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Abstract—Position-Based Dynamics (PBD) has been shown to
provide a flexible framework for modeling per-agent collision
avoidance behavior for crowd and multi-agent simulations in
planar scenarios. In this work, we propose to extend the approach
such that collision avoidance reactions can utilize in a controlled
way the volumetric 3D space around each agent when deciding
how to avoid collisions with other agents. We propose to use
separation planes for collision avoidance, using either preferred
or automatically determined planes. Our results demonstrate
the ability to control the spatial 3D behavior of simulated
agents by constraining the produced movements according to the
separation planes. Our method is generic and can be integrated
with different crowd simulation techniques. We also compare our
results with a 3D collision avoidance method based on Reciprocal
Velocity Obstacles (RVOs).

Index Terms—crowd simulation, 3D multi-agent simulation, 3D
collision avoidance

I. INTRODUCTION

Collision avoidance is a key component of multi-agent
simulations for both 2D and 3D environments. While most
existing multi-agent and crowd simulation frameworks are
designed for 2D scenarios, extending a 2D framework to 3D is
usually not a difficult task. However, when a 2D framework is
trivially embedded in a 3D environment without any specific
extensions incorporated, agents will typically move together
in the same plane and the collision avoidance behavior will
essentially remain planar. This paper addresses the problem
of how to incorporate collision avoidance reactions that fully
utilize the free 3D space around agents in a customized way
according to the application.

One motivation for utilizing the free 3D space around
agents is, for instance, the simulation of Unmanned Aerial
Vehicle (UAV) agents. When simulating multiple UAV agents,
or drones, they would need to avoid going on top of each other
when performing a collision avoidance maneuver, in order to
prevent downward forces from the stream of air coming from
an UAV’s rotor. Another situation requiring control of the
collision avoidance behavior is when agents have to behave
as a group with desired 3D behaviors. For instance, flying
vehicles can be piloted by simulated virtual characters. In such
case, the scenario is equivalent to a 3D crowd simulation where
collision avoidance behavior is important to be customized
in order to achieve realistic results. Other relevant scenarios
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might involve underwater vehicles or the simulation of sea
creatures.

Another motivation for exploring techniques for 3D col-
lision avoidance behavior is to achieve efficient behaviors
in the case of high-density scenarios. For example, a trivial
planar reaction mechanism might be sufficient when the agent
concentration in the 3D space is not dense, in high density
scenarios the utilization of the full 3D space might become
necessary for successful navigation.

In order to fully consider the 3D space around agents,
we propose to utilize separation planes for handling collision
avoidance behavior, taking into account both preferred planes
and planes automatically determined. We implement our ap-
proach using Position-Based Dynamics (PBD), which is a flex-
ible approach in computer graphics for producing animations
for different types of constrained dynamical systems. PBD
has been applied to crowd animation in 2D [12] and in this
paper we extend the method by incorporating 3D constraints
implementing the proposed plane-based behaviors. We also
compare our proposed method with an existing approach based
on Reciprocal Velocity Obstacles (RVOs) in 3D, using an
implementation publicly available [1]'.

II. RELATED WORK

The motion of groups and crowds of virtual humans and
other autonomous agents are an important component of
multiple immersive media systems, such as virtual reality,
augmented reality, virtual production, and computer games.
Computational methods that control the movements of such
agents are necessary for interactive and autonomous behavior.
Typically, the motion of agents toward their navigation goals
needs to be visually realistic, which necessitates agents being
able to avoid each other while navigating in a shared space.
Hence, collision avoidance is an important component of
crowd and multi-agent simulations.

Researchers have proposed multiple methods for simulating
the movement of multiple agents or crowds [3], [9], [12], [10];
however, most methods address 2D navigation scenarios for
human-like agents moving on a plane. A few other methods
have considered 2.5D multi-agent simulation scenarios where
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agents move on a surface of a 3D object, which can have an
arbitrary 3D shape [7]. Simulating the movement of agents in
3D is still an emerging area, and is perhaps mostly suitable
for the simulation of non-human agents, such as birds, fish, or
aerial or underwater vehicles.

An area which has been more extensively explored is related
to simulating group-like behavior of animals which can move
in 3D. Crowd simulation research in 3D mostly refers to these
types of simulation. Early work in 3D crowd simulation was
developed by Reynolds [6], and is nicknamed the Boids model.
Boids calculates agent velocities based on rules for collision
avoidance, relative agent distances and orientations, and agent
navigation goals. Simulated agents are mostly animal-like,
including fish and birds, and simulate group behaviour such
as flocking [2]. Other rescarchers have built on such work,
for example Sato et al. [8] added a unified motion planner
based on fish swimming styles. Methods for the simulation of
insect swarms have also been proposed [4], [11], [5]. However,
while such proposed methods imitate visually realistic group
behavior, they do not focus on collision avoidance and in
particular they do not focus on the customization of the
avoidance behavior in 3D.

Our present work builds on previous work in 2D agent
collision avoidance [12] and extends it to 3D with the ability to
control how the 3D space is utilized by the obtained collision
avoidance behavior. In order to compare our results including
avoidance behavior control with an approach without control,
we compare our results with the results obtained with an avail-
able implementation extending Reciprocal Velocity Obstacles
(RVOs) to 3D [1]. While collision avoidance with RVOs is
effective, it requires computing a collision-free velocity vector
at each step taking into account all agents in a neighborhood,
usually with a linear program solver. In contrast, our 3D PBD-
based collision avoidance can be distributed, since each PBD
constraint enforces collision avoidance independently for each
pair of agents. The provided comparisons illustrate the results
that can be obtained when controlling plane-based avoidance
behavior as we propose in this paper, versus without any
control, as provided by the 3D RVO method.

