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ABSTRACT The ability to simulate realistic crowds is a highly sought-after capability in the fields of
entertainment (video games, movies), urban planning and evacuation simulations. Traditional approaches to
crowd simulation rely on heavy Central Processing Unit (CPU) computation. This approach has limitations
in terms of scalability and performance, which are solvable with the use of Graphics Programming Units
(GPUs) and parallel computing techniques. In fact, the development of Compute Shaders on GPU allows the
execution of general-purpose operations alongside traditional rendering tasks within real-time applications.
This paper aims to contribute to the current literature on crowd simulation methods by developing a real-
time simulation model that integrates and expands several techniques from literature, adapted and optimized
to exploit GPU computing capabilities. The proposed model incorporates continuous representations for
crowds in order to simulate human movement and decision-making. The achieved results demonstrate a high
level of scalability and efficiency. The implemented techniques and optimizations allow the model to handle a
significant number of agents while maintaining real-time performances to achieve reduced simulation time
and good user experience. Stress tests showcase that the proposed model significantly outperforms other
macroscopic models, maintaining a stable frame rate of 60 FPS when simulating 20,000 agents even on
mid-range systems intended for personal use.

INDEX TERMS Crowd simulation, GPU computing, video games, real-time.

I. INTRODUCTION processing units and scheduling often hamper the simula-

The field of crowd simulation offers a multitude of potential
applications, ranging from the real-time rendering of agents
in video games to optimization of evacuation plans during
building design.

Achieving high levels of realism and complexity in
crowd behavior necessitates the incorporation of a sub-
stantial number of individual agents within the simulation.
However, despite its potential benefits, research focusing
on large-scale crowd simulations remains limited, with the
majority of projects favoring smaller-scale scenarios that
employ a greater number of rules and intricate individual
behaviors.

Current approaches and models for crowd simulation
predominantly rely on CPU computation. While multi-
threading offers some improvement, inherent limitations in
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tion of exceptionally large crowds. Several attempts have
been made to push these boundaries. While some have
succeeded, they often involve undesirable compromises, such
as requiring the large computational power of distributed
systems or unconventional and customized hardware. In the
last years, hardware advancements have led to a terrific
increase in GPU parallel computation and programmability.
One of the first fields to adopt these powerful approaches
was physics simulation, which involves complex differential
equations, notoriously difficult to be handled efficiently
by the CPU. Furthermore, as GPU computing power
continues to rise, the ability to perform general-purpose
operations alongside traditional rendering tasks has become
a reality. This has spurred the development of parallel
alternatives of existing algorithms, through the use of
Compute Shaders, not only within the video game industry,
but also in heavy computational tasks in fields such as crowd
simulation.
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Since its inception, crowd simulation has flourished
with extensive research endeavors. Particularly intriguing is
the investigation of human group behavior across diverse
environments, incorporating psychological factors such as
perceived danger, and exploring varying intra-group and
inter-group dynamics. While these elements elevate the
realism of simulations, they often result in computationally
intensive models capable of representing only a limited
number of individuals, thus hindering the observation of
emergent behaviors within larger crowds. The design of
a crowd simulation model entails careful consideration of
several key features. Their combined configuration ultimately
determines the nature and outcome of the simulation. These
features can be conceptualized as distinct modules that, when
integrated, contribute to the comprehensiveness and realism
of a model based on observed human behavior. However,
it is crucial to recognize that the computational complexity
associated with a fully comprehensive model necessitates
thoughtful weighting of each feature in accordance with its
purpose. We define a complete crowd simulation model as
the combination of:

« Global planner: it proposes the high-level direction that
each agent must follow to reach its goal. Due to the
complexity of the algorithms, the technique has limited
access to environmental information.

o Local obstacles avoidance: it corrects the direction
toward goals proposed by the global planner, in order
to avoid collisions between agents and obstacles.

o Behavioral modeling: it applies the logic about the
behavior, quirks and subjective elements that can
influence the motion of individuals.

o Motion synthesis: it animates the assets of the agents
according to the final movement obtained.

This paper presents a novel crowd simulation model
implemented entirely on a GPU. The model prioritizes
two key features: global planning and collision avoidance.
Additionally, it leverages parallel computing to incorporate
per-agent behavioral modeling. Individual agents navigate
towards their goals based on calculated optimal paths,
while also accounting for unique characteristics and fine-
grained interactions with neighboring agents. This work
emphasizes the advancements achievable in crowd simulation
by combining two established macroscopic techniques:
Potential Fields [1] and Aggregate Dynamics [2]. Both
techniques are proposed with optimized and efficient GPU-
based solutions. This approach paves the way for real-
time simulation models that seamlessly integrate large-scale
crowd behaviors with individual agent actions. Additionally,
many of the approaches employed in the proposed model
make use of continuous equations to describe crowd motion
rules, drawing inspiration from fluid behavior. Fluids are
one of the most extensively studied physical phenomena for
simulation purposes, with a wealth of research conducted
over the years. This has led to the development of highly
efficient solutions, particularly for real-time applications and
GPU-based algorithms, making them well-suited for the
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techniques introduced here. Parallelizing these approaches
offers the potential for significant improvements.
This research project prioritized the following goals:

o GPU-based large-scale crowd simulation: to explore
the feasibility of converting established macroscopic
techniques into parallel versions for GPU-accelerated
large-scale crowd simulations.

