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Abstract—We address the problem of simulating pedestrian
crowd behaviors in real time. To date, two approaches can be
used in modeling and simulation of crowd behaviors, i.e.
macroscopic and microscopic models. Microscopic simulation
techniques can capture the accuracy simulation of individualistic
pedestrian behavior while macroscopic simulations maximize the
efficiency of simulation; neither of them assures the two goals at
the same time. In order to achieve the strengths of the two classes
of crowd modeling, we propose a hybrid architecture for defining
the complex behaviors of crowd at two levels, the individual
behaviors, and the aggregate motion of pedestrian flow. It
consists of combining a microscopic and a macroscopic model in
an unified framework, we simulate individual pedestrian
behaviors in regions of low density by using a microscopic model,
and we use a faster continuum model of pedestrian flow in the
remainder regions of the simulation environment. We
demonstrate the flexibility and scalability of our interactive
hybrid simulation technique in a large environment. This
technique demonstrates the applicability of hybrid techniques to
the efficient simulation of large-scale flows with complex
dynamics.

Keywords—crowd behavior; micro-scale representation; multi-
layered framework; real time simulation

. INTRODUCTION

Simulating the movement of pedestrian crowd is a field of
research that receives significantly growing interest during the
last years, due to their vast domains of application: movies
industry and entertainment, security, emergency training,
architecture, and ma ny others [5, 37]. Several models for
crowd simulation [23, 37] have been proposed and many
efforts have been made to modulate intuitive navigation
control and real time crowd behavior simulation, these models
were classified into two categories: microscopic and
macroscopic [25]. There are two conflicting requirements in
crowd simulation.

The first major problem is that the most applications
require a human crowd simulated in real time, with higher
level of detail and an accurate realism of behaviors. Then,
there is still a clear relationship between the accuracy realism
of crowd behaviors and the computational costs of simulation.
Satisfying these both constraints at the same time is
particularly a challenge of great importance [21]. The majority
of the previous models have a limited ability to response to the
latter problem, they tend to focus on a single factor; there is no
existing method that is able to reduce the computational cost
while maintaining the high level detail of simulation. Almost
all the existing models were agent-based (microscopic
models). This approach describes the most natural way to
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simulate crowds as independent autonomous pedestrians
interacting with each other; it usually handles local collision
avoidance and global navigation for each person. However,
these kinds of models have the drawback that when animating
a large crowd, they are computationally intensive.
Microscopic models give more accurate results only for
smaller crowds to achieve real time simulation. On the
contrary, the macroscopic models are usually created to
realize a real time simulation for very large crowds; they
follow the features of the flow as long as the overall crowd
behavior seems realistic. These models offer a coarse-grained
simulation result with higher execution efficiency which is
due to the lack of concerns on individual issues [25].

Finally, modeling the movement and behavior of the
virtual crowd remains a major challenge as highly dynamic
complex systems [10], the crowd is a large group of
pedestrians with non-uniform spatial distribution and
heterogeneous behavior characteristics, and it exhibits often
distinct characteristics, such as independent behaviors, self-
organization, and pattern formation, due to interactions among
the individuals. Previous works have suggested that human
crowd dynamic can be modeled on many different scales [25,
10], from coherent aggregate behaviors of the crowd on the
largest scales to the individual behaviors, interactions among
individuals on the small-scale detail. Such multi-scale
systems are computationally expensive for traditional
simulation techniques to capture over the full range of scales
[31].

To overcome these two conflicting goals, we assume a
scalable simulation is required to handle at least several
hundreds or even thousands of pedestrians, running in real-
time, particularly with respect to the complexity of the
environment and the realism of behaviors required by the
crowd, we investigate to find a good balance between visual
credibility of complex crowd behaviors and computational
requirements, where the behaviors of human crowd can be
viewed on a two different level of detail: from the chaotic,
fluctuating interactions between individual objects on the
finest scales, to the coherent aggregate flow of the pedestrian
crowd on the largest scales.

Our solution consists to introduce a hybrid simulation
architecture that combines the strengths of two classes of
crowd modeling to achieve flexible, interactive, high-fidelity
simulation on large environment. This architecture couples a
microscopic model of individual navigation [27] with a novel
continuum approach for the collective motion of pedestrians;
it can apply to simulate the behaviors and movement patterns
of extremely large crowds at near real-time rates on
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commodity hardware. Our approach is able to determine by
itself the most suitable model of modeling for each region in
the environment, regarding the simulation context, in real time
and within a continuous environment. To do so, we first
introduce the generic notions of dynamic change of
representation, and we describe our method for handling the
transfer of pedestrian between continuum and discrete
simulation areas and discuss how the constituent simulation
components are adapted to handle this transition.Then, we
evaluate this approach experimentally along two criteria: the
impact of our methodology on the computational resources,
and an estimation of the dissimilarity between a full
microscopic simulation and a simulation with our
methodology. Finally we discuss the results obtained and
propose enhancements for future works.

