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We propose a new method for simulating pedestrian crowd movement in a virtual
environment. A crowd consists of groups of different number of people with different
attributes such as gender, age, position, velocity, and energy. Each group has its own
intention used to generate a trajectory for each pedestrian navigating in the virtual
environment. Additionally, an $agent-based$ model is introduced to simulate
pedestrian behaviours in the groups, where various steering behaviours are introduced
and combined into a single steering force to allow pedestrians in each group to walk
toward their destination point. Based on the proposed method, every single pedestrian
in each group can continuously adjust their attributes. Moreover, pedestrians optimize
their path independently toward the desired goals, while avoiding obstacles and other
pedestrians in the scene. The proposed method was implemented for several
simulation scenarios under various conditions for a wide range of different parameters.
Statistical analysis is carried out to evaluate the performance of the proposed method
for simulating the crowd movement in the virtual environment. Results indicate that our
method can generate each pedestrian’s trajectories in each group independently to
reach several goal points within a reasonable computational time.
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1. Introduction

The study of crowd dynamics and person behaviour in crowded spaces has been
the focus of research of various disciplines, such as computer graphics, virtual re-
ality, social science, statistical physics, robotics, pedestrian and evacuation dynam-
ics. Developed research can be grouped in two main categories: macroscopic [1]
and microscopic [2]. Macroscopic techniques focus on the aggregate behaviours of
crowds. These techniques predict pedestrian motion and other characteristics such as
density, speed, and emerging behaviours. However, microscopic techniques have

been used to find each pedestrian’s path that avoids the static or dynamic obstacles and

other pedestrians in the environment [3, 4]. Crowds being simulated can be homogeneous

or heterogeneous [3, 5]. In homogeneous crowds, each pedestrian has a very similar
behaviour or goal. Many models have been proposed for homogeneous crowd sim-
ulation. For example, the continuum crowd model [6] allows a small, fixed number
of goals and aggregate dynamics for dense crowd simulation [7, 3]. The continuum
models involve treating the crowd as a whole, and their application in large crowds
composed of a hundred thousand agents [8]. Other examples include flow — based
models [9], governed by differential equations, which uniformly dictate the flow of
crowds. In heterogeneous crowds, each agent’s motion in the crowd maintains a
distinct, observable identity [10]. This identity is observed in the agent’s goals, de-
sired speed, cooperation, and many other factors that affect each agent [3, 5]. In
the crowd simulation literature, many techniques have been proposed for simulating
heterogeneous crowds [11, 12]. In the agent — based model, each agent’s motion in
the crowd is computed separately, and it is possible to simulate crowds with a differ-
ent motion for different agents [3, 5]. For large-scale analysis and prediction of crowd
behaviour, continuum models are more efficient than the agent — based models [8],

where the computational time does not increase significantly with the number of agents.
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However, continuum models suffer from different drawbacks, such as a reduced va-
lidity range [12]. In agent — based models, agents follow some predetermined rules
of behaviour, which allow agents in the model to behave naturally and autonomously.
This characteristic makes agent — based modelling suitable for the study of agents’
behaviour in complex environments [13].

In agent — based models, agents (pedestrians) continuously adjust their behaviour
in the simulated environment [14], and different simulation parameters can be de-
fined for each agent [6]. These models often result in more realistic crowd movement
behaviours and detailed simulations with each agent making independent decisions.
However, the agent — based models also have drawbacks, i.e., global path planning
for each agent becomes computationally expensive, particularly in real-time contexts.
Most existing path planners fail [15] to simulate agent movement using agent — based
models. As a result, most agent — based models address only local motion planners
for collision avoidance. Moreover, interactions of an agent with other agents or with
the environment are often performed at a local level. Sometimes, it can result in unde-
sirable macroscopic behaviours [16]. The boids algorithm [17] generates dynamics
that resemble commonly observed animal motion [5] and crowds in a virtual environ-
ment [10]. Furthermore, it has been widely used in games and to generate special
effects in movies [3].

An agent’s motion computation is split in two distinct tasks: global and local nav-
igation [3, 5]. Global navigation aims to compute a long-term collision-free path to-
wards a goal position that only the static obstacles consider. In contrast, local naviga-
tion techniques take into account the motion of dynamic obstacles and other agents
in the environment [3]. Examples of these methods include potential-based meth-
ods [18], field-based methods [19, 20, 16], Data-driven methods [19], Least effort
crowds [21, 22, 23, 24, 25]. Despite the diversity, motion planning can be classi-
fied into two kinds of approaches: centralized and decoupled approaches [3]. The
centralized approaches [26] consider all the agents and treat the resulting system as
a single composite system. In these approaches, agents’ configuration spaces are com-
bined in a composite space, and the resulting algorithm searches for a solution in this

combined configuration space [3]. In contrast, the decoupled planners proceed in a
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distributed manner, and coordination among them is often handled by exploring a co-
ordination space, representing the parameters along each specific path, or computed
some local rules. Decoupled approaches [27] are much faster than centralized ap-
proaches but may not be able to guarantee theoretical completeness. Some of these
approaches have been used to generate group behaviours [28] and real-time naviga-
tion of large numbers of agents among obstacles [3, 14]. The most widely-used tech-
niques for handling a large number of human-like agents are based on decentralized
methods (see [29]). In real-world applications, crowd movement simulation provides
valuable tools to planners and designers for improving efficiency and safety in pub-
lic places such as airport terminals [13], shopping malls [30], train stations [29], and
theatres [31]. The design of buildings can be improved if people simulations are em-
ployed to better place shops, entrances, corridors, emergency exits, and seating [31].
In new architectural or urban domains, crowd simulation is used to predict crowd flows
analysis. Architectural analysis benefits from exploring the environment as quickly as
possible [5]. Additionally, the crowd movement simulations have been successfully ap-
plied to various scenarios and case studies [32], i.e., crowds associated with transport
systems, sporting and general spectator occasions, holy sites, political demonstrations,
fire escape [8], emergency evacuation [5, 4, 31, 13], and trading port [10]. Moreover,
the crowd movement simulations have been used to develop a level-of-service concept,
design elements of pedestrian facilities, planning guidelines [4], safety planning [5]
and support transportation planners or managers to design timetables [31]. Further-
more, crowd modelling and simulations allow the safer and more efficient design of
civil structures such as big buildings, markets, and stadiums [23]. Realistic pedestrian
behaviour simulation in crowded places has diverse applications in architecture design,
emergency evacuation, urban planning, personnel training, education, and entertain-
ment [14]. Additionally, realistic simulations based on pedestrian behaviours such as
obstacle or other pedestrians avoidance and stress response have many applications
such as computer game designers, movies, and virtual environments [5]. Considerable
effort has been made on locomotion, realistic pedestrian movement behaviours, path
planning, and navigation in large virtual environments [33]. The experimental stud-

ies of pedestrian movement behaviours, observations, and data recording are currently
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extensively available by the most sophisticated techniques. Many human walking atti-
tudes have been pointed out [34].

Recently, simulating groups and their behaviours in a virtual environment have
been studied in several scientific disciplines [35, 36]. The authors in [23] investigated
the effect of groups on crowd movement, and they showed that the groups’ forma-
tion has an essential effect on the crowd movement. In addition, grouping plays an
important role in affecting crowd behaviour [37]. For modelling different groups’
structure aspects in pedestrian crowds, the authors in [30] developed a agent — based
crowd simulation system. To evaluate the impact of group dynamics on the crowd be-
haviour, an agent — based model is proposed by [13, 32]. To simulate diverse groups
in crowd simulation, the authors in [2] presented a new microscopic algorithm using
the agent —based model. The authors in [31] suggested a multi — group microscopic
model based on the interacting particle system coupled with the eikonal equation for
describing groups’ behaviour. Furthermore, [31] discussed a multi — behaviours
microscoptc model combining with the social force model and optimal path com-
putation. Authors in one recent work [38] developed a new microscopic model by
integrating walking preferences of pedestrians into the collision-free speed model. Au-
thors in [1] introduced a generic Smoothed Particle Hydrodynamics (SPH) frame-
work for solving macroscopic pedestrian models. Authors in [39] proposed and val-
idated different mathematical models at the microscopic and macroscopic levels to
study the influence of both effects. Furthermore, one recent survey [40] reviews the
research developments on crowd simulation algorithms since the year 2010 focusing
on the microscopic or agent-based algorithms. There are several non linear model-
ing approaches which proved to be successful in modeling systems in various fields.
In order to generate heterogeneous crowd behaviour, the pedestrians’ characteristics
and interactions among pedestrians need to be simulated [11]. Moreover, simulating
a crowd with a wide variety of pedestrians’ type is essential, where the characteristics
of pedestrian and surrounding environment are governor of the crowd behaviours. For
example, the authors in [10] investigated crowd simulation of different groups with
heterogenecous behaviours. The problem of generating heterogeneous crowd be-

haviours by adjusting the stimulation parameters is investigated by [11]. In crowd
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animation, the problem of directing and controlling virtual crowds addressed by [16].
Moreover, the authors is in [41] combined steering behaviours to make the virtual char-
acters navigate their environment. To perform multiple virtual agents’ path planning,
the authors in [14] present a Multi — agent navigation graph for each agent (char-
acters, pedestrians, entities, etc.) in real-time. In the literature, several techniques are
proposed to animate crowds [3, 29].

