ϑ is the size of the feature in the feature map, ε is ground-
truth annotations of feature positions, and p is a pixel in an
image [16].

Fo (p) =
1

2πϑ2

∑
i
exp(
‖ εi − p ‖

2ϑ2 ) (1)

Two different types of filters were used here: a box particle
filtering (PF) framework and a convolutional particle filtering
(CPF) framework for tracking large crowds [34]. The Box PF
works with box particles, whereas the CPF represents the
probabilistic distributions with point samples. CPF is more
adaptive and thus more capable of dealing with several mea-
surements, especially at high levels of crowding. Meanwhile,
the box PF deals with a smaller number of box particles. The
PF subdivided particle is based on the dimension with the

largest box face, (2), where q stands for themaximum number
of clutter measurements.

q = ρk
ACT
4

(2)

The clutter measurement rate is used to obtain an approximate
solution for equation (3).

ρk =
λCk

ACR
(3)

The area of the clutter region is given by ACR = AS − AT ,
where AS is the total area observed by the sensor, and AT is
the area of the crowd. The area, ACT, also includes the region
inside of the crowd, where no cluttermeasurements are found,
hence, the factor of 4.

The algorithm is fairly robust for the value of q, as this
represents the maximum possible number of clutter points,
not the actual number. A comparison of Box PF and the CPF
was made with the generic standard sequential importance
resampling (SIR), and PF was included. The advantage of the
CPF approach is that there is no need for the estimation of the
clutter and measurement rates when only the kinematic states
and extent parameters are of interest.

The detector was also combined with a particle filter to
track multiple people in dense crowds [74]. Two strategies
were presented to simplify the computation for the case of
independent tracking using Kalman filters and the case of
joint tracking of multiple targets using RBMC-DAF [23].
An extended Kalman filter-based technique and a KL
divergence–based approach were used to evaluate the differ-
entiation of the individual features and the holistic features
of crowds [66]. The extended Kalman filter-based approach
mitigates noises and provides the smoothed feature sets.

C. CROWD MANAGEMENT
Crowd management is the systematic planning and supervi-
sion of the orderly movement and assembly of people, and
it involves the assessment of people who examine the capa-
bilities of spaces prior to their use [22]. Crowd management
is the organized and substantiated planning and the direction
given to the orderly progress of mass gatherings. As part of
crowd management, measures can be taken to direct or limit
the behavior of groups of people. This is called crowd control,
which can involve obtaining public safety. Moreover, crowd
management could also be defined as a set of measures and
preparations taken in the facilitation, employment, and move-
ment of crowds. According to paper [60], crowd manage-
ment practice involves accessing and interpreting information
sources, predicting crowd behavior, and deciding on the use
of a range of possible interventions depending on the context.
These practices are done by the collaboration of different
actors—e.g., event planners and managers, emergency ser-
vices, local authorities, transport authorities, stewards, and
the crowd itself [19].

In this paper, we consider crowd management as the inter-
mediate stage between the monitoring stage and the decision
support system (DSS) stage. Recently, crowd management
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FIGURE 3. Crowd management is divided into two parts based on the
event.

practices have been implemented in event-based phases,
including the pre-event phase and the phase during the
event [19], [60], [65]. However, crowd management is useful
for more than just events. It is also employed in situations
such as safety at plazas, airports, and shopping centers.

Figure 3 shows how the crowd management process is
divided [19]. It shows the planning of the event, which takes
up to around 90% of the management team’s efforts, as well
as the execution of the plan during the event, which takes the
remaining 10% of their efforts.

Before the event, ‘‘Crowd management involves planning
and directing the manner in which the public gathers at an
event and moves at and around the event terrain.’’ Planning
typically involves anticipating what might happen regarding
a crowd in a given context and preparing for it. As such,
preparation includes designing for the crowd’s desired behav-
ior, foreseeing potential issues, and devising contingency
plans to deal with them [60]. Therefore, simulations and risk
assessments are typical tasks in the planning phase.
Simulations are used to assist experts in the planning

phase. Diaz et al. [56] developed a system that can handle
interactions with pedestrians involving the visualization of
environments. The system computes a mesh for any given
zone in the urban environment, doing calculations using
shaders in the GPU. The calculated mesh is transformed into
an instance of the scene, and elements are placed in the
simulation. In more extended simulation work, a method for
guiding crowd evacuation called the buffer zone was sug-
gested by Wang et al. [47]. Different placements and settings
of buffer zones are conducted to study this method in detail
to help in planning. It is found that when the desired velocity
is high, the buffer zone can be used for emergency control
through accelerating the evacuation speed, decreasing the
crowd density, and speeding up individual wait times during
evacuation.
Risk Assessment is another important part of crowd event

