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Statement of Problem
First responders need a new generation of technology and resources to prepare for and
respond to terrorist attacks, natural disasters, and large-scale emergencies. Next-generation
simulation and experiential technologies for first responders can help better prepare them for
evacuation planning and disaster response, better facilitate training experiences, and enable
leaders and law-enforcement personnel to optimize their tactics using “what-if” simulations that
are based on actual situations in which they might work. To accomplish these goals, new sets
of technologies for evacuation planning and disaster response in urban environments are
necessary. These include real-time technologies for simulating large groups of heterogeneous
crowds consisting of non-uniformly distributed groups of people and “agents” (real, virtual, or
constructive) with independent behaviors and goals, and urban traffic over a complex road
network.
Crowds, ubiquitous in the real world from groups of humans to schools of fish, are vital
elements to model in a virtual environment. Realistic simulation of virtual crowds has diverse
applications in architecture design, emergency evacuation, urban planning, personnel training,
education, and entertainment. Existing work in this area can be broadly classified into agent-
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based methods (Reynolds, 1987), which focus more on individual behavior, and crowd
simulations, which aim to exhibit emergent phenomena of the groups (Bellomo & Dogbe, 2008;
Braun, Bodmann, & Musse, 2005). Pedestrian dynamics of heterogeneous crowds exhibit a
rich variety of collective effects, including lane formation, oscillation, chemotaxis, and panic
effects.
Given the existing models and methods available, the research questions are as follows:
Are existing methods sufficient to model large groups of heterogeneous crowds for real-time
training? What are the most effective approaches for training and improving the first
responders’ readiness for unexpected events? How can we evaluate and validate the results of
crowd simulations for these given applications?

Background
An extensive body of literature exists on crowd simulation and dynamics in computer
graphics as well as architecture, psychology, social sciences, and civil and traffic engineering
(Helbing, Buzna, & Werne, 2003; Helbing, Buzna, Johansson, & Werner, 2005; Wilkerson,
Avstreih, Gruppen, Beier, & Woolliscroft, 2008; Zhang, Liu, Liu, & Zhao, 2007). Various
approaches have been proposed for modeling movement and simulation of multiple human
agents (Zarboutis & Marmaras, 2007), crowds, or individual pedestrians (Thalmann et al.,
2006; Zheng, Zhong, & Liu, 2009). They can be classified based on specificity, such as
problem decomposition (discrete versus continuous, local versus global, etc.).
Discrete Methods
Discrete methods rely on discretization or sampling of the environment or of the agents.
Some common approaches (Thalmann, O'Sullivan, Ciechomski, & Dobbyn, 2006) include the
following:
Agent-based Methods: These are based on the seminal work of Reynolds (1987) and
can generate fast, simple local rules that can create visually plausible flocking behavior.
Numerous extensions that have been proposed account for social forces (Cordeiro, Braun,
Silveria, Musse, & Cavalheiro, 2005), psychological models (Pelechano, O'Brien, Silverman, &
Badler, 2005), directional preferences (Sung, Gleicher, & Chenney, 2004), sociological factors
(Musse & Thalmann, 1997), and other factors. Interesting techniques for collision avoidance
have also been developed based on grid-based rules (Loscos, Marchal, & Meyer, 2003) and
behavior models (Tu & Terzopoulos, 1994).
Cellular-Automata Methods: These methods model the motion of multiple agents by
solving a cellular automaton. The evolution of cellular automata at the next time step is
governed by static and dynamic fields (Hoogendoorn, Luding, Bovy, Schrecklenberg, & Wolf,
2000; Aube & Shield, 2004). The static fields are used to capture the environment, and
dynamic fields are used to capture the movement of the agents. Although these algorithms can
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capture emergent phenomena, they are not physically based. Different techniques for collision
avoidance have been developed from grid-based rules (Loscos et al., 2003) and behavior
models (Tu & Terzopoulos, 1994).
Particle Dynamics: Computing physical forces on each agent is similar to an N-body
particle system (Schreckkenberg & Sharma, 2001; Helbing et al., 2003). Sugiyama and
colleagues (2001) presented a 2D optimal velocity (OV) model that generalizes the 1D OV
model used for traffic flow. Under this model each agent attempts to move at its optimal
velocity under constraints from other particles. Group formation under the OV model has been
stochastically studied (Nakayama, Hasebe, & Sugiyama, 2005); however, this approach does
not accurately capture real pedestrian movement.
The generalized force model (Helbing et al., 2003) captures various interactions among
agents as social forces and has been demonstrated to be capable of capturing several crowd
phenomena. However this model does not scale well to large crowds. A major “bottleneck” in
these systems is the cost of nearest neighbor queries for large crowds. Another problem is that
this model has previously been applied to simple scenarios and can result in agents getting
stuck in local minima for more complex environments.
Continuous Methods
The flow of crowds or multiple agents can be formulated as fluid flows. At low densities
crowd flow is like that of a gas, at moderate densities it resembles fluid flow, and at high
densities it has been compared to granular flow (Helbing et al., 2005). More recently, Treuille,
Cooper, and Popovic (2006) proposed a novel approach for crowd simulation based on
continuum dynamics. They compute a dynamic potential field that simultaneously integrates
global navigation with local obstacle avoidance. The resulting system runs at interactive rates
and demonstrates smooth traffic flows for three to four groups of large crowds that are moving
with common goals. This work, however, is not designed for heterogeneous crowds whose
individual behavior characteristics and goals are unique.
Local Versus Global
Most agent-based techniques use local collision avoidance techniques that consider only
a small neighborhood of “nearest neighbors.” They cannot give any guarantees on the
correctness of global behaviors or provide any high-level way-finding capability. Global path
planning and navigation techniques are needed to provide goal-seeking capability and to
model individual intentions. In practice, global planning algorithms typically use graph search
techniques for each agent (Bayazit, Lien, & Amato, 2002; Funge, Tu, & Terzopoulos, 1999;
Lamarche & Donikian, 2004; Sung, Kovar, & Gleicher, 2005). Pettre, Laumond, and Thalmann
(2005) proposed a graph structure that decomposes the space into multi-layered terrains to
support fast graph search for multiple characters. Sud, Andersen, Curtis, Lin, and Manocha
(2008) introduced a new data structure, Multi-agent Navigation Graph (MaNG), to perform
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route planning and proximity computations for each agent in real time by using graphics
hardware and efficient culling techniques. However, none of these methods can simulate
thousands of virtual humans in real time.