Despite the remarkable contributions in the literature, several essential gaps and

limitations still need to be addressed. In particular:

* A mechanism to adjust and adapt the movement behaviours of each pedestrian
independently in real-time is needed. Many researchers used microscopic mod-
els for simulating crowd movement. However, they avoid the process of inde-

pendently animating pedestrians [10].

* In a large-scale simulation with a high number of pedestrians, the path planning
problem for each pedestrian can become very challenging [14]. Accordingly,
crowd simulation methods with a strong computational performance to predict
the crowd movement are desirable [5]. Apart from the pedestrian movement, a

crowd model needs to address the dynamic interactions between pedestrians [6].

* Interaction between pedestrians can significantly influence crowd behaviour. Lim-
ited research exists that considers group dynamics. Most of the proposed meth-
ods presented in the literature treat pedestrians as individual agents and neglect

group dynamics [3, 13, 31, 32, 30].

* Generally, a crowd tends to be heterogeneous, the requirement for having vari-
ety and heterogeneous crowd is very necessary [10]. Moreover, different parts
of the crowd may be behaving very differently. In this case, it is hard to represent

the crowd’s dynamics using a single global model [3].
The main contributions of this study can be summarized in the following points:

* We propose a method for simulated heterogeneous crowd dynamics, where the
crowd consists of multiple groups with a different number and various types of

pedestrians with different intentions.



O©CO~NOOOTA~AWNPE

150

155

160

165

170

175

* Pedestrians in a crowd have attributes and follow steering behaviours. Pedes-
trians in each group continuously adjust their paths and update their attributes

independently in real-time.

* The method we devised can simulate a large number of pedestrians in a very
complex environment. Moreover, the method can be adapted to include other

pedestrians’ attributes in the crowd for more rich and complex simulations.

* The path planning method proposed in our previous work [42, 43] was adapted

to implement pedestrian collisions.

The rest of the paper is organized as follows: Section 2 describes the problem for-
mulation for simulating crowd movement in a virtual environment. Section 3 demon-
strates the construction and configuration of the proposed method for simulating crowd
movement in a virtual environment. Section 4 presents the implementation of the pro-
posed method. Different scenarios are examined, and the results are presented and
discussed. Finally, the main conclusions drawn from this study are provided in Sec-

tion 5.

2. Problem Formulation

In this study, we make the assumption that a crowd of pedestrians with different
group sizes and various types of pedestrians moves through the defined virtual environ-
ment for a limited amount of time. Each group of pedestrians passes through several
way points, stopping at each way point for different length of time. Moreover, the
number of each type of pedestrian in each group is different, with individual attributes
such as gender, age, position, velocity, and energy. In the virtual environment, there
are several obstacles at different locations; pedestrian must avoid such obstacles. The
simulation starts with groups of pedestrians with a large variety of characteristics enter-
ing the environment from a given starting point. Once inside, they are free to navigate
inside the virtual environment seeking their goals through given way points, until the

simulation stops. Pedestrian can repeat their routine. In this study, pedestrians have to



O©CO~NOOOTA~AWNPE

180

185

190

195

200

adjust their attributes and optimize their paths continuously in the virtual environment,
while avoiding stationary obstacles and other pedestrians.

To demonstrate the groups’ formulation in the crowd, let us consider a very simple
scenario, as shown in Figure 1(a and b) and Table 1. For simplicity, we consider
only two groups for simulating pedestrians’ movement. The first group consists of
"3" pedestrians, and the second group consists of "5" pedestrians. For simplifying
this scenario, we assumed only "2" types of pedestrians, namely agentl and agent2,
in each group. The first group has "3" pedestrians of agentl and "0" pedestrians of
agent2, and in the second group, "2" pedestrians of agentl and "3" pedestrians of
agent?2 are considered. We assume that the first group (Group — 1) visit goals, goalg,
goaly, and goal7, and the intention of the second group (Group — 2) is different, in
which they visit goals, goals, and goal; (see Table 1). Initially, pedestrians (Group—1
and Group — 2) are distributed randomly in front of the virtual environment around the
starting point (see Figure 1(b)). After that, all created groups in the virtual environment
need to be appropriately introduced into the working environment based on the specific
schedule. In this example, groups (Group — 1 and Group — 2) start to move from
their starting points. Then, all groups of pedestrians enter the virtual environment
through the Entrance, and they navigate inside the virtual environment to visit several
goal points (Goalsgroup[l] and Goalsgroup[2]). Afterwards, they move toward the
entrance/exit to leave the virtual environment, and they continue to move until they
reach the last destination point located at the End — point. In this study, the number
of groups, pedestrians in each group, types of pedestrians in each group, and the goal
points are created randomly. The variables are illustrated in Table 1, and the given

scenario graphically is illustrated in Figure 1(b).

3. Proposed Method for Crowd Simulation

In this study, pedestrians in many groups moving through the navigable area inside
a virtual environment with different directions to reach their destination points. Pedes-
trians in a group stay together, while keeping a given distance. Pedestrians in the same

group have the same goal points to visit. Each group is assumed to have a different
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Table 1: Simple scenario for formulating groups of pedestrians in the virtual environment.

Variables

Values

Number of groups

nGroups=2 (Group — 1, Group — 2)

Number of pedestrians in Group — 1

3 pedestrians

Number of pedestrians in Group — 2

5 pedestrians

Number of pedestrian’s type

nTypes =2 (agently, agentls)

nTypes in Group — 1

nPedestriansrypes[1]=[3, 0]

nTypes in Group — 2

nPedestriansrypes|2]=[2, 3]

Pedestriansgroup|1]

agently, agentls, agentls)

Pedestriansgroup[2]

agently, agentls, agent2:, agent2s, agent2s)

Number of the goal points for
Group — 1

GoalSgroup[1]=
[Start_point, Entrance, Goala,
Goals, Goalys, Goalr, Exit, End — point ]

Number of the goal points for

GoalSgroup [2]=

a Goal-4

Group — 2 [Start_point, Entrance, Goals,
Goals, Goali, Exit, End — point ]
(a) CoilS s Q(;mup- 1 @ Group-2
Goal 6~ <
> o Agentl

Goal 7~ < . lgﬂl:_' Goal- T~ <=7
v s J:;'_, Service Points ki ot g I:| L
25 s e —

Goal -3

X

Goal -2

Goal-1

Goal 3

" Goal2

@ Goal points for Group-1
O Goal points for Group-2
E——

Figure 1: (a) The layout of the virtual environment with obstacles, and (b) graphical representation of the

given simple scenario.

list of goal points, where each goal point corresponds to a specific region in the virtual

environment. The virtual environment consists of walls, obstacles, or other areas that

may not be accessible to pedestrians in addition to the goal points.

The proposed method uses the multi — group model for generating a real-time
trajectory for each pedestrian while navigating in the walking area. Moreover, an
agent — based model is introduced to model pedestrian behaviours. Several steer-
ing behaviours are introduced into the proposed method to help pedestrians to behave
and interact with the other pedestrian in the virtual environment. The steering be-
haviours include separation, cohesion, alignment, obstacle avoidance, pedestrian col-
lision avoidance, flocking, and goal-directed steering behaviour. Additionally, some
techniques combine the steering behaviours to a single steering force that allows pedes-
trians to move toward their destination points independently. The combinations of

steering behaviours are used to generate heterogeneous crowd behaviours. The de-
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sired goal point for each group of pedestrians changes dynamically, and the desired
goal point is defined at each step from the list of goal points. In the proposed method,
pedestrians carry out various crowd activities, such as adjusting their attributes, avoid-
ing collisions, optimizing their paths, and changing their behaviour. In this study,
pedestrians use the local knowledge for local collision avoidance and for interacting
with other pedestrians. Also, pedestrians use global knowledge for long-term plan-
ning and to provide goal directing capability. The proposed method is illustrated by
the flowchart shown in Figure 2. The steps followed in the flowchart are explained in
detail in the following subsections.