planning used to handle emergency situations [60]. A com-
mon risk assessment tool, the DIM ICE model, has been
discussed for use during crowdmanagement [75]. Event orga-
nizers evaluate various factors that influence crowd behavior.
First, the design, which is not only the physical layout of
the place or the position of exits and seating but also con-
cerns features like a table or booth placement, should not

negatively affect traffic flow or safety. Second, the infor-
mation regarding how the event organizer communicates
with the audience—including the use of signage, social
media channels, and staffers—should be reviewed. Finally,
the management inputs the findings from staffing levels and
personnel such as guest services, security and law enforce-
ment, harm reduction and medical services, CCTV monitor-
ing, insurance stipulations, and regulatory requirements. The
authors have provided a systematic review of optimization
methods for evacuations [64].

During the event, a crowd’s condition must be monitored,
and actions must be selected and implemented according to
the plan. The following are typical tasks in the execution
phase:
Observation andmonitoring aid the assessment and detec-

tion of any potential emergency situation at an early stage.
These can be achieved by assigning security officers and
stewards to the event and by using CCTV cameras for surveil-
lance, as well as employing helicopters, drones, and aerial
vehicles to monitor the area.
Understanding the crowd is essential to distinguish dif-

ferent crowd types in order to successfully prepare for and
manage a particular crowd at a particular event. There are
different types of crowds, including escaping crowds and
violent crowds. There should be a crowd expert to inter-
pret crowd behavior in real-time. This may be accomplished
through either using a personnel expert or using technology to
perform an automated crowd behavior analysis. The authors
discussed the factors that help in understanding crowd behav-
ior and explained how an adequate understanding of crowd
action could not be merely psychological [3]. The micro-
sociological dynamics also can shape and reshape the social
context and its associated meanings and emotions.
Crowd size estimation eliminates the uncertainty in the

number of attendees, which is a key element in large-scale
crowd management [67]. A system was developed utiliz-
ing a network of basic image sensors to count people in a
crowded environment [54]. This method measured the shapes
by each sensor through background subtraction. The authors
proposed a crowd counting approach using an adaptive capac-
ity multi-scale convolutional neural network (ACM-CNN),
which consists of three types of modules [38]. This method
focused on important areas of the input image and optimized
its capacity allocation conditioning on the crowd intensive
degree. The authors proposed a relevant region prediction
(RRP) for crowd counting, consisting of a count map and
the region relation-aware module (RRAM) [55]. Each pixel
in the map is a representation of the number of heads in
the corresponding local area in the input image, discarding
the detailed spatial information and paying more attention to
counting rather than localizing individuals.
Communication is a very important process during the

event. This includes both communication among crowd
organizers and management team members and communi-
cation between the team and the crowd itself [60]. It is
a way of alerting the crowd to danger through alarms,
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warning announcements, environmental factors, movement
of other people, or visual clues. Also, it is used to brief
the agents/stewards and to keep them informed about the
monitored area, including if there are any plan changes or if
actions need to be taken. The quality of communication will
influence the time taken by the crowd to begin to move [48].
Signs, LED boards, and social media are some commonly
used communication channels.

Crowd management proceed to a higher level that includes
further activities like crowd expectation and crowd decision
support systems.
Crowd expectation is recommended to ensure an early

response to any emergency or to predict an emergency and
implement early warning system for crowd safety. Various
experiments are used, and monitoring data is input into a
mathematical model formulated to compute crowd risk index
(CRI) [53]. The CRI values can then be used by event man-
agers to increase crowd safety.

The authors introduced a crowd risk identification sys-
tem that counted individuals according to cell sensors and
adjusted the numbers through face recognition [45]. Next,
the mean of the two methods is measured. Then the system
analyzes the risks of the crowd gathering to prevent events
like stampedes as much as possible. Experiments were con-
ducted to measure contact force under different degrees of
crowding by using pressure sensors [46]. In order to measure
and evaluate the cluster risk of pedestrians, each pedestrian’s
upper body was covered in two pressure sensors to measure
the total contact force on the upper body.