« Adaptability: to develop an elastic model which is able
to scale to diverse outdoor environments.

« Performance optimization: to enhance system saturation
and to support customer-grade hardware by optimizing
the model’s performance and efficiency.

« Hybrid model and realism: to improve overall simulation
quality and realism by combining techniques from
different crowd simulation classes to create a hybrid
model.

« Efficient pair-wise algorithm: to design a highly efficient
GPU-based pairwise algorithm for managing micro-
scopic behaviors.

« Motion synthesis: to introduce a basic yet effective
motion synthesis features to evaluate the model’s
performance with 3D animated agents.

This paper is structured as follows. In Section II we provide
an overview of crowd simulations approaches and solutions
based on parallel computing. In Section III, we describe the
main components of the proposed model. In Section IV,
the mathematical background of the Potential Fields [1]
technique is discussed along with the proposed approach
and the optimizations introduced to achieve efficient parallel
algorithms. Following, in Section V, we widely describe
the techniques composing the collision avoidance method.
Section VI presents the results of the proposed model on
different test scenes. Finally, in Section VII we draw some
conclusions and we discuss on future work and achievable
improvements.

A. ACRONYMS AND NOTATION

For sake of clarity, the following section provides a concise
overview of the acronyms, symbols, and mathematical
notations adopted in this paper.

1) ACRONYMS

FPS Frame Per Second.

SFM Social Force Model.

ORCA Optimal Reciprocal Collision Avoidance.
RVO Reciprocal Velocity Obstacle.

SPH Smoothed Particle Hydrodynamics.

VO Velocity Obstacle.

OCEAN Openness, Conscientiousness, Extraversion,
Agreebleness, Neuroticism.

PEN Psychoticism, Extraversion, Neuroticism.

UIC Unilateral Incompressibility Constraint.

HLSL High Level Shading Language.

SIMT Single Instruction Multiple Threads.

CCR Continuous Crowd Representation.
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FFM  Fast Marching Method.
FIM  Fast Iterative Method.
IFIM Improved Fast Iterative Method.

VAT  Vertex Animation Texture.
2) NOTATION
G e R? Coordinates of the agents’ goal.
f Speed field.
X Discrete individuals’ motion.
0 Direction of the agent’s motion.
g Unit vector along 6.
g Discomfort field.
I Set of all the paths from x to G.
Pell Minimizing path to G.
« 0. 1] Unit cost field weight related to path
length.
g eclo.1] Unit.cost field weight related to the
required time.
Unit cost field weight related to
v €l0. 1] discomfort.
C Unit cost field.
O] Potential function.
Vo Gradient function of .
P Crowd density field.
v Average velocity field.
Vi Scalar velocity of individual i.
Wy Interpolation weight for p.
Xi Position of an agent.
_ Threshold density contribution of the
P splatting method.
(Px,Py) € R?  Coordinates of the agent’s position.
A Splatting decay of the splatting method.
Ir Topological speed field.
Jmin Minimum speed of agents.
Jmax Maximum speed of agents.
h(x) e R Height map of the environment.
. Minimum slope evaluated by the speed
min field.
s Maximum slope evaluated by the speed
fmax field.
5 Crowd flow speed.

Radius of the estimated distance traversed
by agents in a single simulation step.
Thresholds for the density environment

r

Nmin> ’max

classification.
T Size of the environment.
T Agents per cell ratio.
ox, 8y Size of a grid cell.
Pmax Maximum density compression value.
dmin Minimum interpersonal distance.

u Corrected velocity field.

)4 Scalar pressure field.

v Kinematic viscosity of a fluid.

F External forces acting on a fluid.
n Number of simulated agents.
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Il. RELATED WORK

The field of crowd simulation encompasses a diverse range
of models, categorized into three main groups [3] based on
their purpose, inherent characteristics and level of detail:
microscopic, mesoscopic, and macroscopic.

Beyond the core functionalities of a crowd simulation
model, another crucial property influencing both the sim-
ulation and the model itself is the type of crowd being
represented: homogeneous or heterogeneous. This distinction
hinges on the number and types of goals the crowd
pursues. A homogeneous crowd is defined as a group where
individuals share a single goal or a set of very similar goals.
Conversely, a heterogeneous crowd is one where individu-
als possess diverse goals. This heterogeneity significantly
impacts the design and development process. Algorithms
within the model need to be dynamic and adaptable, capable
of adjusting based on the currently evaluated goal of each
agent. Additionally, heterogeneous crowd simulations offer
the potential to assign distinct behaviors or identities to
individual agents, further enriching the simulated crowd’s
complexity.