To provide a realistic simulation of the virtual environment and the virtual pedestri-
ans, all elements of the simulation are imported into the 3D animation software pack-
age Autodesk M aya [44] using a custom Python script. Then the M aya’s key-frame
system is used to visualize the simulated scenario. In the proposed method, we created
Python script models and embedded them into the Autodesk Maya for generating
real-time trajectories.

The method consists of three main steps: environment setting, motion computation,

and steering behaviours, and locomotion, described in the three following subsections.

1. Environment setting: this step explains the construction of the virtual environ-
ment, obstacles, pedestrians, goal points, and the initial state of the simulated

scenario (see Section 3.1).

2. Motion computation and steering behaviours: this step introduces the proposed
method for simulating the crowd and computes the pedestrians’ movement. Sev-
eral steering behaviours are described, and several techniques are used for com-
bining steering behaviours to a single steering force to direct pedestrians toward
their destination points. Furthermore, this step explains the obstacles and pedes-

trians’ collision avoidance (see Section 3.2).

3. locomotion: this step concentrates on the virtual pedestrian’s animation in the
virtual environment. The locomotion converts the steering force to a control
signal motion, which guides the pedestrians to move in the virtual environment

toward their destination point (see Section 3.3).

10
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Figure 2: Flowchart illustrating the steps of the new proposed method for crowd simulation.

The first step of the proposed method (see Figure 2) introduces the working en-
vironment, obstacles, pedestrians, and goal points. Moreover, this step identifies the
initial state of the pedestrian’s attributes: gender, age, position, velocity, and energy.
Also, the interactions between pedestrians with the environment have to be described.

The detail of all these steps is provided in the following subsections.

3.1.1. Virtual environment, pedestrians, obstacles and goal points
Figure 1(a) illustrates the used virtual environment with an entrance and a number

of goals and obstacles inside the scene. A more detailed description of how the envi-

11
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ronment can be created can be found in [43]. In this study, obstacles are distributed
at different locations in the free space. Pedestrians keep a certain distance from the
obstacles. A safety zone is created around the obstacles to avoid the possibility of
overlapping the paths traced by pedestrians with the obstacle boundaries. A circle rep-
resents a safety zone that pedestrians can not enter while they move. The safety zone
radius is constant, R, where the value of R depends on the size of obstacles. Pedestri-
ans are then instantiated in the virtual environment. In the simulated environment, each
group is assumed to have different goal points to visit, and the goal points (nGoals)

corresponding to a specific region, as shown in Figure 1(a).

3.1.2. The initial state of the pedestrian
Pedestrians Pedestrianscrowq in each created group Pedestriansg,oyp are dis-
tributed randomly outside the working environment, with a random velocity Velocity,,, .

Then they start to move to reach the goal point in the list of the goal points (Goals group)-

The entrance of pedestrians and groups (Pedestrians.rowd|gr], gr = 1, ..., nGroups)

is staggered. Groups in the crowd will decide whether and when (key-frame kFrame)

they start to move from the starting point. Based on their decision, each group g, (¢, =

1, ...,nGroups) is activated to move at a randomly created key-frame (kF'rameqctivate [gr])

between (1, nF'rames*c,1), where nFrames represent the total number of frames
and c,1 is a constant. In the first key-frame, the value of Activateg,oups [g-] is set to
"off" for each group (g,), this value will switch to "on” when the key-frame reaches
kFramegctivate[gr], then the group Pedestriansgroup Starts to move. In the same
fashion, at the first key-frame, the value of T'erminate groups|gr| is set to "off” for each
group (g,). The value of Terminategroups|gr] Will switch to “on* when the group
Pedestrians group reaches its final destination Goals group[last] outside the simulated
environment.

The groups’ initial configurations in terms of the number of the pedestrian, type of
pedestrian, number of goal points and their sequence, pedestrian’s attributes, and most
of the other variables are generated randomly. Additionally, it is essential to simulate
each pedestrian independently and introduce interactions between pedestrians and the

simulated environment. In the proposed method, a set of functions is created to get and

12
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set the values of a pedestrian’s attributes in the scene in real-time.

3.2. Motion Computation and Steering Behaviours

This section presents the procedure to compute each pedestrian’s movement in the
simulated environment. It directs the groups through the walking area until they ter-
minate the simulation. This section also describes various types of steering behaviours
that help pedestrians to move in the virtual environment. The pedestrians’ behaviours
include activities such as flocking with neighbouring pedestrians, goal-directing, ob-
stacle avoidance, and pedestrian collision avoidance. The pedestrians’ initial state,
goals, obstacles, and interaction between pedestrians with an environment of the sim-
ulated crowd are defined previously. At each key-frame (key frame) pedestrians are
moving forward from the current position to the new updated position (Position,, )
with the walking velocity Velocity,, . The new updated Position,_and Velocity,, is
calculated based on the steering behaviours with the current pedestrian’s position and
velocity. Algorithm 1 explains pedestrians’ movement in the virtual environment from
the starting point to the ending point (see Figure 2), and this process is illustrated in the

following steps.

Step 1: First, this algorithm starts with the previously created input data: number of

groups nGroups, groups’ activate list Activategroups, groups’ terminate list
Terminategroups, pedestrians in the crowd Pedestrianscrowd, number of the
pedestrians in the crowd nPedestrianscrowd, list of the goal points for each
group in the crowd Goalscowd, list of the pedestrian’s Position in the crowd

Positionscrowd, and number of frames nF'rames. Algorithm 1-Line(1)

Step 2: At each key-frame (key frame = 1,...,nFrames), the activate group’s value

Activategroups|gr] set to 7on” when key frame reach to kFrameactivate [gr)

(see Algorithm 1-Line(3)). Then, for each activate group we will define:

1. Index of the goal point Goals.rowd|gr] (goal index, Goal;). Algorithm 1-
Line(7)

2. Pedestrians in the group Pedestrianscrowdlgr]. Algorithm 1-Line(9)

13
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Step 7:

340

Step 8:

3. Number of pedestrians in the group nPedestrianserowd|g-|. Algorithm 1-

Line(10)

4. The goal points Goalscrowqlgr] for the group nPedestrians rowd|gr]- Al-
gorithm 1-Line(11)

For each pedestrian (p. = 1,..,nPedestriansgrouplgr]), the current pedes-
trian’s position (Position,, ) is obtained from the scene in real-time, and the
value of pedestrian’s velocity Velocity,, and pedestrian’s energy level Energy,,
is obtained from the attributes of pedestrian Pedestrians group[pe]. Algorithm 1-

Line(14)

At each key-frame (key frame = 1, ..., nF'rames), the new Velocity,, is cal-
culated for each pedestrian Pedestriansgroup|pe] in activated groups. In this
study, pedestrian’ velocity is limited to mSpeed (unite/timestep), and the con-
stant cg1 influence the speed of the pedestrians in the scene. Algorithm 1-

Line(23)

For each pedestrian Pedestrians group|Pe] in activated group Pedestrianserowdlgr),

a new position Position,, inside the simulated environment is computed based
on the steering behaviors that we will explain in the following subsections. Al-

gorithm 1-Lines(23)

During this simulation, pedestrians need to keep a certain distance (2 x r) be-
tween themselves. Therefore, the new updated Position,, of each pedestrian
has to check for collision with neighbouring pedestrians, as illustrated in Fig-

ure 4. Algorithm 1-Lines(24)

The proposed method for crowd simulation uses the BN M method to check
the new updated Position,, for collision with obstacles. Suppose a collision
happens between pedestrians and obstacles. In that case, the BN M method
computes another new position Position,,, for the pedestrian to avoid collision

with obstacles. Algorithm 1-Lines(26)

At each key-frame (keyframe = 1,...,nFrames) the energy level of every
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single pedestrian is decrease as they walk through the environment as follow:
Energy,, = Energyy, - cs1 (see Algorithm 1-Line(15)), where the constant ¢
represent the reduced value at each key frame. Suppose the value of Energy,,_
reaches below the minimum Energy level. In that case, all pedestrians in the
group will visit the service point in the walking area after finishing the current
task (see Algorithm 1-lines(29-30)). Meanwhile, the group stays in the service
point, their energy will increase again, and they stay in the service point until
their energy reaches the maximum level. Then they will start again to move to

visit the rest of the goal points. Algorithm 1-lines(31-36).