The remainder of this paper is organized as follows. First,
the related works on the simulation behavior of virtual crowd
are introduced to give the readers some background
information. Then, section 3 describes our hybrid framework
for simulating the movement of crowds. The macroscopic and
behavioral models are introduced in section 4 and section 5
respectively. We describe a strategy that allows dealing with
the interaction and the online-switching of simulation models
for crowd behaviors studying. Section 7 demonstrates the
simulation results in several common scenarios. Finally, the
conclusion section outlines the directions for future work.

1. RELATED WORK

Crowd simulation has been the subject of studies of
computer animation for a long time, there is a large amount of
relevant work in the pedestrian dynamics, path planning and
navigation [10]. In this section, we highlight some of recent
models designed for simulating the real time navigation of
large number of pedestrians in complex dynamic
environments. Depending on the levels of simulation
resolution, the existing models are largely classified into two
extreme categories [25], i.e., continuum macroscopic models
[28, 18], and individual-based microscopic models [9, 1].

The microscopic scale of modeling typically involves a
detailed design and considers each pedestrian as an
autonomous individual that has its characteristics and
intentions, and interacts with other pedestrians. A microscopic
model normally engages the local behaviors and emergent
phenomena which are based on changes in pedestrian
surrounding environment. These models include the social
force model [30, 9], cellular automaton model [1] and rule
based model [7, 8].

A large body of other studies from a variety of scientific
fields [37] has developed to simulate various aspects of crowd
movements and dynamics. Musse and Thalmann [32]
proposed a model for crowd simulation with hierarchically
structured crowds having different levels of autonomy. Their
model is based on groups, rather than individuals: groups’ are
more intelligent structures, where individuals follow the
group’s specification. A cognitive model of crowd behavior
has been proposed [13] by applying the Festinger’s (1954)
social comparison theory, which is the general process
underlying the social phenomena, to simulate pedestrian
movement in a simple virtual environment. Pelechano et al.
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[24] described a multi agent model called HIDAC model to
simulate the flow of a high-density population in the dynamic
virtual environment. It is further expanded by adding OCEAN
personality model to demonstrate personality influences on the
crowd motion [12]. Shao and Terzopoulos [35] used
perceptual, behavioral, and cognitive models to simulate
individuals.

The local navigation model of crowd alone cannot
realistically simulate the behavior of pedestrians that try to
reach some specified goals. Consequently various behavioral
approaches have been combined with global navigation [30,
23, 36]. Sung et al. [19] proposed a model for developing
situation-based crowd behavior based on combining
probabilistic roadmaps with motion graphs to find paths and to
compute detailed locomotion to steer characters to a goal. Guy
et al. [34] proposed a new algorithm called “PLEdestrians” for
simulating large crowds at interactive rates based on the
Principle of Least Effort; this approach calculates a
biomechanically energy-efficient, collision-free trajectory for
each heterogeneous individual. In [16], a two level navigation
method was introduced where the velocity obstacle concept
from robotics is adapted to model human interactions. These
geometric formulations are often based on (Reciprocal)
Velocity Obstacles (RVO) and have been shown to exhibit
many emergent crowd phenomena.

For simulating the realistic navigation in large and
complex environments, a hierarchical representation is
presented to handle the fast path planning [33]. Jiang et al.
[14] proposed a semantic model for modeling multi-layered
environment, where the semantic information is described by
three different levels: a geometric level, a semantic level, and
an application level. And each level contains different maps
for different objectives. Lamarche and Donikian [11]
presented a hierarchical path-planning and a reactive
navigation algorithm based on topological pre-computation
structure of the geometric environment. Pettré et al. [15]
proposed a novel navigation approach which extracts
automatically a navigation graphs from geometric model of an
uneven and multilayer virtual scene and applied it to deal the
path planning problem using a navigation graph. Sud et al. [4]
present the Multi-agent Navigation Graph (MaNG) which is
formed by the intersection of the regions of the first order
Voronoi diagram with the second order Voronoi diagram. In
[3, 29], Sud et al. suggested Adaptive Elastic Roadmaps
(AERO), which are contain elastic edges that can modified
along with the environment using particle-based dynamics
simulators. Yersin et al. [6] present a hybrid approach for real
time crowd motion planning. A navigation graph is used to
divide the environment into zones of varying interest. The
potential fields are used only for those parts of a navigation
graph that lie in a high interest region. In the other regions, the
pedestrian behaviors are ruled by the navigation graph and a
short term avoidance algorithm.