This section explores the diverse types of crowd simulation
models and their applications. We will follow the classifica-
tion used by Yang et al. [3] and delve into the most popular
approaches associated with each category.

A. MICROSCOPIC MODELS

Microscopic models prioritize the intricate representation
of each individual agent interactions with their surround-
ings. They incorporate meticulously crafted micro-behaviors,
often employing an agent-based approach where each
simulated individual follows a distinct set of rules. This
methodology can lead to exceptionally realistic and granular
crowd behavior that factors in socio-psychological influ-
ences. However, the computational burden associated with
processing these rules for each agent limits microscopic
models to simulating relatively smaller crowds.

Early crowd simulation models, like the Social Force
Model (SFM) [4], [5], focused on interactions between
individuals and the environment, incorporating socio-
psychological factors.

Collision avoidance techniques became popular, with
notable examples including Optimal Reciprocal Collision
Avoidance (ORCA) [6] and Reciprocal Velocity Obstacle
(RVO) [7]. These models calculate the “Velocity Obstacle”
(VO) space: a set of velocities that would cause a collision
between two agents. Then, they calculate and choose a safe
velocity outside this space. This algorithm is applied for each
pair of agents to compute the crowd motion.

Agent-based models emerged as an evolution of collision
avoidance techniques. These models combine them with
global knowledge techniques to achieve complex simula-
tions. The ClearPath model [8] is an example. It improves the
accuracy of VO models, integrating parallel algorithms for
large-scale crowd simulations with a microscopic approach.
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Research has yielded diverse models with innovative
combinations of these techniques. Examples include the
Lagrangian formulation in Position-based Dynamic Sys-
tems [9] and cooperative behaviors like pushing and pulling
introduced by Wong et al. [10].

Velocity-based models, introduced by Ondfej et al. [11],
focus on perception-action cycles. These models use a virtual
camera to gather information about the environment and
calculate metrics like bearing angles and time-to-interaction
to guide collision avoidance.

While microscopic models offer flexibility due to their
intricate rule sets, their computational complexity increases
exponentially. Even with GPU acceleration, the performance
of microscopic simulations can be limited by the numerous
rule combinations that individual agents must process based
on their context. While some GPU-based microscopic models
were proposed [12], [13], they often exhibit limitations in
terms of agents count and overall performance compared to
other GPU techniques used in crowd simulation. Because
the focus of our research is on large-scale simulation and
increased realism, we have not considered at the moment
the introduction of a full microscopic model in our proposed
system. Rather, we have opted for a hybrid model, where
we integrated microscopic behaviors inside a macroscopic
model.

B. MESOSCOPIC MODELS

Crowd simulation models can dig deeper than simple
collision avoidance. Mesoscopic models have gained sig-
nificant traction within the scientific community due to
their unique approach of simulating group dynamics and
complex, human-like behaviors. These models operate
at a higher level of abstraction with respect to the
microscopic ones. They focus on groups of simulated
entities rather than individual agents. This shift allows
to incorporate psychological analysis at both global and
local emotional levels, enhancing the realism of crowd
behavior.

Among the mesoscopic models, dynamic group models
focus on the behavior, psychology and relationships within
social groups to achieve a more realistic portrayal. This
theory, introduced by Lewin [14], defines a social group
as individuals who interact and share information. These
models explore both intra-group (within-group) and inter-
group (between-group) dynamics [15]. Intra-group dynamics
consider roles like leaders who define group movement
and followers who simply tag along. Inter-group dynamics
examine interactions when different groups cross paths.
Pedestrian walking patterns are a common scenario studied
using these models, as groups often form pairs or triples while
walking [16], [17].

Individual-group interactions are another area of study.
Bruneau et al. [18] simulated behaviors like ““going through”
and ‘“going around” using a combination of the Principle
of Minimum Energy and the RVO model. This research
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highlights how group density, direction and appearance
influence these interactions.

Furthermore, a burgeoning subcategory within mesoscopic
models specifically addresses the formation of interactive
groups. This is particularly relevant in fields like video
game development and manipulation studies. These models
offer flexibility in manipulating crowd formations based
on user input. They bridge the gap between mesoscopic
and macroscopic models, handling larger crowds than
typical mesoscopic models while focusing on user-defined
goals rather than complex social psychology simulations.
One example is “CrowdBrush” [19]: a real-time crowd
manipulation framework that allows designers to edit crowds
through a user interface, resulting in high-quality animations.
Subsequent models have expanded on these tools and
effects, increasing crowd realism with various mathematical
approaches like Delaunay triangulation [20] and Laplacian
matrices [21].