At each key-frame, if the distance between any pedestrian Position,, in the
group Pedestriansgroup and Goalsgroup|Goal;] is reached below co, it indi-
cates that this group is arrived to the current goal point. Therefore, this group
has to get a new goal point from the goal points list and update the goal’s index

(Goals;nges)- Algorithm 1-lines(17-22)

At each key-frame, pedestrian changes its position to the new position at Position,,,

in real time, afterward, pedestrians update their attributes include Velocity,,
and energyp, in Pedestriansgrouppe] with the new calculated attributes. Al-

gorithm 1-lines(38,39))

When the group of pedestrians Pedestrianserowad[g-] reach to last goal point
Goalsgroup(last], the value of Terminategroups[gr] is switch to ”on” and also
the value Activategroups|gr] is switch to "of f” as well. Algorithm 1-Line(19-
20)

365 In addition to the classic steering behaviours (see [41]), goal-directed behaviour

was implemented to control pedestrian movements and direct them to the goal points.

The obstacle avoidance for our simulation is based on an extension of our Boundary

Node Method (BN M) [45, 42, 43]. Using the global path planning in real-time con-

texts is difficult for modelling pedestrians’ behaviours by using the agent — based

a0 model because it becomes computationally expensive. Therefore, the agent — based

models used in this study separate local collision avoidance from global path plan-

15
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Algorithm 1 Motion computation and steering behaviors

1: Inputs:
nFrames, nGroups, Activategroups, Terminategroups, Pedestrianscrowd,

nPedestrianscrowd, GoalScrowd, P0sitionscrowd, Cs1
for key frame =1 to nFrames do

2:

3 if key frame = kFramegctivate then Activategroups[gr] < 7on”
4 end if

5: pe < 0, GoalSindes ([1] * nGroups)

6: for g, = 1 to nGroups do

7 Pe < pe + 1, Goal; < Goalsindes|gr]

8

9

if (Terminategroups[gr] = "of f7 and Activategroups[gr] = "on”) then
Pedestriansgroup < Pedestrianscrowd|gr]
10: nPedestriansgroup < nPedestrianscrowd|gr]
11: Goalsgroup < GoalScrowd|[gr]
12: for p. = 1 to nPedestriansgroup do
13: Compute Separation, Cohesion, Alignment
14: (Position,, , Velocityy, , Energyy.) < Pedestriansgroup[pe]
15: Energyy, <+ Energyp. — cs1
16: Pedestriansgroup[pe]  Energyp,
17: if Energy,, > minimum Energy,, then
18: if dist((Position,, , Goalsgroup|Goal;]) < cs2 then
19: Goal; + Goal; + 1, update Goalsindez[gr] < Goal;
20: if goal; = len(Goalsgroup) then
21: Terminategroups|gr] < "of
22: end if
23: end if
24: compute new Velocity,, and Position,,
25: if ind collision = "True” then Position,, < Algorithm 2
26: end if
27: if Obstacle collision = "T'rue” then Position,, < BNM
28: end if
29: else
30: stay in service point, modi fy Goalsgroup and Energyp,
31 update Pedestriansgroup|pe] with new Energyy,
32: if staying timeis finished then
33: for p. = 1 to nPedestriansgroup do
34: new Energy,, < mazimum Energyp,
35: update Pedestriansgroup[pe] < new Energyy,
36: end for
37: end if
38: end if
39: update Pedestriansgroup[pe] < new (Positiony,, Velocity,, )
40: Positionscrowalpe] = Positiony, , update positiony,
41: end for
42: end if
43: end for
44: end for
16
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ning. Based on the extended BN M method, each pedestrian in the crowd is simu-
lated by a nine-node quadrilateral element (see Figure 3a). The nodes are denoted
by p(q), (¢ = 1...9), the centroid node p(5) represents the pedestrian’s location. As
illustrated in Figure 3a and c, the nodes p(1 — 4) with p(6 — 9) represent the eight-
boundary nodes that help pedestrians move forward and avoid obstacles. As shown in
Figure 3b, pedestrian and boundary nodes p(q), (¢ = 1...9) are restricted to move in

eight-possible directions e(u), (u = 1...8) in the workspace.

e(4)

e(7) T e(1)
p(7) pA)  p(1) AN P
Centralnode
p(5) Agent
R(8) p(2) el8k— —>e(2)
Safety 8-boundary nodes
Zone <
B o R & 1w
&(6)
©) (b) (c)

Figure 3: A nine-node quadrilateral element with a safety zone (a) along with its motion directions (b) and
simulated pedestrian in a virtual environment (c).

3.2.1. Obstacle Avoidance

Using the extended BN M, a pedestrian and boundary nodes implement steering
to avoid obstacles and changing their motion direction by selecting a new position in
the free space Cfrc.. The obstacles avoidance method considers all obstacles in the
walking area at each key-frame when a pedestrian moves near the safety zone around
obstacles. If the 2D distance between the pedestrian’s position and centre of the ob-
stacle is less than (r+R), then the pedestrian interferes with the safety zone around
obstacles, where R and r represent the radius of the safety zone around the obstacle
and pedestrian, respectively. Based on the BN M method, the pedestrian has to change

the motion direction to avoid collision with the obstacle.

3.2.2. Pedestrian Collision Avoidance

Each moving pedestrian represents a dynamic obstacle for all other pedestrians
in the scene and influence the pedestrian’s motion in the crowd. Pedestrians should
not reside within the personal space requirement, the so-called private sphere, of the

other pedestrians. Usually, each pedestrian has a safety zone with a radius, r (see

17
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Figure 4(c)), pedestrians should keep a certain distance from the other neighbouring

pedestrians located too close.

Current pedestrian

Mictian direction

Second poezible postion
Tor The current pedestnan b
i

Equilataral
trisgle (1]

Safoty zone

8-boundary nodes
Central node

Nuighbering Pusistrian ©

(@ (b) &-boundary nodes

Figure 4: pedestrian collision avoidance (a and b) with personal space requirements (c).

For instance, as the current pedestrian tends to move forward, it should keep a
certain distance from other neighbouring pedestrians in the walking area, as demon-
strated in Figure 4a. This study assumes that the distance between pedestrians should
not be less than (2 x r). Suppose that the distance between current and neighbour-
ing pedestrian drops below a specific value (2 x r). In that case, the current pedes-
trian changes its motion direction slightly to prevent the collision. Pedestrians usually
choose the fastest route to reach their next destination, but not the shortest one [4].
The Principle of Minimum Energy to handle such situations can also be used [37].
In general, pedestrians consider detours and the comfort of walking, thereby mini-
mizing their efforts [4]. We have proposed an appropriate reactive behaviour, called
pedestrian collision avoidance, for preventing collision between pedestrians walk-
ing closer as illustrated in Figure 4b. Suppose that the current and neighbouring pedes-
trian move closer, and the distance between them drops below 2 x r. In that case, the
current pedestrian steers to either left or right for a new calculated position Position,,
which is located on the third vertex of an equilateral triangle (see Figure 4b). The

overall process of pedestrian collision avoidance is illustrated in Algorithm 2.

3.2.3. Flocking and Goal-directed Behaviour
The flocking behaviour follows the methods in [41, 17]. Goal-directed behaviour
models pedestrians’ motivation in each group walking towards a well-defined goal at a

certain point in the virtual environment. The computation of the goal-directed steering
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Algorithm 2 Pedestrian collision avoidance

1: Inputs:
Positionscrowds

newPosition,, ,current Position,, ,nPedestriansiotq
for p. = 1 to nPedestriansioiq; do

2:

3 find distance between new Position,,, and Positionscrowd[Pe]
4 if distance < (2 x r) then

5: Az = newPosition,, [0] — Positionscrowa[pe][0]

6: Az = newPosition,, [2] — Positionscrowd[Pe][2]

7 if random.random() < 0.5 then rotateqnge < 60.0

8 else rotategpgre <+ —60.0

9

: end if
10: o < rotategnge /180 * math.pi
11 newg < newPosition,, [0] + math.cos(a) * Az + math.sin(o) * Az
12: newy < 0
13: new, < newPosition,, [2] + math.sin(—a) * Az + math.cos(a) * Az
14: newPosition,, < [new,, new,, new,]|
15: find distance between new Position,,, and Positionscrewd|Pe]
16: else if distance = 0 then
17: newPosition,, < currentPositiony,
18: end if
19: end for

behaviour (goalyector) 1s €xplained in the Algorithm 3. As shown in this algorithm,
the distance between the current position of the pedestrian (current Position,,_ ) and
the current active goal (current Goalsgroup) is calculated. Subject to the distance
between these two points being less than a certain value (Cy1), then a new goal point
is assigned for the current group. Suppose the current goal point Goalsg,ouyp is the
last destination point. In that case, the group will terminate the simulation, and this
group is no longer active. Otherwise, the goal_directed steering behavior calculates
the goalyector and normalizing the goalyector by applying a weighting goal.yeignt, as

illustrated in Algorithm 3.