A macroscopic level modeling considers an overall
situation of a large crowd without taking into account local
interactions; it is concerned with group behavior and deals
with a crowd as a whole or fluid in the form of partial
differential equations formulating the relationship between
continuum density flow and average speed [28, 2]. Hughes
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[26] implemented a continuum approach inspired from fluid
dynamics to simulate the two dimensional pedestrian flow,
this approach was later extended by Treuille et al. [2], who
presented the continuum model in order to generate realistic
motion planning for crowds. Their method calculates the
potential function for a group once, and then it simultaneously
derives the optimal paths for all group members. Recently,
Huang et al. [18] revisited a dynamic macroscopic model of
pedestrian flow proposed by Hughes and advanced an efficient
solution algorithm. Jiang et al. [14] used the continuum model
to simulate plausible crowd movement within multi-floor
structures, such as a large pedestrian overpass, a subway
station and an office building.

Various works have proposed to combine different models
together to build a hybrid model. Anh et al. [26] propose a
hybrid approach that combines a macro and micro models to
simulate the pedestrian movements in the study of evacuation
problem on a road network. They use an agent based Leader-
Follower approach to simulate the pedestrian behaviors in the
cross-section (where a decision must be taken), and the
movements in the straight parts of the streets are calculated by
the LWR-model. A multi-resolution method is proposed in
[20]; it consists to incorporate both complete macroscopic and
microscopic models and executes them inter-changeably. In
this approach, the macroscopic model can only be executed
when crowd movement is mostly stable (or becomes stable
eventually). In [22, 21], a hybrid modeling method is proposed
for crowd simulation, which combines macroscopic and
microscopic models in a single simulation and executes them
simultaneously by applying them to multiple partitions of a
corridor. However, global and individual issues cannot be
simultaneously reflected for any simulation area. Current
hybrid models have two common weaknesses. The key
component of the hybrid simulation model is to define how
the two different types of simulations are combined together;
this consists to limit an arbitrary number of interface points on
elected regions of the boundary (e.g., doors, cross-sections)
where the pedestrians under one type of simulation must be
transitioned into the other. Therefore, a transition is not
possible on the whole border of a model. Another weak point
of state-of the-art hybrid modeling is the inflexibility of
dynamically-exchanging the combined models. There is no
broad framework which supplies a method to adaptively
change the pedestrian dynamic models in a region as needed
to observe certain phenomena.

1l. OUR MODEL

We propose a hybrid framework for real time simulation
of pedestrian dynamics and movement patterns of huge crowd
in a complex virtual environment. This solution preserves the
granularity of simulation at the individual level to capture
individualistic pedestrian behaviors, and at the same time is
scalable and can richly exhibit emergent behaviors of dense
crowds. The problem that we still try to address is both
achieving realistic simulation and scaling up in terms of the
number of individual that can plan their motion in real time.
Our proposed architecture consists to integrate a more detailed
approach with a coarser model, describing the individual
pedestrian behaviors and crowd dynamics, within an unified
crowd modeling framework, and execute them simultaneously
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in different regions of the virtual environment. There are
several reasons which have motivated our decision of a proper
coupling of two philosophies of modeling focusing on
different level of detail (discrete individuals and crowd as a
whole) executing to produce most visually pleasant
simulation.

First, pedestrian crowd is a multi-scale phenomenon,
which can be described at both macroscopic level (continuous
medium) and microscopic level (granular medium), in many
scenarios, it is need to have pedestrians behave individually,
continuously interacting with other pedestrian while trying to
reach their own objectives, thus the behaviors of each
pedestrian must be treated more precisely. In other situation,
pedestrians’ flows demonstrate some striking similarities
between pedestrians’ behaviors and particle flow dynamics.
Hence the flexibility of combining two models of different
level of detail is examined to capture and characterize the
almost aspects of the crowd dynamic. Macroscopic models
allow a better overall understanding by regarding the crowd
system as a whole rather than on the details, and are usually
designed to achieve a coarse grained simulation executing in
real-time for very large crowds as long as the overall crowd
movement looks realistic. Microscopic models focus on
individual behaviors including pedestrian’s psychological and
social characteristics, interaction among pedestrians, and
complex cognitive behaviors. Although microscopic models
are very accurate only for modeling smaller crowds to achieve
real-time simulation, they can simulate pedestrian in a crowd
with more realistic individual behaviors.