Mesoscopic models, from the social psychology perspec-
tive, focus on simulating individual traits and emotional
contagion, both important aspects of human behavior.
These models represent emotions and individual psychology,
drawing from various psychological theories. Two promi-
nent examples are the OCEAN model [22] and the PEN
model [23]. By incorporating these personality descriptions,
crowd simulations can model emotion contagion. Several
adaptations of these models have been proposed, such as the
OCC model [24] and the PAD model [25], which categorize
human personalities for simulation purposes. An example
is the proposal of Guy et al. [26], which uses the PEN
model to simulate a heterogeneous crowd with different
individual personalities influencing the behavior of each
agent. Kim et al. [27] built upon this by integrating real-
world data and stress factors to create more diverse crowd
behaviors. Xu et al. [28] used an adaptation of the RVO model
with emotion contagion to simulate emergency evacuations
considering different personalities and hazards.

Mesoscopic approaches often rely on detailed individual
representations, which can pose a challenge for efficient
parallel implementation. While these models represent a
promising area of research, our research prioritizes achiev-
ing a high-efficiency crowd simulation model using GPU
computing. Our proposed model successfully incorporates
microscopic behaviors without compromising the overall
complexity, demonstrating the feasibility of the integration of
mesoscopic techniques. A more comprehensive consideration
of mesoscopic approaches will be investigated in future
developments of the proposed project.

C. MACROSCOPIC MODELS

Macroscopic models excel at simulating large-scale crowd
scenarios. They prioritize estimating individual movement
through its relation to observable physical phenomena like
potential fields or fluid dynamics. Simulations leverage a
continuously updated logical grid or data structure that parti-
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tions the space. Higher resolution grids enhance accuracy but
increase complexity. Compared to other models, macroscopic
approaches provide less detailed representations of individual
local behavior. This approach stems from the primary reliance
on global methods and spatial approximations to dictate
movement, prioritizing the efficient simulation of denser
and larger crowds. However, macroscopic models offer the
distinct advantage of integrating more complex techniques
for both global planning and collision avoidance. While
sacrificing some individual realism, these models allow for
more refined and computationally efficient simulations.

Within the macroscopic class, continuum models represent
the most promising set of techniques. They are founded
upon the theory of Pedestrian Flow Dynamics introduced
by Hughes [29]. This theory proposes leveraging continuous
flow equations to model both crowd movement and individual
behaviors. A landmark application of this theory emerged in
the Continuum Crowds technique proposed by Treuille et al.
[1]. This technique demonstrated the vast potential of this
class of models by implementing an efficient large-scale
approach. It exploits potential fields to define a global planner
based on density and velocity, coupled with discomfort
fields to guide the simulated population. The Continuum
Crowd method has significantly influenced the literature,
inspiring extensive research efforts that have expanded upon
its concepts. This has led to the development of an entire sub-
field within the domain of macroscopic crowd simulation.
An example is the Interactive Navigation Field method by
Patil et al. [30]. This approach allows users to define crowd
directions and routes through input guidance fields. These
fields contribute to the overall potential field used for agent
motion computation.

Another research direction, inspired by continuum models,
utilizes fluid dynamics equations and flow simulations to rep-
resent crowd movement. A notable example is the Aggregate
Dynamics model by Narain et al. [2], which adopts a collision
avoidance system based on a continuous representation of
the crowd. To facilitate this, an incompressibility constraint
called Unilateral Incompressibility Constraint (UIC) is
employed. Fluid dynamics has proven to be a highly effective
approach for simulating crowd behavior, particularly in high-
density situations where crowds exhibit fluid-like charac-
teristics. Consequently, researchers have explored various
fluid dynamics techniques for crowd simulation, including
Smoothed Particle Hydrodynamics (SPH). Yuan et al’s
pioneering work [31] introduced SPH to crowd simulation.
The subsequent research of van Toll et al. [32] advanced
this approach by combining SPH fluid dynamics with agent-
based collision avoidance techniques like SFM [4], [5] and
RVO [7].

The research presented in this paper focuses on macro-
scopic crowd simulation techniques due to their potential
for GPU-friendly implementations. The Potential Fields [1]
and Aggregate Dynamics [2] techniques, selected as a basis
for our research, employ 2D crowd representations and
homogeneous calculations. The exploitation of the potential
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efficiency of these methods within the context of the GPU
allows us to achieve a high-performance crowd simulation
model. Further extensions to this model are possible through
the introduction of more complex techniques and features
based on Potential Fields and Aggregate Dynamics methods,
which build upon the optimizations introduced in our study.

D. HYBRID MODELS

Several research efforts have explored hybridizing macro-
scopic and agent-based models in order to leverage the
advantages of both the approaches and to introduce individu-
alistic behaviors. A notable example is the dualistic model
proposed by Saeed et al. [33], which employs an agent-
based component for individual movement while governing
collective actions through a dedicated group module. This
group module incorporates “‘service points” where the agents
of the entire group pause to replenish energy before resuming
their shared goals. While offering individually assigned goals
and real-time path-finding capabilities, the model struggles
to achieve a frame rate useful to interactive applications,
restricting its application to offline simulations.