3.2.4. Combining Behaviours

Combining behaviours can happen in two ways: (1) switching and (2) blend-
ing [41]. When circumstances change in the simulated environment, a pedestrian may
"switch" between behavioural modes. Alternatively, these behaviours, unfolding si-

multaneously, are commonly "blended" together. For example, in normal situations, as
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Algorithm 3 Goal-directed behavior

1: Inputs:
current GoalSgroup, current Positiony, (pe < index), goalweight,
Cq1
: Goal; + Goalsindez[gr]
. if (distance between current Positiony, and current Goalsgroup) < Cg1 then
Goalsindex [gr] < Goalsindea [gr] +1
if GoalSindez[gr] < length(Goalsgroup) then
terminate[g,] < 7on”, activegroup|gr] < "of f7
end if
end if
i goalyector =4 subtracting(current Goalsgroup, current Position,, )
i goalyector < mormalizing(goalyector, g0alweight)
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the pedestrians move toward their destination, flocking and goal-directed behaviour are
blended into a single steering force vector to allow the group to walk toward their goal.
Pedestrians in the group always must keep on moving with the group toward their des-
tination, and they cannot afford to ignore either component behaviour. Furthermore,
suppose that a group of pedestrians move in a given environment, and they approach
an obstacle or other pedestrians in the same or different groups. This situation leads
to a behavioural switch from moving to collision avoidance. All pedestrians then try
to avoid collisions with obstacles and pedestrians, and pedestrians might split from the
group while avoiding obstacles. As previously discussed, multiple steering behaviours
guarantee the shortest collision-free paths for pedestrians, and pedestrians never get
stuck behind obstacles. The proposed method uses Python scripted models to evalu-
ate pedestrians’ behaviours and computed a new state of pedestrians. Scripted models
are also used to generate 3D scenes and viewed in the animation software package

Autodesk M aya [44], as illustrated in the following subsection.

3.3. Realistic rendering of the 3D animation

Maya’s key-frame is used to create a 3D animation. We used seven different
categories of pedestrian, we then imported into M aya using Python scripted models.
Subsequently, Maya allows the scripted models to control the pedestrians. Based on

the proposed method, the position (Position, ) and the velocity (Velocity,,_ ) of each
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virtual pedestrian in the scene are updated in real-time.

4. Crowd Simulation

The used virtual environment is shown in Figure 1(a). The proposed method,
described in Section 3, is used to generate trajectories for groups of pedestrians. Two
different scenarios were implemented. The first scenario has four groups of pedestrians
(see Subsections 4.1). In the second scenario, two examples of the real-life crowd situ-
ation scenario are considered (see Subsections 4.2 and 4.3). In this study, the proposed
methods are implemented in Python, and ”example 17 was carried out on the lap-
top with Intel(R) core(TM) i5-8300H CPU 2.30GH z, 8RAM, and for ”example 2”
we used PC with Intel(R) core(TM) i5-5200U, CPU 2.20GHz x 4, 7.5GB RAM.
Moreover, the effect of the crowd’s size on the computational time is investigated for
different simulations with various configurations, and statistical analysis for the ob-
tained data was carried out (see Subsections 4.4). Additionally, the performance of
the proposed method for simulating the crowd movement is compared with the related
techniques (see Subsections 4.5). In this simulation, pedestrians of different groups’

sizes entering the virtual environment through the entrance (see Figures 1(a) and 16.

4.1. Simulation of a Simple Scenario

In the simple crowd simulation scenario, we consider only four groups of pedestri-
ans (nGroups ="4"). Each group contains a different number of pedestrians with "7"
different types (nT'ypes="7"). The number of each type of pedestrian in each group is
generated randomly between [0, N, it is assumed that N. = 1. Pedestrian’s type and
group size distributions illustrated in Table 2. As shown in the table, the total number
of pedestrians in each group is determined simply by summation of all type of pedestri-
ans in the same group nPedestriansg,oup, Which are [4,4,5, 3]. Therefore, the total
number of pedestrians in the crowd is the sum of all pedestrians in the scene, which is
equal to "16" pedestrians (nPedestriansiotq="16").

In the simulated scenario, the the entrance’s width is "15" units, and the width
w and the length [ of the simulated environment are set to "105" and "330" unit, re-

spectively. Inside the simulated environment, there are "8" regions (goal points) that
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Table 2: Pedestrians’ distribution with different group size: presents the number of groups in the simulation
(nGroups ="4"), number of pedestrians of each type in the same group (nPedestriansrypes), number
of pedestrians in each group (nPedestriansgroup = [4,4,5,3]), and the total number of pedestrians
(NOP) in the crowd (nPedestriansiotq; ="16")

Groups | Type: | Types | Types | Types | Types | Types | Typer: | NOP
groupi 1 0 1 0 1 0 1 4
groupa 1 0 1 0 4
groups 1 1 1 1 1 0 0 5
groups 0 1 0 1 0 1 0 3
total 3 2 3 3 2 2 1 16

the groups of pedestrians want to visit ("4" goal points on both the right and left-hand
side). Each goal point is corresponding to a specific region in the simulated environ-
ment. Moreover, there are "2" general service points. These points are considered a
temporary goal point. We add them to the goal points when the group needs them
(therefore, nGoals="10"). The = and z — coordinates of the goal points are set to
[37.5, 37.5, 37.5, -37.5, -37.5, -37.5, -37.5, 37.5] and [69, 10.5, -51, 10.5, -51, 69,
-109.5, -109.5], respectively, and the services points are located at (0,0,0) and (0,0,-
135). Additionally, the values of the parameters related to the steering behaviours
such as [cohesion radius, separation radius, alignment radius, cohesion weight,
separation weight, alignment weight] are set to [6, e, 1.8, 0.75, 0.55, 0.02].
During the simulation, each pedestrian is considered as a dynamic obstacle for
other pedestrians. Every single pedestrian has a personal space requirement with a
radius,r, where other pedestrians should not share the space. In this simulation,
the safe space’s radius around pedestrians r is set to 0.9 units. The minimum dis-
tance between pedestrians is set to 2 X r units, such that pedestrians do not inter-
fere with the other neighbouring pedestrians. We assume that there are four static
obstacles (n3DObstacles="4") located [(—20, 0, 80), (20, 0,120), (—20, 0, 120), and
(20,0,80)] and a circular safety zone is created around each obstacle with a radius
of 4units. Moreover, there are other two static obstacles located at [(—30, 0, —35),
(30,0, —35)], where a circular safety zone is created around these obstacles as well
with a radius of 7units. While pedestrians move close to the obstacles and other
pedestrians, they should keep a certain space for safety. The detail of the simulation

results is presented in the following subsections.
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In this scenario, pedestrians’ attributes and their movement are investigated at
each frame keyframe, where the maximum number of key-frames (nF'rames) set
to "500". Based on the proposed method, initially groups of pedestrians g, (g, =
1,...,nGroups, nGroups ="4") with different types (nTypes="7") created in the
front of the virtual environment around the starting point. The initial position of each
pedestrian Position,, (p. = 1, ..,nPedestriansg oup|gr]) in each group g, is gener-
ated randomly. Afterward, the initial walking velocity for each pedestrian Velocity,,
(pe = 1, .., nPndividual$ group|gr]) generated randomly between (0, cf3). The con-
stant c¢3 represents the maximum walking speed (mSpeed), and it has been limited to
"2" units/timestep. In the simulated environment, groups of pedestrians move in dif-
ferent directions to reach their desired goal points while avoiding obstacles and other

pedestrians in the scene.
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Figure 5: Goal points for each group of pedestrians: each goal point represents by two-points, the first
point is the entrance of the goal, and the second point represents the inside of the goal area.

A list of goal points has been created for each group, as shown in Figure 5. Both
starting and ending points are created randomly and added to the list of the goal points.
The value of the x — coordinate for the starting and ending points are generated ran-
domly between [0, w]. In addition, the value of z — coordinate for the starting and
ending points are fixed to [ + ¢y, it is assumed that the constant ¢4 is set to "15".
Moreover, the goal point at the centre of the scene (w/2,1/2) represents the first service

point. The x and z — coordinates of the entrance are set to w/2 4 7.5 and [, respec-
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tively. As shown in Figure 5, the origin point of the virtual environment transformed
from the centre of the scene to the bottom left corner. The proposed method updates
the current group’s goal point if the distance between the current pedestrian and the
current goal point drops below a certain value Cy;. It is assumed that the value of Cyq
is set to 1.5units.