Secondly, a multi-methods simulation can give a good
equilibrium between computing resources and simulation
properties, such as realism, coherence and complexity. The
microscopic models can generate a fine-grain simulation in
more detail than the macroscopic method. However, they have
high computational and memory needs. The macroscopic
models can save resources but tend to give less accurate
results. Mixing both types of models can hopefully allow
combining the strengths of both classes of crowd modeling to
achieve flexible, interactive, high-fidelity simulation on large
virtual environment. However, this fundamental choice leads
to several challenges which can be classified along two axes.
The first key important of our hybrid technique is related to
the execution of the models themselves. We must precise how
the two different types of simulation will be used (the two
models executes interchangeably or simultaneously), and the
way they will coupled together. Finally, the second challenge
focuses on the needs to manage the transfer of pedestrians
between macroscopic and microscopic areas and we must
discuss how the constituents of our hybrid framework are
adapted to handle this transition. With the aim to achieve these
two fundamental challenges, in our hybrid, multi-method
technique we divide the simulation environment into multiple
disjoint (and not necessarily connected) areas each area is
ruled by either microscopic simulation or continuum
simulation. These mutually exclusive regions are dynamic, we
can adaptively change the simulation method used in a
specific region as needed cording to its density, meet
performance requirements, or to observe certain phenomena
(individual behaviors or crowd movements).
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Fig. 1. Overview of hybrid model for real time crowd simulation

In the zones of high density of crowd the individual
behavior is less critical, we assume to govern the crowd
behaviors by a continuum approach to exhibit the aggregate
motion and to describe behaviors similar to granular flows. On
the other regions of low density, a realistic behavioral model
is used to microscopically model the pedestrians, in these
zones the standard representation of a crowd as a large group
of pedestrian is used and individual behaviors is particularly
relevant to the modeling process.

A challenging goal is to model these interactions in large
crowd simulation systems at interactive rates. The areas of low
density are exploited by a more realistic and accurate but
expensive model, while computation time saved by using
simpler and faster modeling approach in other regions. Our
architecture also ensures that no visible disturbance is
generated when switching from one model to another. To
achieve this, we must be able to convert discrete pedestrian
from microscopic simulation regions into the aggregate format
necessary for continuum simulation (or vice versa).
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V. ENVIRONMENT MODEL

The environment in which the simulation takes place is the
surrounding of the pedestrians, where they move along,
interact and navigate to get from one location to another,
typically, it includes walk-able areas, obstacles of different
natures, and destination. Whereas, fixed obstacles can be
defined as regions that no pedestrian can access, moving
obstacles are other pedestrians occupying predefined space
from the environment which is consequently not anymore
available [34].

The first step in designing a crowd navigation system is to
construct an efficient abstract representation of the virtual
environment where the pedestrian can rapidly perform way-
finding. We define a representation method which handles two
types of structure data to clearly represent and to organize the
topological relationship among the different geometrical areas
of a large complex environment. This approach provides a
well consistence resulting from the continuous interaction
between two models of different level of detail.

Area03

. os

Eo

Entry

Fig. 2. Topological graph representation of the virtual environment

A. Topological graph

Usually, the virtual environment is defined by a 3D model
to constitute a geometric representation of the real world. Such
representation of the spatial data makes it difficult to handle
by virtual pedestrian in order to find its own paths through the
environment. The most way to facilitate this representation is
to obtain the topological relation of the environment and its
geographical areas captured in a graph based structure (Fig.2).

The topological graph uses nodes and edges to indicate the
adjacency, connectivity, the inclusion and the intersection
between the different parts of the environment, in which the
node defines spatial areas and the possible path can be defined
as edge. The internal spatial areas can be defined as a bounded
volume in 3D space (such as a room, a corridor, a flight of
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stairs or even an entire floor) with bottom flat that contains
several objects inside it (e.g., ground, walls, benches).

B. Layered model for environment representation

The second form of space representation is to use the layer
structure (Fig (3)). We identified three independent layers
related to the model used for simulating the behavior of virtual
crowd, each of which contains both static and dynamic data.
Then we implemented the following layers for representing
each spatial area in the environment:

e Regional layer. In this level, the whole walking space
of one spatial area is divided into a number of unique
continuous sub-areas. For generating these sub-areas,
one main requirement must be valid which is: these
subareas must be exhaustive; two different must not
cross each other. This level is used to precise which
model must be used for movement modeling,
macroscopic model in the subarea with high density,
and the microscopic in the other sub-regions.

e Coarser layer. The surface of sub-area, defined in the
regional level, is assumed to be divided into cells; we
do not limit ourselves to a maximum of one pedestrian
per cell, in contrast, we consider each cell’s size to be
sufficiently large enough to contain at least 25
individuals of average size, where individuals placed
on the same cell do not overlap.

e Finer layer. Every cell from the coarser layer is further
divided into a uniform lattice of cells, each
representing a portion of the simulated environment
and comprising information about its current state, both
in terms of physical occupation by an obstacle or by a
pedestrian. The size of the subareas could be reduced
to the average space occupied by a single pedestrian.