According to the data, in the static state, the contact force
increases as the space occupancy rate (SOR) increases. In the
moving state, the contact force increases as the velocity
increase under different SORs. SOR is defined as in (4)

δ =

∑N
i=1 Si
Ai

(4)

In this equation, δ is the SOR, Si represents the body area of
pedestrian i, N represents the number of pedestrians walking
inside a cylindrical control volume, and Aj corresponds to the
area of the cylindrical control volume. The results assess the
risk levels of local crowds and help to prevent fatalities and
injuries.
Crowd decision support system (DSS) is an information

system that supports crowd management or organizational
decision-making activities, which includes a knowledge-
based system. Given the crowd management data interpre-
tation, analysis, rules, and expectations, the DSS will suggest
a range of possible interventions to management executers to
select the appropriate decision.

The authors proposed a decision–support framework
named InCrowd to select an effective intervention based on
a high-level description of a crowd based on the predic-
tion model [60]. In addition, the CRI model is paired with
a decision-making subsystem for large crowd management
risk support [45]. The intelligent decision support system is
integrated with operations research modules to analyze the

captured thermographic video sequences in real-time [58].
Meanwhile, a DSS was proposed that analyzed normal video
images in real-time to reach the optimal solution [54].

IV. DISCUSSION
Some of the papers examined in the background discussed
crowd aspects but were vaguely structured. Some of the
reviews were focused on a particular aspect of crowd studies,
whereas others were dated and lacked a sufficient number
of references. We advocate for other researchers to approach
the crowd topic from more diverse viewpoints and with more
defined features.

In general, there are two approaches to study the crowd.
The first one is the direct approach which attempts to treat
every single person in the crowd as an individual. In con-
trast, the second indirect/holistic approach treats a group
of persons as a unified element. The indirect approach is
widely used to detect independent motion in a crowd, such
as in video surveillance, by tracking people’s interest point
clusters over time. On the other hand, the direct monitoring
approach is the most appropriate for recognizing, monitoring,
and counting individuals in lower density crowds. However,
this becomes more difficult and complicated in denser crowd
scenarios, especially in surveillance with occlusions present.
Thus, detecting and monitoring individuals is more challeng-
ing and requires more processing, which explains why the
indirect approach is often used [5], [18].

A. CROWD DETECTION STAGE
Many new techniques have been developed to improve
crowd detection, monitoring, and management. Even so,
the results of combining two or more techniques have
proven that hybrid methods increase accuracy, enhance per-
formance, and counteract many drawbacks. This has been
displayed using the GaussianMixture-HiddenMarkovModel
(GM-HMM), the Spatiotemporal Convolutional Neural Net-
work (ST-CNN), and the Temporal Aware with Convolutional
Network (TAN) for crowd detection [10], [40].

B. CROWD MONITORING STAGE
Many researches have attempted to find the most appropriate
solution for such an important topic to discover the most con-
venient, efficient, and accurate module at the lowest expense.

Al-Shaery and Khozium [22] proposed an approach for
tackling real-time crowd monitoring using a combination of
two ormoremethods, which can help in avoiding the system’s
disadvantages and can procure the benefits of its advantages
to create a stronger, more accurate system. Figure 4 shows
that the proposed collaboration was between satellite images,
thermography, and wearable devices.

Satellite images have the advantage of being fast and
are able to cover a wide area. However, it cannot rec-
ognize each person in sharp detail since their resolution
is not high enough, although thermography does reveal
temperature variations. As a result, warm objects such as
humans or warm-blooded animals can be seen clearly against
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FIGURE 4. The use of the three methods in crowd monitoring.

cooler backgrounds (e.g., the outdoors day or night), but
the main disadvantage of thermography is the presence of
shadows in the image. This can be handled, though, by using
a shadow removal technique to create an accurate depiction
of the crowd.

Another drawback concerning this method is that the
infrared camera used for thermography can only capture
a very limited area. In addition, calibration must be done
every 30 minutes due to temperature differences. Another
option is using wearable devices, which have also been pro-
posed instruments for crowd monitoring. For instance, smart
bracelets with an internet connection can send data to the
server on demand. The problem comes when this connection
fails. However, in this situation, the data is locally stored,
and it will be resent to the server whenever the connection
is restored.

Adding to this body of work, Liu and Xie [53] proposed
the use of a holistic monitoring approach like a CCTV camera
paired with a direct tracking method like cell sensors or face
recognition. A cell sensor can count the number of individuals
by counting the number of mobile phones in the area, whether
they are working or not. Mobile phones are widely used;
statistics show that 85% of the world’s citizens are mobile
users.