In this simulation, each group g,, (9, = 1, ..., nGroups, nGroups ="4") starts to
move to enter the simulated environment at a (kFramegctivate|gr]) Tandomly gener-
ated key-frame between (1, nF'rames*c,1), where nF'rames represent the maximum
number of frames and the value of constant ¢, is set to "0.5". The groups 1, 2, 3and 4
are activated at key frames 41, 137, 181, and 203, respectively. The red circles in the
graph represent the groups’ size in terms of the number of pedestrians, and the bigger
circle represents the group with a higher number of pedestrians. Afterward, at each
key-frame (key frame = 1,...,nFrames, nFrames ="500"), pedestrians’ position
and velocity are computed by using the proposed method. The simulation results of the
pedestrians’ positions and velocity for all groups are shown in Figures 6 and 7.

The achieved results shown in Figure 6 represent pedestrians’ position of each
group after the simulation runs for the "500" key-frame. The red circle objects rep-
resent the pedestrians’ positions. From the obtained results shown in Figure 6, it is
observed that the proposed method can create the trajectories for each pedestrian to
move from the starting point to the final destination point in the virtual environment.
This study considers the safety-zone around obstacles to avoid the possibility of over-
lapping the trajectories traced by pedestrians with obstacle boundaries. The proposed
method provides a collision-free path for pedestrians to reach their goal points (see
Figure 5). Each new position is allocated after the current pedestrians’ position, and
pedestrians start to change their direction as they move closer to obstacles or other

pedestrians in the scene.

Figure 7 presents the simulation result of the calculated pedestrians’ velocity based
on the proposed method. The left-hand side of the graph represents the pedestrians’ ve-
locity in x and z — directions, and the right-hand side represents the absolute velocity

of all pedestrians in the scene. We obtained "4235" values of pedestrians’ velocity from
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Figure 6: Pedestrian’ trajectory: showing the pedestrians’ movement towards their goal points in a simulated

environment.
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the simulation results, where the maximum value of the pedestrian’s velocity reaches
1.139 units/timestep. The mean and the standard deviation of the calculated velocity
are equal to 0.929 units/timestep and 0.205, respectively. It can be observed from
the simulation results that the pedestrian’s velocity decrease as the pedestrians come
closer to the goal points. As shown in Figure 7, the minimum velocity is achieved near
the goal points.

Each pedestrian has a personal space requirement with a radius, r (see Figure 4(c))
to avoid pedestrians’ collisions. The radius of the personal space r set to 0.9 unit.
Pedestrians should not interfere with the space of the other neighbouring pedestrians.
The minimum distance between pedestrians is set to 2 X r units. At each key-frame,
the minimum distance between the current pedestrian and all other pedestrians is cal-
culated, and the obtained results are presented in Figure 8. The mean and the standard
deviation of the calculated minimum distance are equal to 3.915 units and 2.038, re-
spectively. The obtained results showed that the minimum distances do not fall below
1.8017 units. The study of group behaviours can help to better understanding and re-
specting different cultures’ personal space. Even identify the minimum personal space
requirements needed to protect health and limit the spread of the disease.

In this simulation, each group consists of several pedestrians’ type, where each type
of pedestrian has a different energy level energy,,, as illustrated in Table 3. Based
on the proposed method, the pedestrians’ energy level is calculated, and the obtained
results are presented in Figure 9. As illustrated in the figure, each raw represents the
change in the energy level of each pedestrian. For example, the first group consist of 4
type of pedestrians T'ype1, T'ypes, Types, and Typer (see Table 2). Each pedestrian in
this group has the initial level of energy energy,, (maximum energy,, level) as starts
to move to enter the simulated environment at randomly created key-frame (key frame
41). The maximum energy level for the T'ype;, T'ypes, T'ypes, and T'ype; are equal
to 8 * C¢, 12 * Cp, 16 * C,, and 14 * C,, respectively (see Table 3), the value of
C. is set to 25 in this simulation. As the pedestrians walk through the environment
toward their goal points, the energy level will decrease for all pedestrians, as shown in
Figure 9. The energy level of T'ype; will reach below the minimum energy,, level

first (see Figure 9) because Type; has a lower energy level than other pedestrians in
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the group. In this situation, all pedestrians in the group will visit the service point in
the walking area after finishing the current task (see Figures 5 and 6). Meanwhile, the
pedestrian stays in the service point; their energy will increase again. They are staying
in the service point until their energy reaches the maximum level, and then they will

start again to move to visit the rest of the goal points.

Table 3: Maximum maz_e and minimum min_e energy level for each type of pedestrian

Types Type1 Type> Types Types Types Types Type~
mazr_e | 8*%Ce | 10*¥Ce | 12*Ce | 20%C. | 16*%C. | 18*Ce | 14*Ce
min_e | 4*C. | 5*C. 6*Ce 10%C. | 8*C, 9*C, 7*C,

)

- Pedestrian-2
Maxenergy level  Jllj Min energy level Pedestrian-3
Pedestrian-4

nergy level

Pedestrians

Key-frame

Figure 9: Pedestrian’ energy level: change of the pedestrians’ energy level at each key-frame.

The next simulated scenario is a public spaces such as a shopping mall. The simu-
lation results with a higher number of small groups are discussed and presented in the

following subsection.

4.2. Simulation of Real-Life Crowd Movements: example 1

This section investigates the implementation of the proposed method for simulat-
ing pedestrian crowd movement in a large and complex virtual environment of public
spaces such as a shopping mall for a limited period of time. To demonstrate a realis-
tic pedestrian movement through a virtual environment, we consider different groups
with various types of pedestrians (family, friends, etc.) in the crowd. Whereas
each type of pedestrian has its own attributes such as gender, age, position, velocity,
and energy. In this scenario, many groups of pedestrians are appropriately introduced

into the shopping mall. Each group’s intention is different for visiting the number of
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Figure 10: (a) A large-scale 3D model of the commercial mall populated by virtual groups of pedestri-
ans [46]. (b) Screen-shot of the shopping mall with obstacles: shows the walking area on the ground floor
of the shopping mall with the 3D obstacles. (c) Shows different 3D characters animation obtained from
Mixamo [47]

shops in the walking area with different visiting sequences. At each step in the simula-
tion, virtual pedestrians adjust their attributes and optimize their paths independently in
real-time. Moreover, they avoid stationary obstacles and other pedestrians in the virtual
environment when they move closer. In this study, a multi-level shopping mall envi-
ronment is considered, as shown in Figure 10 (a). For simplicity, we assume that the
pedestrians are moving within a walking area on the ground floor of the shopping mall,
as shown in Figure 10 (b). The other floor of the mall is not accessible by pedestri-
ans. Pedestrians’ activities are categorized into walking through the large environment
model and shopping activities. The shopping mall consists of several shops (see Fig-
ure 10 (b)), and the shops are located on both sides of the shopping area to emulate the
real-world scenario.

In this scenario, pedestrians formulated in groups before entering the shopping
mall. Each group consists of multiple pedestrian types (male and female) of different
ages (old, young, and child) to establish the range of personality variation. Several
examples of virtual pedestrians [47] that has been used in this simulation are shown in
Figure 10 (c). Each pedestrian has a different energy level, i.e., an old pedestrian has a
lower energy level than a young pedestrian. The energy level will decrease as they walk
through the environment. Pedestrians rest at the sitting place in a service point when
their energy (energy,, ) reaches below the minimum energy level. Furthermore, during
the visit, sometimes pedestrian considers undertaking other activities, and it can happen
between two sequential visits. Examples of activities in the proposed model include
having food and using other mall services. In the simulated scenario, pedestrians in

the same group have the same goal points (shops) to visit, and each group is assumed
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Figure 11: Distribution of pedestrians in the scene, where pedestrian is denoted by p and type of pedestrian
is denoted by 7. (a) Group size distributions in the crowd, and (b) Pedestrians type contribution in the crowd.

to have a different list of goal points. Each goal point (nGoals) corresponding to a
specific region (shop) in the shopping mall environment.

Apart from pedestrians and shops, the simulated environment consists of walls, ob-
stacles, and other regions that not accessible by pedestrians in the crowd. For example,
there are several vases in the walking area of the shopping mall at different locations
(see Figure 10 ()). In this study, the vases are used as obstacles to prevent pedestrians
from walking through. Pedestrians need to pay attention and keep a certain distance.
Nevertheless, in reality, the planting pot maybe uses for decorating the mall. Many
other things can be used for preventing pedestrians from accessing a particular area
and making pedestrians change their motion direction, such as barriers, signs, etc. In
this study, we defined the positions of the obstacles at different locations inside the
shopping mall. Then a safety zone around each obstacle is created to avoid the pos-
sibility of overlapping the paths traced by pedestrians with obstacle boundaries. An
abounding circle represents a safety zone that the pedestrians can not enter during their
motion. The safety zone radius () is constant, and the value of R depends on the
obstacles’ size.