/ / / Regional
/ / / level
)

Fig. 3. Hierarchy model for environment representation

V. MACROSCOPIC MODEL

Macroscopic models deal with the whole crowd; they often
use an analogy with fluid or gas dynamics to describe the
evolution of crowd density and velocity in time by using
partial differential equations [28, 18]. These models can be of
value in simulating large-scale crowds and highly
concentrated populations in spots such as stadiums, shopping
malls, and subways. In the following sub-section, the
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development of the continuum model for modeling the
pedestrian behavior problem is discussed.

Throughout the development of this continuum approach
of simulation, different equations have been proposed to
model the pedestrian movement in order to use the continuum
model as a tool of analysis.

We refer that pedestrians waking in a 2D continuous
surrounding environment are capable to find a specific path
describing by its minimal travelling cost to achieve the goal.
This can be express by an eikonal type equation [38].

A. Governing equation

Similar to other physical systems, the conservation law
appears to be more effective when it charged to describe the
crowd dynamics by evaluating the velocity, density and flow
of pedestrian. The conservation of mass for pedestrian flows is
defined as follow [39]:

e, v, ) +V-F(p,x,y,t) =0, V(x,y) e Q,teT (1)
p(x,y,0) =po(x,y), V(x,y)€Q (2)

Where p(x,y,t) (ped/m?) is the time-varying pedestrian
density; Qdenotes a 2D continuous walking facility; T is the
time horizon of analysis.

F(p' Xy, t) = (fl (p' XY, t)' f2 (p' Xy, t))(ped/(m : S_l))

is the vector of the flux in the walking facility and f;, f,
represent the flow in x- and y-directions, respectively;
IF(p, %y, DIl = p(x,y, OU(p,x,y, 1), where U(p,x,y,t) (m/
s) denotes the average walking speed of pedestrians at
location (x,y) at time t which depend on the density and the
free speed of pedestrian movement. Flow intensity or the
flow-density relationship, ||F(p, %, y, t)|l, is defined as

IF(p, %y, DIl = VE2(p.xy,0) + £2(p,x,y,1)
B. Desired direction of crowd motion

It is assumed that a pedestrian flow at location (x,y)@@ €
Q prefers to reach its goal as fast as possible, which implies
that it selects the shortest path to move along. This path
minimizes its individual cost potential to the destination,
based on the instantaneous information that is available at the
time decision making [40].

F(p,x,y,t)
I (o, x, y, DIl

Let ®(x,y,t) be cost potential which is used to describe
the minimal travel cost of pedestrians from location
(x,y)BR € Q to the destination, i.e. it consists to record a
value for each cell in the simulation environment where
(x,y)@R is the coordinate of the cell location. The value is
assigned to 0 and positive infinity for cells in part of a goal
exit and obstacle, respectively. Values for the other cells are
assigned as positive values, which are determined during the
model execution. ®(x,y,t) is defined by the following
Eikonal-type equation:

VO, y, Dl = C(p,x,y,t) inQ
=0 on goal

Clp,x,y,t) = +VO(x,y,t) =0 (3)

4
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C(p,x,y,t) (s/m)is the generalized local cost function
which is assumed to depend on the local operating conditions
in the walking facilities, i.e., the tendency to avoid high-
density regions. It takes the specific form [38, 39]:

Clp,x,y,0) = 5)

U(p,x,y,1)
C. Crowd speed selection

It is necessary to characterize how the magnitude of crowd
velocity, i.e., the speed of crowd movement, changes with the
crowd density. An exponential form of speed-density
relationship is applied in the macroscopic model, as shown:

v(p) = Vmaxe_a(ﬁ) (6)

whereV,,,x is a free flow speed, pnax IS @ congestion
density [39].

VI. MICROSCOPIC SOLUTION FOR CROWD SIMULATION

Our fundamental objective is to propose a behavioral
approach, belonging to the microscopic philosophy, lies to
reproduce the realistic navigation behaviors and the motion
planning of crowd, so it also take into account the individual’s
detailed characteristics and behaviors of virtual pedestrian to
provide a real time execution of coherent and interesting
complex behaviors resulting from the evolution of system.
This proposed solution should be able to simulate a large
number of virtual pedestrian that behave like a large group of
humans in the real world.