Synthesis
Agent-based techniques focus on modeling individual behavior and intent. They offer
many attractive benefits, as they often result in more realistic and detailed simulations.
However, individuals constantly adjust their behavior according to dynamic factors in the
environment (e.g., another approaching individual). Therefore, one of the key challenges in a
large-scale agent-based simulation is global collision-free path planning for each virtual agent
and behavior modeling. These problems can become very challenging for real-time
applications with a large group of moving agents, as each is a dynamic obstacle for others.
Moreover, there may be other dynamic obstacles in the scene, and the underlying applications
cannot make any assumptions about their motion. Many prior techniques are either restricted
to static environments, only perform local collision avoidance computations, or may not scale
to complex environments with hundreds of agents. The use of solely local methods can result
in unnatural behavior or “getting stuck” in local minima. These problems tend to be more
challenging in a dynamically changing scene with multiple moving virtual agents (i.e., a moblike scene). Therefore, although models and methods exist for modeling heterogeneous
crowds, their performance and generality are insufficient for real-time training.
Given the state of the art in modeling crowds, it is important to combine both local and
global methods, as well as continuous and discrete models, to generate robust solutions for
simulating diverse groups of heterogeneous agents and capture the richness of their distinct
behaviors.

Future Directions
Highly dense crowds exhibit a low interpersonal distance and a corresponding loss of
individual freedom of motion. In dense crowds, the finite spatial extent occupied by humans
becomes a significant factor. This effect introduces new challenges, as the flow varies from
freely compressible when the density is low to incompressible when the agents are close
together. This characteristic is shared by many other dynamic systems consisting of numerous
objects of finite size, including dense traffic. Techniques must be developed to model highly
dense crowds, as the existing methods do not work well in these scenarios.
Furthermore, it is possible today to extract the motion flows of a video, which can in turn
be used to drive a crowd simulation, thus providing a platform for policy makers and intelligent
analysts to evaluate “what-if” scenarios. In doing so, one must have an interactive mechanism
to “edit” and “re-direct” the agents in the crowd simulations. Therefore, there is also a need to
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develop new methodologies for directing the flow of virtual agents in a simulation and
interactively control a simulation at runtime to evaluate various test case scenarios.
Finally, due to their limited use (e.g., they are not applicable to large-scale dynamic
scenes or dense crowds), the existing methods cannot always provide a reliable predicted
measure on response times using a simulation-based system under varying conditions (e.g.,
variations in exits, pathways, the number of agents, crowd density, and traffic). Furthermore,
few experiments have been conducted to evaluate the correctness of the existing models. One
future challenge in proposing better modeling and faster simulation techniques would be formal
and experimental validation of these emerging models in a meaningful way.
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