In this simulation, we investigated the pedestrians’ movement in the crowd with
"200" different small groups, where each group has distinct goal points at known lo-
cations. The total number of pedestrians in the crowd is the sum of all pedestrians in
all groups, which is equal to "696" pedestrians (nPedestrians; i ="696"). Pedes-

trians’ group size distributions in the crowd are illustrated in Figure 11a. As shown
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Figure 12: key-frames for activating groups of pedestrians to move in the virtual environment.

in the figure, the groups’ size is different in terms of the number of pedestrians. For
example, in the condition of pedestrian walking alone, "8" groups (4% of the whole
number groups (nGroups), where nGroups ="200") are seen in the crowd. The
number of each pedestrian’s type (nT'ypes="7") in each group is generated randomly
between [0, N.], we assumed that N, = 1, and the obtained results are presented
in Figure 11b. From the figure, it is observed that the total number of each type of
pedestrian in the crowd is different. For example, the total number of the first type of
pedestrian (77) is "108" pedestrians (15.5% of the total number of pedestrians in the
crowd (nPedestriansota;), where nPedestriansioiq=696).

In this simulation, seven different types of characters (see Figure 10 (c)) are used
to generate "200" groups with "696" pedestrians. Initially, all groups of pedestrians
scattered in the front of the virtual environment around the starting point, as shown in
Figure 10 (a). In this scenario, the x — coordinate for the starting and ending points
for pedestrians is generated randomly between [(w/2) — 50, (w/2) 4+ 50]. Moreover,
the value of z — coordinate is set to (I/2) + c¢s1, where cg; is determined randomly
between [10, 60]. Afterwards, the groups of pedestrians were appropriately introduced
into the shopping mall environment based on the schedule models. Each group starts
to move to enter the mall at randomly created key-frame (kFramegctivate[gr]) be-
tween (1, nF'rames*cy1), where ¢, is set to 0.5. Figure 12 illustrates the activation’s’
key frames of all groups; the blue points represent the keyframes for activating
groups to move. The red circle represents the groups’ size in terms of the number of

pedestrians; a larger circle represents a group with a higher number of pedestrians.
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Figure 13: Screen-shot of pedestrian flow: pedestrians’ trajectories in the final stage of the simulation.

At each key-frame, pedestrians’ attributes and their positions are calculated and
updated independently in real-time. The maximum number of frames nFrames is
set to "200" key frames. The simulation results of the pedestrians’ trajectories for all
groups at each key-frame are shown in Figure 13. The figure shows that the proposed
method allows pedestrians to navigate in the walking area from the starting point to
the final destination point. The results have shown that the proposed method prevents
pedestrians from colliding with the obstacles and pedestrians in the scene by using
the obstacle and pedestrian avoidance method. As the pedestrians move closer to the
obstacle and other pedestrians, they need to change their motion direction to avoid
collision problems. The proposed method uses BN M for collision avoidance because
this method has a high computational performance. Moreover, pedestrians never get
stuck in the local minima behind the obstacles, and the BN M method guarantees the
collision-free path.

Different screen-shot of the simulation results from different viewpoints presented
in Figure 14. As shown in figure, pedestrians attempt to walk in different directions
to reach their desired goal points while avoiding obstacles and other pedestrians in the
scene. All pedestrians remain with the group during the simulation. Diffident types of
walking states are demonstrated in the zoom-in Figure 14b of the particular part of the
scene. For example, a pedestrian (A) who has walked alone and changing his motion
direction to avoid stairs on his right. Moreover, a pedestrian (B) has a limited space to
move after leaving the shop — 6. At the same time pedestrian (C) has a free moving
space to move. At the end of the simulation, all groups terminated in front of the

shopping mall, as illustrated in Figure 14a. The figure showed that the most crowded
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Figure 14: Screen-shot of the simulation: pedestrian’s movement towards the goal points in a scene.
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Figure 15: Pedestrian’ velocity: change the walking velocity of all pedestrians.

area in the virtual environment is found in front of the mall, where the distance between
pedestrians is very small. The calculated results of the pedestrians’ velocity of all
groups of pedestrians using the proposed method are shown in Figure 15. The left-hand
side of the graph represents the pedestrians’ velocity in x and z — directions, and the
right-hand side represents the absolute velocity of all pedestrians in the scene. After
the simulation runs for "200" key frames, the computed mean and standard deviation
is reached to "0.905" and "0.216", respectively. By comparing the obtained results
with the pedestrians’ velocity in Subsection 4.1, it can be concluded that the increasing
number of groups has the reverse effect on the mean velocity of the pedestrians in the
crowd; this is agreed with [37]. In this investigation, we conclude that the groups’
formation has an essential effect on the crowd movement. Increasing the groups of
pedestrians slow down the pedestrians’ movement in the simulated environment.

In this simulation, pedestrians change their position and velocity based on various
steering behaviours. In each key-frame, the new position of each pedestrian is calcu-

lated based on the proposed method. If the pedestrian does not interfere with the obsta-
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Figure 16: Different screen-shot of the 3.D model of the shopping street [46] from different viewpoints.

cles and other pedestrians, then the pedestrian’s current position will update to the new
determined position (see Figure 2). Simultaneously, if the pedestrian interferes with
the obstacles or pedestrians, the proposed method will find another pedestrian position
based on the obstacle and pedestrian avoidance methods. Then the current pedestrian’s

position will update with the newly calculated position.

4.3. Simulation of Real-Life Crowd Movements: example 2

This example presents the simulation of pedestrian movement in a large and com-
plex outdoor environment such as a shopping street (see Figure 16). In this scenario,
groups of pedestrians are appropriately introduced into the virtual environment through
the two entrances. Pedestrians continuously move forward in the navigable area. When
they visit all desired places, they leave the simulated environment out through one of
the entrances. Entry and exit points are selected randomly for each group. The simu-

lated environment’s width w and length [ are set to "52" and "330" unit, respectively.

In the simulated scenario, pedestrians in the same group have the same goal points
(shops, regions) to visit, and each group is assumed to have a different list of goal
points. Inside the simulated environment, there are "12" (goal points) and "2" general
service points that the groups of pedestrians want to visit. The coordinates of the goal
points are set to [(7,0,-117),(7,0,-74),(7,0,-31),(7,0,117),(7,0,74),(7,0,31),(-7,0,-117),(-
7,0,-74),(-7,0,-31),(-7,0,117),(-7,0,74),(-7,0,31)], respectively, and the services points
are located at (-15,0,0) and (15,0,0). We assume that there are two static obstacles

fountain (n3DObstacles="2") located [(0,0,150), and (0,0,-150) (see Figure 16), and
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the radius (R) of obstacles are set to "6" units.

(a)

Figure 17: Screen-shot of pedestrian flow: shows the pedestrians’ trajectories in the final stage of the
simulation.

In this simulation, we investigated the pedestrians’ movement in the crowd with
"200" different small groups, where each group has distinct goal points at known lo-
cations. The total number of pedestrians in the crowd is equal to "696" pedestrians
(nPedestriansiorq ="696"). In this simulation, seven different types of characters
(see Figure 10(c)) are used. Pedestrians’ group size in the crowd and the number of
each pedestrian’s type (nT'ypes="7") in each group are generated randomly. Initially,
all groups of pedestrians scattered in the front of the virtual environment around the
starting point, as illustrated in Figure 17b. Afterward, as explained in the previous
subsection, pedestrians are introduced into the simulated environment based on the
schedule models.

At each key-frame, pedestrians’ attributes and their positions are calculated and up-
dated independently in real-time. The maximum number of frames nF'rames is set to
"200" key frames. The simulation results of the pedestrians’ trajectories for all groups
at each key-frame are shown in Figure 17(a). The figure illustrates that the proposed
method allows pedestrians to navigate in the walking area from the starting point to the
final destination point. Based on the proposed method, every pedestrian in each group
in the crowd can constantly adjust their position and optimize their path toward the de-
sired visiting points. During the simulation, pedestrians stay together and maintain the
group while pedestrians keep a certain distance. Also, pedestrians can avoid obstacles

and other pedestrians in the scene when they move closer. As shown in Figure 17(b),
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pedestrians walk in different directions to reach their desired goal points while avoid-
ing obstacles, and other pedestrians in the scene when they move closer. During the
simulation, pedestrians remain with the group while pedestrians keep a certain dis-
tance. At the end of the simulation, all groups terminated the virtual environment in
entrance/exit, and they continue to move until they reach the last destination point. As
illustrated in the figure, the most crowded area in the virtual environment is found at

the entrance, the goal points, and the service point in the walking area.