Obviously, the pedestrians are the strongly part of the
simulation. A virtual pedestrian is defined as a fully
autonomous entity which moves in a virtual environment with
its own goals to achieve. It should look and behave in its own
specific style as a real human in the life world, and be able to
interact with the environment and its inhabitants in a
seemingly intelligent way.

Our initial assumption is that the virtual pedestrian needs
to be familiar with its surrounding because it has a mental map
of the areas to be navigated and has a specific personality.
During the navigation process, the pedestrian finds the
shortest path and plans its movements to reach as specific
destination as quickly as possible while avoiding bumping into
other people, or tripping on an obstacle. As the pedestrian
navigates, it has the capabilities of perceiving the virtual
environment around them, analyzing environmental situations,
and is exhibited natural behaviors. They should exhibit
complex motions in large and dynamic environments. This
process is repeated utile it reaches the goal position. We will
address all these aspects of a pedestrian to look natural.

Our solution to tackle all these issues consists to design a
layered framework that is scalable and efficient to target the
real time simulation for low to medium scale crowd of people,
where each person corresponds to a simulated pedestrian
endowed with its own individual behavior. Particularly, this
layered architecture is also easily expandable to incorporate
more and more broad range complex and realistic behaviors at
will, by simply integrating one or more new layers. Figure 4
shows the conceptual design of the framework. The
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framework consists of three levels, namely Physical layer,
Behavioral layer, and Navigational layer. Every level contains
a simple and/or complex highly independent task that may be
executed by a pedestrian and has its own characteristics. This
task will process inputs from the environment and produce as
output an action for the pedestrian. Each level can be divided
into modules which is associated in turn with more detailed
and specific routines.

A. Physical Layer

The physical layer is the bottom level, it is comprises the
perception and the action sub-modules.

e Perception module: is one which is responsible for
collecting and acquiring sensory data by interpreting
the virtual environment, it provides the virtual agent
information about its surrounding space and makes it
aware of the current situations for discuss the
appropriate actions. In the simplest way, with this
component, the pedestrian determines dynamically the
current position, velocity and orientation of their
neighbouring agents and the other visible elements
depending on the agent’s direction and field of view.

e Action module: This component including a walking
sequence of animation which runs to achieve the
locomotive tasks of pedestrians, then it transfers the
behaviour determined by the behavioural level to the
specific executions of the agent’s effectors in the
virtual space in order to move smoothly the pedestrian
along the path that has been planned [27].

B. Behavioral Layer

Once the shortest path is computed by the navigational
level, the next challenge is how the pedestrians follow, move
and how evade each other naturally to achieve their goals. The
proposed model deals with this problem by the behavioral
level. The main role of this level is to address the realistic
local movement of the individual pedestrians of the virtual
crowd while preserving visually pleasing overall crowd
behaviors. This is a challenging task, particularly in crowded
scenarios with several hundred or thousands of entities where
each one requires independently navigating in a decentralized
way.

The behavioral layer uses [27] a microscopic approach of
crowd simulation where the pedestrians are represented by a
position in space, an orientation and a velocity. During each
simulation phase, this level receives the information perceived
by pedestrian from the physical level, and a set of way points
representing the path calculated by navigational layer, and
using it to decide the new behavior which is represented by
determining the new location of pedestrian by modifying his
orientation and/or his speed. This layer receives the
information perceived by pedestrian from the physical level,
and a set of way points representing the path calculated by
navigational layer, and combines a forces model with
behavioral rules to decide the new behavior which is
represented by determining the new location of pedestrian by
modifying his orientation and/or his speed. Finally this
information is then sent to physical level in order to
implement the walking animation.
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C. Navigational Layer

The Navigational layer is responsible to represent the
navigation process. Hence, the navigation process will allow
to people to follow the known route or choose a new path
based on changes in the environment and their psychological
parameters. This process focuses to analyze the representation
and to compute an optimal path between any two locations in
the environment. In this context, navigation process could be
either local or global [27].

e Local Path Planning means the path is done while the
pedestrian is moving; this process is capable of
producing a new route in response to environment
changes, i.e. user inserts or removes one or set of
obstacles in the environment, or a door appearing
blocked which makes that path invalid or creates a
bottleneck in some part of the desired path.
Specifically, the Local Path Planning Process is used in
the case where the entity and its sub-goal are in the
same region.

e Global Path Planning requires that the environment be
completely known. In this approach, an offline process
(before the simulation is started) generates a complete
path from the start point to the destination point, and
then the route is pre-calculated and stored in the
topological graph in order to achieve real-time
interactive navigation. The Global Path Planning
Process is executed if the pedestrian and his sub-goal
are in two different zones.

