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a b s t r a c t

Simulating realistic crowd behaviors is a challenging problem in computer graphics. Yet,
several satisfying simulation models exhibiting natural pedestrians or group emerging
behaviors exist. Choosing among these model generally depends on the considered crowd
density or the topology of the environment. Conversely, achieving a user-desired kinematic
or dynamic pattern at a given instant of the simulation reveals to be much more tedious. In
this paper, a novel generic control methodology is proposed to solve this crowd editing
issue. Our method relies on an adjoint formulation of the underlying optimization proce-
dure. It is independent to a certain extent of the choice of the simulation model, and is
designed to handle several forms of constraints. A variety of examples attesting the bene-
fits of our approach are proposed, along with quantitative performance measures.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Animating a crowd of thousand of individuals is a chal-
lenging task. Most of the time, human crowds exhibit very
subtle and specific patterns. The variability of crowd
dynamics and behaviors is a consequence of the diversity
of the persons inside it (age, sex, social and psychological
attributes), as well as the spatial configuration of obstacles
and lanes. Nevertheless, several models exist, that can
either rely on per-individual strategies, usually grouped
under the denomination of steering behaviors or micro-
scopic models, or in contrast on a global definition of the
crowd flow and properties: the macroscopic models.
Assessing the quality of those models is usually difficult,
since several criteria can be evaluated: computation per-
formances, presence of emerging behaviors, individual tra-
jectories respecting the least effort principles, etc. In the
context of civil engineering, those models can provide a

lot of information about potentially dangerous areas or
bottlenecks where problems are likely to occur. The con-
text of graphics is slightly different since animators usually
have a precise idea of what they want to show, which may
differ from what is actually given by the simulation mod-
els. A possibility is then to tweak the different parameters
of the used model, in a trial-and-error fashion, until the
simulation is acceptable. It is easy to understand that this
strategy, depicted in Fig. 1a, is likely to fail for most simu-
lation models regarding the complexity of the dynamics
inherent to the crowd if the animator tries to obtain a de-
sired kinematic or dynamic pattern at a given time in the
simulation process. This calls for automatic procedures
that can reach those constraints while preserving the spec-
ificities of the crowd models. This notion of controlling a
crowd is investigated in this paper. In practice, because
of the discrete nature of pedestrians (and thus the highly
discontinuous nature of the solution space), the use of sim-
ple gradient based methods yields some difficulties related
to collision handling between individuals. This issue has al-
ready been encountered in the control of multibody
dynamics in [33], where the authors suggest to select a
solution from a set of samples (computed on-line on a clus-
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ter of machines). In this paper, we propose a combination
of a gradient based method along with an heuristic to ex-
plore several distinct paths in the solution space.

1.1. Contributions

In the presented article, the control of a crowd is seen as
an editing process, in the sense that the trajectories pro-
duced by the simulation model are deformed to achieve
users constraints (Fig. 1b) while minimizing the discrep-
ancy with the simulation model’s dynamics. The types of
constraints can be twofold: (i) per-individual constraints,
meaning that the user can specify its own properties re-
lated to pedestrians (like positions, velocities or even
shape-related information) or (ii) macroscopic constraints,
such as respecting a given velocity field or higher order
dynamical information, like the divergence or rotational
components of a velocity field. Those two types of con-
straints are illustrated in the rest of the paper. Our optimi-
zation process uses recipes from optimal control of
variational models by formulating the problem with the
adjoint theory [16]. It is virtually adaptable to any kind
of simulation model provided that it can be analytically de-
scribed as a variational system. This is usually the case
with crowd dynamics model, but not anymore if one con-
siders cognitive modeling of pedestrian steering behaviors.
Also, the quality of the produced animation strongly de-
pends on both the realism of the controlled model and
on the nature of the constraint imposed by the animator.
In that sense our method augments the latent qualities of
a given crowd model but is not meant to produce system-
atically more realistic simulations than advanced tech-
niques. In other words, the resulting scene after control
using the model and the users constraints is optimal, but
not the model which basically stays the same.

1.2. Outline of the paper

First, a presentation of the related work is performed in
Section 2, and an overview of the control process is given
in Section 3. The optimal control of dynamical system,
along with its requirements are then presented (Section 4).
Algorithmic aspects of this control will notably be ex-
plained in this part. In Section 5, a variety of control are ap-
plied on a generic dynamic crowd model to illustrate the
power of our method and quantitative convergence results
are also presented, before a discussion and a conclusion
end the paper (Section 7).

2. Related work

We first begin by giving the main approaches of crowd
simulation, which we dissociate from the idea of crowd
control. We also discuss other control works such as fluid
ones.

2.1. Crowd simulation

Simulating crowd of individuals has drawn a lot of
attention over the past decades for the potential interests
of computer graphics, but also for safety engineering or
robotics applications. The different models are commonly
divided into two categories: microscopic and macroscopic.
Microscopic approaches tend to model member of the
crowds as agents with specific behaviors. Sophisticated
behavior models seek autonomous agents endowed with
goals and specific attributes [20,30], but for a somehow
limited number of individuals. Oppositely, their motions
can be the result of simple laws, such as in the seminal
work of Reynolds on flocking [27]. Designing and tuning
these laws is now known as the steering problem, for
which several solutions exist thanks to different strategies;
for examples interacting particles under psychosocial
forces [8], reproducing experimental observations [23],
principle of least effort [6] or vision based strategies [22].
The most recent methods allow to simulate large scale
crowds at interactive framerates with convincing emer-
gent behaviors of the groups. Another recent trend is to
capture from the real world heterogeneous behaviors of
pedestrians to add variety in the simulation and possibly
realism. This is the case in [14,15], where authors capture
individual trajectories of pedestrians and reuse them in an
online fashion. Conversely, macroscopic models generally
consider the crowd as a whole and model its dynamic by
means of continuum mechanics equations, allowing analo-
gies with the domain of computational fluid dynamics
[10,32,26,21]. This type of modeling works well with dense
crowds where the weight of individual decisions is some-
how weakened, but fails to describe realistic interpersonal
collision avoidance behaviors or heterogeneous crowds
with individuals exhibiting distinct goals or motivations.

2.2. Simulation control

Controlling a crowd to achieve a given effect is a rather
difficult task, mostly because the only control parameters
are those of the simulation model, which are generally
not designed for it. Ulicny and colleagues [34] are the first
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Fig. 1. Differences between a user operated control of a crowd simulation model (a) and the control procedure (b) proposed in this paper.
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