4.4. Statistical Analysis

To evaluate the performance of the proposed method, we implemented the pro-
posed method for simulating the crowd movement in the virtual environment with dif-
ferent groups (from 1 — 10 groups) and different scales. For each simulation instance,
we perform "200" independently runs for "200" frames. For each pedestrian in each
group, the proposed method is used to generate pedestrians’ trajectories in the virtual
environment shown in Figures 10 (a) and 16. The mean and the standard deviation
(Std) of the pedestrians’ number of each group is calculated. The obtained results are
presented in Table 4 and Table 5. The graphical representation of pedestrians’ number

of each group is illustrated in Figures 18a and 19a.

Table 4: The mean and the standard deviation Std of the pedestrians’ number (N O P), and the computational
time (CT) (in seconds, [S]) required to find the trajectories for the pedestrians in each group in ezample 1.

nGroups | No. of Pedestrians (NOP) | Computational Time (CT)

Meanyop Stdyop Meancr Stder
1 6.101 2.405 3.540 1.348
2 12.681 3.384 6.910 1.860
3 18.703 4.332 10.475 2.349
4 24.920 4.996 13.860 2.607
5 31.231 5.375 17.400 2.900
6 36.775 5.581 21.320 3.170
7 42.475 6.532 24.335 3.272
8 49.077 7.175 27.830 3.906
9 56.590 7.667 31.810 4.006
10 61.838 7.701 35.375 4.105

For each simulation scenario, as shown in tables, the generated pedestrians in dif-

ferent groups are located randomly at the front of the simulated environment. Then,
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Figure 18: Simulation and performance evaluation (example 1): (a) the number of pedestrians, and (b)
the computational time required to generate the pedestrians’ trajectories in each group using the proposed
method.

each group g, (g = 1,...,nGroups) starts to move to enter the simulated environ-
ment at a specific key-frame number (kF'ramegctivate[gr]=1). After that, pedestrians
continuously move forward to reach their desired goal points, where the number of goal
points and their sequence are defined are provided in Subsections 4.2 and 4.3. In these
scenarios, pedestrians’ attributes and their movement are calculated in each key-frame,
where the maximum number of key frames (nFrames) is set to "200" key frames.

All other parameters are the same as the previous simulations.

Table 5: The mean and the standard deviation Std of the pedestrians’ number (/N O P), and the computational
time (C'T) (in seconds, [S]) required to find the trajectories for the pedestrians in each group in ezample 2.

nGroups | No. of Pedestrians (NOP) | Computational Time (CT)

Meanyop Stdnop Meancr Stder
1 3.465 1.33 1.875 0.656
2 6.53 1.836 3.574 0.927
3 10.725 2.238 5.955 1.176
4 13.95 2.69 7.95 2.241
5 20.93 3.287 11.815 5.021
6 20.93 3.287 11.815 5.021
7 24.62 3.404 13.646 1.793
8 27.59 3.964 15.367 3.977
9 31.485 4.06 17.455 4.124
10 34.865 4.577 19.932 2.956

At each independent run, the proposed method calculated the total computational
time required to generate the pedestrians’ trajectories while avoiding obstacles and

other pedestrians in the scene. Tables 4 and 5 presents the calculated mean and the
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Figure 19: Simulation and performance evaluation (example 2): (a) the number of pedestrians, and (b)

the computational time required to generate the pedestrians’ trajectories in each group using the proposed
method.

standard deviation (Std) of the total computational time, and the simulation results
is illustrated in Figure 18b and 19b. The obtained results reveal that the proposed
method can generate the trajectories for the groups of pedestrians navigating in the
virtual environment to visit several goal points within a reasonable computational time.
Moreover, the obtained results reveal that the mean value of the computational time is
not increased significantly with increasing the number of pedestrians in the crowd. The
computational time depends on the number of pedestrians, the number of goal points

and their ordering, the complexity of geometric problems, pedestrian avoidance, etc.

4.5. Comparison with Different Methods

This section presents the comparison between the proposed method and the related
methods based on the evaluation criteria described in [48]. However, setting uniform
evaluation criteria for different categories of models is quite difficult. The authors
in [48] collected and analyzed the information provided by the papers describing dif-
ferent models to simulate crowds in the years 2000-2020. This table shows the group
behaviour of the models that have been used previously in the field of crowd simula-
tion. In order to compare the proposed method with these models, the group behaviours
of the proposed method for simulating the crowd movement are defined and presented
in Table 6. In this study, each pedestrian in each group is influenced by other pedes-
trians in the same group. The pedestrian-to-pedestrian influencing relationships inside

a group are referred to as intra-group structure. However, a group of pedestrians in
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Table 6: Ability of simulating group dynamics with the proposed method for the crowd simulation
(GA: Group Avoidance, GI: Group-pedestrian Interaction, InterE: Inter-group Emotion Contagion. LF:
Leader—Follower, GF: Group Formation, GS: Group Structure, GC: Group Cohesion, GCo: Group Cooper-
ation, PB: Peer Behavior, IntraE: Intra-group Emotion Contagion). A similar table is described by [48].

Method Inter-Group Intra-Group
GA GI InterE LF GF GS GC GCo PB Intrak

Ref [36] X X X X v v v X X X
Ref [49] v Vv X X X v Vv X X X
Ref [35] v v X v’ X X v’ X X X
Ref [37] Vv X v ox X v’ X X X
Ref [30] X X X v’ x v X X X
Ref [50] v Vv X v’ X X N X X X

Ref [2] v Vv X v v vV NG X X
Proposed  x X X x v v v Vv v’
Method

the crowd is not influenced by other groups, and the relationships s group-to-group are
referred to as inter-group relationship [30]. As shown in Table 6, the proposed method
focus on intra-group interactions such as group formation, group structure, group co-
hesion, group cooperation, peer behaviour, Intra-group Emotion Contagion. Moreover,
this method pays less attention to the inter-group relationship. By comparing the
obtained results based on the proposed method with the other models that have been
used previously (see Table 6), one can conclude that the proposed method can simulate
different scales of crowds (small scale, pedestrians < 200, medium scale, 200 < pedes-
trians < 500, large scale, 500 < pedestrians < 1000). In contrast, other agent — based

models cannot simulate large-scale crowds.

5. Conclusion

In this study, a new method is developed for simulating pedestrian crowd move-
ment in a virtual environment. In this study, the virtual pedestrians in many groups nav-
igated in the virtual environment with different directions to reach their distinct destina-
tion points. The developed method uses the multi — group model for generating a real-
time trajectory for each pedestrian in the crowd. Additionally, an agent — based model
is introduced into the developed method for modelling the pedestrians’ behaviours.
Each pedestrian in the crowd has a particular set of data that represents the character-

istics of the pedestrian. Moreover, various steering behaviours are introduced. Several
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techniques have been presented for combining steering behaviours to a single steering
force to allow the pedestrians to walk toward their goal points. The developed method
demonstrates how the pedestrians choose their path with their group in a virtual envi-
ronment toward their goal points while avoiding static obstacles and other pedestrians
in the scene. Based on this method, each pedestrian in each group constantly adjusts
his/her paths toward the desired goal point and updates his/her attributes independently
in real-time. The proposed method focuses on intra-group interactions and this method
pays less attention to the inter-group relationship.

The obtained results demonstrate that the developed method has been well applied
to simulate pedestrian crowd movement in a virtual environment. Moreover, the ob-
tained results reveal that the proposed method can generate each pedestrian’s trajec-
tories in each group in the virtual environment independently to reach several goal
points within a reasonable computational time. Moreover, the obtained results reveal
that the mean value of the computational time is not increased significantly with the
increasing of the number of pedestrians in the crowd. From the simulation results, it
can be observed that the maximum value of the pedestrian’s velocity reaches 1.139
units/timestep. In contrast, the minimum velocity is achieved near the goal points. In
this study, the minimum distance between the current pedestrian and all other pedes-
trians is calculated, and the obtained results show that the minimum distances do not
fall below 1.8017 units. The study can help to better understanding and respecting
different cultures’ personal space. Even identify the minimum personal space require-
ments needed to protect health and limit the spread of the disease. By comparing the
obtained results based on the proposed method with the other models that have been
used previously, one can conclude that the proposed method can simulate different
scales of crowds. In contrast, other agent — based models cannot simulate large-scale
crowds. The developed method provides a collision-free path for pedestrians to reach
their goal points, and pedestrians start to change their direction as they move closer to
obstacles or other pedestrians in the scene. Furthermore, it is concluded that the devel-
oped method had achieved good results in terms of safety and accuracy. As far as the
future works are concerned, we would like to test the proposed method and strategies

in real environments. A first possibility will be to apply the proposed techniques to
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wheel robots. Then, to slightly increase the complexity we will employ several N AO
humanoid robots as crowd and different settings for the obstacles. One final direc-
tion will be to assign certain priorities to each robot and take them into account when

devising their paths to each destination.
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