Both these two processes send the shortest path in form a
set of waypoints (attractor points) to the Behavior Mechanism
to carry out the required motion to reach it.

VII. INTERACTION BETWEEN MODELS

Our approach proposed here for the design a hybrid crowd
simulation model concentrates on the integration of two
models that have different level of resolution in order to
capture at the same time the micro and macro dynamics of
human crowds. This type of simulation has the ability to
divide the environment into multiple disjoint areas and to
simultaneously execute these two models in different regions,
by using a macroscopic modeling approach to simulate
pedestrian flow in region of high density and a detailed
microscopic model to simulate individual behaviors of
pedestrian in the other regions. Investigating this integration
makes clear two hard problems to be encountered:

First, assuring the consistency between the models is
important for maintaining semantic continuity of results in
terms of space (discrete/continuous), behaviors, and time,
when concurrent interactions occur, if pedestrians pass from
microscopic scale to macroscopic scale and vice-versa. Final
issue consists to provide an efficient strategy for changing
adaptively the simulation method in a specific region. It needs
to identify the conditions in which a suitable modeling
approach can be selected.
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Fig. 4. Multi-layer architecture for modeling pedestrian movement, three
levels are interesting physical layer, behavioral layer and navigational layer

A. Transition of pedestrians

As mentioned above, inconsistencies can arise in our
hybridization solution when persons can be transformed from
one model to another of different scale. To achieve this, an
interface translating boundary condition is needed to define
for moving those pedestrians from a continuous to a discrete
modeling approach. We adapt this case by defining a
boundary area adjacent to the macroscopic region; this bound
is divided to cells, only the pedestrians in this area transform
to the microscopic scale, i.e. if there are when pedestrians
enter this area forcibly changing their representation levels,
their positions, orientation and velocity will updated by the
microscopic model.

There exist two basic communication operations between
the two models: aggregation and disaggregation. The
disaggregation refers to the process of generating the initial
parameters for the microscopic model based on the result from
the macroscopic model. Correspondingly, aggregation is the
operation where the collects statistics from microscopic model
and the parameters are generated in the format as required by
the macroscopic model.

B. Trigger

Our hybrid approach of modeling consists to combine two
models of different level of detail of simulation in a single
framework; it attempts to provide a scalable and accurate
method for the autonomous navigation process.
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The whole continuous simulation environment is divided
into multiple mutually regions, defined at initialization. Each
region is governed by one of two different motion modeling
approaches, either macroscopic model or microscopic model.

According to the density of crowd, the model used in a
specific region is determined at initialization and modifiable at
runtime. Then it is very important to present an efficient
technique to define how the simulation changes dynamically
from one model to another. Density is another fundamental
component of pedestrian flow models. As the density of
pedestrians’ increases, pedestrians will have less space to
overtake other slow pedestrians and eventually the average
walking speed is slowed down. Usually when the pedestrian
density is higher than 5~6persons/m2, the average walking
speed is so low that the crowd can hardly move any more.

e Switching Micro—~Macro we calculate the density in
each area. This operation occurs when the density in an
area ruled by microscopic simulation is larger than a
predefined threshold, then the system should trigger the
execution of macroscopic model in this region.

e Switching Macro—Micro we calculate the density in
each area, It consists to switch the simulation in a
specific zone from a macroscopic to microscopic
model; this is occurred when the density of this region
is smaller than a threshold. Then the microscopic
should execute.

Micro entity €~Macro entity

Microscopic 'b
boundary o

Macroscopic

boundary

acroscop|c
model

Fig. 5. Interaction between micro and macroscopic model

VIII. RESULTS

In this section we present and describe the experiments for
the evaluation of our hybrid model for interactive visual
simulation of large scale crowd of virtual pedestrian. Our
solution model is specifically designed to support robust real
time simulation of scenarios with thousands or even hundreds
of thousands of pedestrians. It involves the combination of
two significantly different types of modeling methodologies
for taking the advantage of their complimentary features, in
which a macroscopic model is applied where needed and a
microscopic model where plausible.

In order to evaluate the effectiveness and the robustness of
our multi-modeling approach presented in this paper, we have
conducted to realize a number of simulations with different
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initial distributions and conditions (mainly changing the
density of pedestrian crowd in the environment) in a situation
in which experiments focused at analyzing the impact of the
density of crowd on the pedestrian behavior that could be
handled was being investigated.