Computational efficiency remains a crucial aspect of
large-scale crowd simulations. Skrzypczak and Czarnul [34]
addressed this challenge by exploring various implemen-
tation strategies for optimal hardware utilization. Their
work analyzed the strengths and weaknesses of CPU-only
and GPU-only implementation, ultimately demonstrating the
superior efficiency of a hybrid approach. This approach
focused on balancing workload between CPUs and GPUs
through a model combining the microscopic SFM [4],
[5] with the macroscopic spatial discretization technique.
While the model achieved excellent results, the showcased
computations relied on a high-performance system with
multiple CPUs and GPUs, limiting its applicability on more
standard hardware configurations.

Large-scale crowd simulations often require simplify-
ing crowd behavior to reduce computational demands.
BioClouds [35] addresses this by representing groups as
“clouds” instead of individual agents. It builds upon
BioCrowds [36], another group-based model, but adds a
“zoom-in” function to observe individual behavior within
specific areas, achieving a multi-level simulation. This
approach allows for studying crowd behavior on a large
scale while still observing individual nuances in specific
areas. High-performance computing has also been explored:
Malinowski and Czarnul [37] used distributed caching
with non-volatile RAM, achieving impressive agent counts.
However, their approach requires a custom and uncommon
hardware configuration, thus limiting a broader application
of the method.

Analysing literature, crowd simulation research tradi-
tionally favors CPU-based models due to their simpler
implementation. However, GPUs offer the potential for
significantly faster simulations, especially for large-scale
scenarios. The decline in research on macroscopic CPU-
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based models in favor of mesoscopic ones, coupled with
the growing capabilities of GPUs for real-time applications,
has opened new avenues for GPU-based large-scale crowd
simulation.

This paper proposes a new research direction by lever-
aging existing GPU-optimized techniques and combining
established macroscopic models: potential fields for global
planning, and aggregate dynamics for collision avoidance.
This combination, rarely explored before, holds promise
for efficient large-scale crowd simulations. Additionally,
the extensive research in GPU computing on optimizing
simulations of physical phenomena, such as fluid dynamics,
can be exploited. Following Stam’s seminal work [38] on
2D fluid simulation using Navier-Stokes equations on CPUs,
Harris adapted it for GPUs [39] and Crane et al. [40] extended
it to 3D, demonstrating efficient algorithms still used
today for their balance of visual quality and computational
cost. These advancements in GPU fluid simulation sparked
interest in applying similar techniques to macroscopic
crowd simulation models. While macroscopic techniques
offer computational efficiency, they have to compromise
on simulation realism. To address this issue, our research
leverages GPU computing of the proposed model to extend
the standard capabilities of the macroscopic approach. The
optimized efficiency enables the introduction of microscopic
behaviors, enhancing control over the simulated crowd. This
integration of microscopic behaviors transforms the model
into a hybrid crowd simulation model.

IIl. SCIENTIFIC CONTRIBUTION
This paper introduces a novel crowd simulation model based
on a pipeline architecture. This model extends existing
techniques and incorporates refinements in each phase to
achieve real-time performance. The pipeline architecture is
particularly well-suited for crowd simulations because they
can be decomposed into independent features. Large-scale
crowd simulations typically consist of two main features:
global planning, which determines individual agent velocities
to guide them towards their goals, and collision avoidance,
which refines these velocities to prevent collisions with
structures, obstacles, and other agents.

The proposed architecture model is composed by 4 steps:

1) Global Planner: it computes the intended movement
for each individual. It considers a Continuous Crowd
Representation (CCR) of the crowd updated at every
iteration.

2) Continuous Crowd Update: the CCR is updated with
the velocities proposed by the Global Planner. It pro-
duces input data for the Collision Avoidance phase.

3) Collision Avoidance: it is in charge to apply corrections
to the proposed movement in order to reduce the
density of the crowd in areas where agents are closer
than the minimum interpersonal distance.

4) Crowd Discretization: the crowd is converted again to
an agent-based, or discrete, representation.
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A detailed scheme of the model architecture, presenting
all phases from initialization to simulation steps, is shown in
Fig. 1. The proposed method is not based on a simple conver-
sion of existing crowd simulation techniques to GPU, but it
improves and optimizes these models for parallel processing
using Compute Shaders. This optimization unlocks the full
potential of the GPU Single Instruction Multiple Threads
(SIMT) architecture.

Specifically, our proposal introduces a GPU-based solver
for global path planning via potential fields. This solver
incorporates optimizations to ensure real-time performance.
The collision avoidance module is also enhanced with a
new pressure projection strategy inspired by GPU fluid
dynamics approaches. This strategy enables efficient crowd
motion correction. Finally, to address the limitations of prior
techniques due to numerical approximations, a GPU-friendly
pairwise test is implemented.

A. ARCHITECTURE OVERVIEW

The architecture reported in Fig. 1 is composed by a number
of sequential phases. We report here a brief overview of the
operations performed during the initialization and at each
simulation step.