The advantages of the cell sensor are numerous: It is user-
friendly, has an easy computing process, it is cheap to install,
and it is portable. Of course, this instrument also possesses
some drawbacks. For example, it is affected by signal interfer-
ence, and mobile phone numbers may not be accurate. Also,
these numbers are imprecise; they may be affected by age,
material condition, etc.

Another method of monitoring is face recognition, a bio-
logical identification technology. The images reflecting the
actions and state of a crowd are captured with a high defini-
tion camera and evaluated based on facial features. However,
this method also has some disadvantages.

First, obstacles and occlusions might appear in the vision.
Second, a person with a larger build may be counted as one,
whereas a smaller person carrying a child will be counted as
two people, even though that person requires less space than
the larger person. Finally, facial recognition technology raises
some individual privacy concerns.

C. CROWD MANAGEMENT STAGE
1) CROWD MANAGEMENT VS. CROWD CONTROL
There is a misconception between crowd control and crowd
management. The two terms are often used interchange-
ably, but it is vital to acknowledge their differences to
function more appropriately during an event. Crowd man-
agement includes facilitating crowd activities, movement,
and enjoyment, as well as ensuring crowd safety. On the
other hand, crowd control mainly addresses the concerns
that develop once a crowd begins to behave in a disorderly
manner or begins to get out of control [5].

Crowd management is proactive; crowd control is reactive.
Therefore, crowd events should be organized and managed to
prevent any emergencies from arising. Therefore, the crowd
control process should be implemented as a last resort when
a crowd is out of control, and the event is not going according
to the management plan. Also, implementing this system too
soon can cause negative consequences.

2) MANAGEMENT AND SAFETY GUIDE STEPS FOR
CROWDED EVENTS
Several key steps are involved in the planning of any sizeable,
crowded event [76].

• Plan, organize and consult with the key figures both
inside and outside of the organization, including man-
agement team leaders, event contractors, venue owners,
local authorities, and emergency services personnel.
When a large crowd is expected, hire staff as needed and
have a trained security detail on set.

• Know the audience. Expected attendees may depend
on the nature of the event. Certain behaviors can be
predicted, like emotional pilgrimages during Hajj rit-
uals or music fans surging near the stage at a con-
cert or sports fans getting emotional over a game’s final
score.

• Assess the potential health and safety risks of the event.
Prepare an emergency plan that addresses issues like
overcrowding, crowd crushing, violent acts, and fire.
Share this plan with public safety agencies.

• Set up barriers or rope lines in advance and ensure that
there are legible signs describing the entrance and exit
locations.

• Have a clear line of communication with both the man-
agement team members and the crowd.

• Finally, review the execution plan with the management
team following the event. Assess which approaches
worked well and which could have been improved. This
review is crucial in planning the next event.

V. CONCLUSION
This paper presents a comprehensive review of crowd stud-
ies, from crowd detection to crowd monitoring to crowd
management. Crowd safety is the ultimate goal of crowd-
related research. Therefore, eliminating the risk of injuries
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and fatalities in mass gatherings is based on the efficiency
of systems developed at each stage of crowd management.
A well-designed system equipped with a solid execution
plan will achieve the ultimate goal in this process. Crowd
management systems cannot be treated as separate processes
but instead must be seen as one system of different integrated
stages. A fully integrated system is missing from the existing
literature. Therefore, the need for such a system is an impor-
tant goal to achieve in order to manage a crowd efficiently.

A common misconception of crowd control and manage-
ment was clarified, and it was evident that the crowd man-
agement model is preferable, whereas crowd control is a
reactive process that should be used only as a last resort.
Another vital aspect discussed was crowd monitoring, and
some approaches were mentioned, including the indirect
monitoring approach, which is widely used for high-density
crowds. Conversely, the direct approach is generally avoided
because of its considerable processing time and effort require-
ments. Moreover, the integration of two or more techniques
is greatly recommended, and it is proven that hybrid tech-
niques increase accuracy, enhance performance, and coun-
teract drawbacks. The efficient crowd management system is
based on the efficiency of crowd detection and crowd moni-
toring. Crowd management is a proactive process aiming to
improve crowd safety.

This paper highlights that crowd management systems
require well-designed DSS with early warning capabilities in
order to achieve this ultimate goal of crowd safety. A suffi-
ciently responsive crowd management system is not yet doc-
umented in the existing literature. A highly efficient crowd
management system must incorporate different disciplines,
including psychology, sociology, engineering, applied math-
ematics, computer science, and artificial intelligence.
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