The objective of the experiments which we use is to show
the proposed model performs well to produce results that
closely simulate real human behaviors in these situations, and
to study whether the proposed model can describe the
qualitative dynamic properties of the pedestrian’s movement
under situations with three different level of density (low,
medium and high density) in terms of number of pedestrians
that could be handled with reasonable performance.

We tested our system on virtual complex environment, in
order to produce realistic crowd behaviors in this type of
space; the simulation environment itself should have the
features (properties) of real life environment. We also believe
the representation of the environment has an important
influence on pedestrian navigation. In this section we
demonstrate the application of the hybrid approach using the
arbitrarily complex geometry. The structure has a free floor
space area comprising of 7 irregular shaped rooms with two
external exits. The pedestrians are initially distributed
randomly over the area of the environment. The particular
distribution of the density pedestrian was selected to ensure
that during the simulation all two possible modeling
approaches: Macroscopic model; and microscopic model;
would be used. We performed a series of experiments in order
to test the behaviors under study focusing on showing the
results of the interaction of the two sub-models.

Fig.6 shows the simulation results of the pedestrian
dynamic produced by the microscopic model which is selected
to apply according to the pedestrian density calculated as the
numbers of pedestrians existing in the restricted areas under
consideration. This model is considered to be qualitatively
more accurate than the macroscopic model. This experiment
shows that when the number of virtual pedestrian is small
(Fig.6 (), the microscopic modeling approach has been
employed to simulate each pedestrian as an individually entity
with its own its own personality, and its behavior which is
determined by both the global and local movement. In this
scenario, we demonstrated that a leader has a major influence
on people especially in evacuation situation, in order to
formulate the leader-follow behaviors. Fig.6 (b) shows this
case, when, we can observed the red flow follow a leader
which has a global view of the simulated environment, then he
find the shortest path into the exit, but the blue flow has no
leader, then he choose the shortest door which leads it to
follow the longest path (Fig. 6 (c, d)).

During the second experiment (Fig.7), we noticed that
pedestrian’s density increases in the same subarea; the
macroscopic is adopted to handle the pedestrian’s behaviors
within a crowd of high density. This model facilitates the
construction of small groups of individuals that shows a slight
cohesion and natural fragmentation into subgroups that might
be simple and therefore much more compact.

Group phenomenon is an interesting area of research for
pedestrian simulation, because it is very common in the every-
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day life, people standing closer to its familiars and forming
small groups. In panic situation, people relatively tend to
gather together closer. In these situations, people are mostly
linked by the (temporary) sharing of a common goal, and the
overall group tends to maintain only week compactness, with
a following behavior between members [27]. In Fig. 6, the
macroscopic used to cluster the pedestrians into a structured
group by assuming a common goal, passing a direction and
speed that applied to all of the members. As a member of a
group, each pedestrian coordinates with others in the same
group and show an aggregate motion as they move together.

The last simulation results in fig (8) show that in crowded
situations, (pedestrian’s density increases until it reaches a
maximum value when situation becomes congested), one of
the typical phenomena occurring in pedestrian flow is self-
organization of lane phenomena. In the real life, pedestrians in
a crowded area tend to self-organize into lanes in order to
reach their destination faster and easier.

3
¢
£
<
&
$
V_
&
$

Fig. 7. Creation of small pedestrian flow in normal situation, these
pedestrian flows are formed when the pedestrian density is high by using the
macroscopic model
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(b)

Fig. 8. Fig. 1. The small groups follow themselves for forming a flow

IX. CONCLUSION

Multi-approach modeling is proposed in this work as an
adaptive simulation strategy for exhibiting the pedestrian
crowd movements and its emergent behaviors in high density
situation. Our method makes it possible to exploit advantages
from both macroscopic and microscopic models. The two
types of models work simultaneously in a single simulation
system, and are executed over different mutually exclusive
partitions.

It is important to notice that our resulting hybrid technique
can automatically and dynamically select the suitable strategy;
the dynamic switching between both models is ruled by the
runtime simulation metric which is the crowd density in the
partitions of the virtual environment. Our model also ensures
that no visible disturbance is generated when adaptively
change the simulation method in a region. The partitioning of
the environment allows us to define transition zones where the
two types of movement modeling approach must be interacted
and crowd under one regime must be moved to the other.

We will continue to work on the proposed behavior model,
which aims to be useful in different kinds of crowd simulation
applications, our future work provides a development of a
wide variety of social behaviors. These behaviors are managed
for more accurate simulation results under various complex
conditions by incorporating the more complex group
structures and the interactions between the different types of
pedestrians. Further work, the coupling of mesoscopic models
with our model will develop to apply in the region with
middle density.
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