The initialization phase involves calculating the grid size
using an adaptive method (marked as (/) in Fig. 1, and
described in Section IV-C5). Agent positions, unique max-
imum speeds ((2), Sec V-B4), and goals are then assigned.
Following this, goals are created within the environment and
speed, obstacle, and unit cost fields are generated. These
fields contribute to the calculation of the static potential fields
((3-A), Sec. IV-C).

During each simulation step, the static potential field is
combined with agent velocities and a discomfort field to
produce global planning directions ((3-B), Sec. IV-C). These
directions are then converted into the CCR ((4), Sec. IV-B)
to be used by the aggregate dynamics collision avoidance
algorithm ((5-A), Sec. V-A). In parallel, the pairwise test
calculates and applies forces to correct the position of
agents violating the minimum interpersonal distance with
nearby agents ((5-B), Sec. V-B). Finally, these corrections
are combined, and the agents’ updated velocities are obtained
from the discretized CCR ((4), Sec. IV-B) and adjusted by the
agents unique max speed ((2), Sec. V-B4).

The inputs and outputs for each phase are the position and
velocity of the agents in the case of the agent representation,
while the crowd is represented by the density and velocity
fields in the continuous representation.

IV. GLOBAL PLANNING

Treuille et al. [1] introduced a novel approach to crowd
simulation using continuum theory. Their model, known as
the Potential Fields model or Continuum Crowds, leverages
differential equations and potential fields to create a global
planning system. This system efficiently considers dynamic
obstacles and interpersonal distance without explicitly requir-
ing classical collision avoidance mechanisms.
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FIGURE 1. Detailed model architecture, exposing every operations performed during the initialization and at each simulation step. An overview of the

architecture is provided in Section IlI-A.

This macroscopic model is primarily designed for sim-
ulating large, homogeneous crowds. However, it can also
handle heterogeneous simulations by dividing the crowd
into goal-specific groups. Each group has a unique potential
field for navigation, enabling the simulation of multiple
goals simultaneously. This approach works effectively, but
it becomes computationally expensive for heterogeneous
crowds with many groups, offering only a minor performance
improvement over agent-based models as the number of
groups increases.

The core concept of the Potential Fields model is to
simplify crowd motion as a particle energy minimization
problem. This allows the simulation to be treated as a
continuous problem, leading to an efficient global planning
system. This approach surpasses agent-based models, which
often split path planning into local and global components,
limiting achievable realism. The introduced trade-off was
an efficient model for large crowds at the expense of
homogeneous behavior. Similar to other macroscopic mod-
els, performance is heavily influenced by the number of
agents and the size of the simulation environment, usually
represented by grids. Larger grids lead to more expensive
simulations.

This section delves into the global planning technique of
potential fields [1]. Section IV-A provides a description of
the technique from a mathematical standpoint. Following
this, Section IV-B explores the concept of a continuous
crowd and the computations involved in achieving it.
Finally, Section IV-C offers a detailed explanation of the
parallel transposition of the technique, including the proposed
improvements for the solver algorithm.
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A. MATHEMATICAL DESCRIPTION
The underlying logic of this technique is based on the
following assumptions:

1) Each individual aims to reach a specific coordinate
inside the given environment G € R?.

2) The individuals’ motion is always set to the max
speed allowed by the current position and surrounding
environment. This speed is defined as the scalar speed
field f such that

X =f(x,0)ng

where x is the current agent’s position, 6 is the direction
of the agent’s motion, and 779 = [cos6, sin 017
represents the unit vector in the direction of 6.

3) The discomfort field g is defined as the scalar field
that introduces a weight to the cost of movement in the
directions available to the agent, allowing it to prefer
the best paths.

4) Let IT be the set of all the paths from x to the goal.
Assuming that the speed field f, the discomfort field
g and the goal G are fixed, the chosen path P € II
minimizes the following formula:

oc/ds+ﬂ/dt+)//gdt
P j2 P

where «, B,y € [0,1] are the weights for each
component. We can redefine the previous formula
considering the relationship ds = f dt:

AWCIS:/PCCIS

where we define C as the scalar unit cost field.
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(b) Resulting obstacle field,
and the position of the goal
in single-goal (red) and multi-
goal (red and green) simula-
tions.

(a) Rendering of the environ-
ment.

FIGURE 10. Render of the Highlands scenario and positions of the goals
in the two simulation modes.

(b) Resulting obstacle field,
and the position of the goal
in single-goal (yellow) and
multi-goal (red and green)
simulations.

(a) Rendering of the environ-
ment.

FIGURE 11. Render of the Arena scenario and positions of the goals in
the two simulation modes.

interpolation factor of k = 0.722. This choice leads to higher
grid sizes, allowing the model to manage details easier.

Agents aim to reach the stadium’s center (Fig. 15), allow-
ing us to observe their behavior under crowded conditions
near the entrances and their path-finding accuracy in confined
spaces.