III. BASELINE PBD SOLVER

Algorithm 1 describes the overall algorithm for 3D crowd
simulation loop. Algorithm 1 differs from the algorithmic steps
described by Weiss and colleagues [12] at step 9. We refer the
reader to [12] for full details. Instead of finding a tangential
direction we define a separation plane and solve long range
constraints based on this plane and use a contact normal which
will be discussed in Section IV.

Once the position correction is determined, we multiply

~2
the stiffness constraint of ke(%) and ||d|| to the position
correction, where k is user-defined. Vector d is the total relative
displacement of the position of the agents #; and ; at the
predicted point of contact:

d= (2 — %;) — (25 — 25), (1

Algorithm 1 PBD based 3D crowd simulation loop
1: for each agent i do
: Calculate v;° from v;? and v;
z? — x; + At’()ib
find neighboring agents N;; = {n;1,ni2, ..., ik }

for each agent i do
Short range position correction Az;?

: while iteration < maximum long-range iterations do

2
3
4
5: while iteration < maximum stability iterations do
6
7
8
9 for each agent i do

10: Plane-based long range position correction Azx;?
11: for each agent i do

12: v P (,Tip — LL‘Z‘)/At

13: Add XSPH viscosity to v;?

14: Clamp v;?

15: T; + x;P

and #; and 2; are the positions at the discrete time step 7,
which is the time step slightly before the predicted contact.
Scalar 7y is a fixed constant.

IV. 3D AVOIDANCE BEHAVIOR

We present two methods to control the 3D collision avoid-
ance behavior based on selecting global separation planes. We
define a separation plane by its normal d,,.
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Fig. 1. The two agents are ascending towards their respective goals and will
collide at the separation plane passing by the collision point and with normal
vector dn. The predicted velocity vector vy, is computed by taking the vector
addition of v, and v¢. Left: Horizontal collision avoidance. Right: Vertical
collision avoidance.

At each time step, we determine the contact normal d,, for
each agent using the long range technique discussed in [12].
A vector v; on the plane of collision is then computed as
vy = d,, X a, where a is taken as a preferred global axis frame
vector. For horizontal avoidance, a is the y-axis of the global
frame. For vertical avoidance, a is the z-axis of the global
frame. This assumes that agents are moving on the zz plane.

The predicted velocity is computed next as:

Up = Vg + Up. 2)



Fig. 2.

Trajectories obtained by agents while avoiding collision in 3D. Left: agents avoid each other sideways, Middle: agents avoid each other vertically.

Right: agents avoid each other using RVO. In each column, both the top view (top column) and a side view (bottom column) are shown.

Figure 2 illustrates an example of the obtained behavior
with vertical and horizontal collision avoidance rules, also
comparing results with using RVO without plane based colli-
sion avoidance control.

V. RESULTS

Figures 3, 4, and 5 illustrate examples involving several
agents. While the presented rules can be extended and ap-
plied to generic separation planes, at this time we have only
evaluated the presented planes in global coordinates.

The automatic selection of a separation plane strategy can
be implemented in different ways according to the application.
For example, we have obtained initial good results by selecting
a plane that leads to reactive trajectories occurring in areas
minimizing the number of agents. This can be implemented by
measuring the density of agents around the collision avoidance
region and selecting a plane that lies in a low-density area.
Such approach favors the utilization of the non-used 3D
areas around each collision avoidance event, however does
not achieve any visible global pattern in the obtained collision
avoidance behavior.

VI. CONCLUSION AND FUTURE WORK

In this work we have proposed a simple yet flexible ap-
proach to extend the 2D Position-Based Dynamics approach
for crowd simulation to 3D, allowing flexible agent collision
avoidance behavior in 3D environments. Furthermore, we
have introduced separation planes for controlling the collision
behavior of the agents. We focused on providing an intuitive
manner to customize the 3D collision behavior of agents,
which can be clearly noticed in the comparison with the
3D RVO method. We did not observe a difference in the
smoothness of agent trajectories.

In the future, we plan to extend our work in several direc-
tions. First, we plan to incorporate an automatic rule-based
separation plane determination algorithm. Such algorithm will
select specific separation planes according to each encountered
situation, and will be able to provide a more powerful way to
model 3D-specific collision avoidance behavior for different

types of agents. Second, we would like to extend our system
to include motion model constraints for simulating different
types of holonomic and non-holonomic autonomous vehicles.
Finally, we are interested in capturing the group-like behavior
of non-human animals with PBD constraints. We believe such
additions will provide users with improved artistic fine-grained
control, in conjunction with other PBD constraints.
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Fig. 3. Simulation snapshots with both top view (top row) and side view (bottom row) of two groups of agents crossing each other based on the horizontal
avoidance behavior.

Fig. 4. Same scenario as in Figure 3 but using the vertical collision avoidance behavior.

Fig. 5. Same scenario as in Figure 3 but using the collision avoidance behavior provided by the 3D implementation of RVO.