Multi-goal simulations within the stadium environment
provided another opportunity to analyze agent interactions
during encounters with opposing movement, in particular on
how the model handles navigating the narrow passages of the
stadium entrances (Fig. 16).

3) MANHATTAN

To assess the model’s performance in a more complex and
realistic setting, a crowd simulation was conducted within
a Manhattan-like scenario [53]. This environment presents
a significant challenge due to the high density of obstacles,
requiring the model to calculate optimal paths across street
intersections and avoid collisions with structures (Fig. 12
and Fig. 17). Terrain size for this scenario is set to 2, 025 x
2,025 meters, according to the city environment size and
distribution of its obstacles. Following the statements for the
Arena scenario, the interpolation factor of the adaptive grid
resolution is set to k = 0.759.

VOLUME 12, 2024

Multi-goal simulations, where two goals are positioned
in opposing areas within the environment, demonstrate
successful crowd division into lines on each street (Fig. 18).
These results underline the effectiveness of the proposed
model. Global planning efficiently defines agent paths, while
collision avoidance effectively manages interactions between
agents moving in opposite directions.

o
N
0
Sy
t\‘ :
4“\“}:€$%}Q

N
\
R

&
S

3
Wz

39,
o®

3\
30

3
N
X

\

® ,5‘
A\
2%

8|

(a) Rendering of the environment. (b) Resulting obstacle field,

and the position of the goal
in single-goal (red) and multi-
goal (red and green) simula-
tions.

FIGURE 12. Render of the Manhattan scenario and positions of the goals
in the two simulation modes.

B. PERFORMANCE ANALYSIS

The model exhibits robustness to scenario complexity and
density. As shown in Tab. 1 and in Fig. 19 processing time
scales nearly linearly with the number of agents, suggesting
efficient handling of large crowds even on consumer-grade
hardware. On the laptop test machine, simulations show
that our implementation can manage up to 20,000 agents
while achieving a stable 60 frames per second or more
(Fig. 20). 60 frames per second are recognized as the
minimum requirement for fast-paced video games. Lowering
this requirement to 30 fps is allowing for more than 30,000
agents to be simulated in real time by our laptop.

A stress tests with 500,000 agents has also been performed.
This test yielded an average GPU time of 2445.1 milliseconds
per frame. Despite the low frame rate, this result greatly
outperforms existing models in literature. A comparative
analysis is challenging due to the diversity of approaches and
goals among the different models. Even within the same class,
models can vary widely, limiting meaningful comparisons.
Indeed, crowd simulation models differ in goals, techniques,
and testing hardware, making it difficult to find a relevant
number of published methods with common features. For
comparison, we selected recent works describing models
with partial similarities with our method. The hybrid model
by Saeed et al. [33] shares similarities with our pairwise
algorithm for collision avoidance. The PaCS model by
Zhao et al. [54] is a parallel field-based crowd simulation
model. Finally, the hybrid model by Sudkhot et al. [55] uses
RVO [7] for collision avoidance and supports 3D rendering.
The empirical analysis of the performance results provided in
the studies indicates that these models require approximately
twice the computational time for agent counts in the same
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FIGURE 13. Distribution of individuals near the goal in a simulation of 30,000 agents in the Highlands scenario. The position of the assigned goal is
represented by the red column. The parameters of the model are set to: « = 0.157, 8 = 0.884, y = 0.94. The average frame-rate achieved during this
simulation is 39.5 FPS on the laptop test machine.

)
\ 4| , bl )f
3 D
e ’fj;.,.;,.,-wfz
' "n"y'- "

"”.i

FIGURE 14. Multi-goal simulation with 50,000 agents in the Highlands scenario. The parameters of the model are set to: « = 0.157, 8 = 0.884, y = 0.94.
The average frame-rate achieved during this simulation is 21 FPS on the laptop test machine.

TABLE 1. Average results of different simulation instances in the testing scenarios on the laptop test machine.

Agents Average FPS Average GPU time (ms)
Highlands | Arena | Manhattan | Highlands | Arena | Manhattan
1,000 212.85 228.52 171.82 4.70 4.38 5.82
2,000 208.70 228.05 168.21 4.79 4.39 5.95
3,000 195.43 210.46 166.58 5.12 4.75 6.00
5,000 156.58 165.25 146.74 6.39 6.05 6.81
7,000 132.54 150.93 132.10 7.54 6.63 7.57
10,000 99.47 119.04 89.44 10.05 8.40 11.18
20,000 59.48 62.16 56.24 16.81 16.09 17.78
30,000 39.11 38.03 38.17 25.57 26.30 26.20
50,000 20.85 19.74 20.47 47.96 50.67 48.85
75,000 12.79 12.42 12.86 78.18 80.54 77.77
100,000 7.32 7.16 7.37 136.66 139.68 135.70
200,000 2.17 2.21 2.29 461.20 452.13 436.84
300,000 0.99 1.05 1.09 1013.45 951.69 916.80
500,000 0.39 0.41 0.42 2533.94 2418.89 2382.32

scenario: we achieved an additional 50% reduction in
processing time compared to the laptop test machine. Similar
results were observed on the other scenarios, confirming the
extremely positive performance of the proposed model on
modern desktop GPUs.

order of magnitude. Both hybrid models and the parallel
field-based model exhibit lower performance or rendering
challenges.

On a side note, the Manhattan scenario exhibits relatively
lower performance with fewer agents due to the denser
obstacles and detailed objects that need a more complex
rendering stage. However, for simulations with a higher

number of agents, the model’s behavior in this scenario
becomes consistent with the other two test environments.
The stress tests conducted on the more powerful desktop
machine confirmed the model’s linear scaling performance.
Fig. 21 compares the processing time for the Highlands

173296

C. DISCUSSION

Observing the experiments unfolding allows also to collect
interesting observations about the adopted methodologies.
In particular, when heterogeneous crowds are being simu-
lated.
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(a) Stadium field and crowd approaching the goal.

(b) Crowd entering the stadium. Within the entrance tunnels, agents
show difficulty in using the available space due to spacial approxi-
mation of the obstacle field.

FIGURE 15. Simulations of 50,000 agents in the Arena scenario, with model’s parameters set to: « = 0.157, 8 = 0.884, y = 0.94. The average frame-rate

achieved during this simulation is 19.7 FPS on the laptop test machine.

FIGURE 16. Multi-goal simulation of 50,000 agents in the Arena scenario, with model’s parameters set to: « = 0.157, 8 = 0.884, y = 0.94. The average
frame-rate achieved during this simulation is 20 FPS on the laptop test machine.

(a) Simulation depicting crowd gathering to a narrowing passage.

(b) View close to the goal, showing the large group at the destination and
the crowds arriving from a widening.

FIGURE 17. Simulations of 50,000 agents in the Manhattan scenario, with model’s parameters set to: « = 0.157, § = 0.884, y = 0.94. The average
frame-rate achieved during this simulation is 20.6 FPS on the laptop test machine.

Both Potential Fields and Aggregate Dynamics techniques
are designed for homogeneous crowds, leading to challenges
in managing interactions between different crowds. Specif-
ically, collision avoidance provided by aggregate dynamics
becomes dominant in high-density areas, causing significant
congestion due to the pressure created by opposing agent
movement. It seems that congestion arises near intersections
experiencing high traffic volumes. Limiting the correction
influence over the Global Planning, with the attempt of pre-
venting complete standstill, helps to resolve the congestion.

VOLUME 12, 2024

However, this process remains slow in highly dense areas
(Fig. 22). Conversely, in low-density areas, the strafe motion
strategy applied by the pairwise test effectively manages
interaction, forming bi-directional lines. This, combined with
the line formation behavior of the potential fields technique,
results in well-defined and structured movement towards
goals, with agents visibly arranged in lines (Fig. 23).

While this approach generally produces satisfactory
simulations, certain limitations become apparent. The spa-
tial approximation used for obstacle detection leads to
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FIGURE 18. Individuals belonging to different goals in Manhattan scenario moving in lines, correctly avoiding collisions and structures. Multi-goal
simulation of 50,000 agents, with model’s parameters set to: « = 0.157, § = 0.884, y = 0.94. The average frame-rate achieved during this simulation is

20.5 FPS on the laptop test machine.
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FIGURE 19. Graph of elapsed GPU computational time performance for
each scenario on the laptop test machine.
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FIGURE 20. Graph of elapsed frame-rate for each scenario on the laptop
test machine.

inaccuracies when dealing with small details. This results
in agents not fully utilizing available space, maintaining
unnecessary distances, and contributing to overcrowding
(Fig. 15(b)). The obstacle field blur radius, which controls the
smoothing distance, partially addresses this issue (see Sec.
IV-C3). In Fig. 24 we demonstrate the impact of different
spatial approximation configurations on agent behavior.
Despite varying grid sizes, agents tend to follow similar
paths. While improvements in agent distribution and obstacle

173298

FIGURE 21. Graph of the elapsed frame-rate comparison between the
two test machines, conducted on the Highlands scenario.

FIGURE 22. Examples of crowd congestion and wrong navigation to
dead-end alleys in Manhattan scenario.

avoidance can be achieved, the increased computational cost
associated with larger grids does not justify the choice. Future
research should focus on enhancing the model’s performance,
allowing better control over the resulting simulation. The
crowd’s behavior is primarily influenced by the static
potential field, which does not consider crowd density for
distribution balancing. Increasing interpersonal distance can
potentially improve agent distribution. Additionally, due
to the inherent nature of potential field construction and
optimization-related approximations, optimal path values
may not propagate correctly across the field, leading to
dead-end alleys and misguided agent navigation.
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