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Real-time navigating crowds: scalable

simulation and rendering

By Julien Pettré®, Pablo de Heras Ciechomski, Jonathan Mdim,
Barbara Yersin, Jean-Paul Laumond and Daniel Thalmann

This paper introduces a framework for real-time simulation and rendering of crowds
navigating in a virtual environment. The solution first consists in a specific environment
preprocessing technique giving rise to navigation graphs, which are then used by the

navigation and simulation tasks. Second, navigation planning interactively provides
various solutions to the user queries, allowing to spread a crowd by individualizing
trajectories. A scalable simulation model enables the management of large crowds, while
saving computation time for rendering tasks. Pedestrian graphical models are divided into
three rendering fidelities ranging from billboards to dynamic meshes, allowing close-up
views of detailed digital actors with a large variety of locomotion animations. Examples
illustrate our method in several environments with crowds of up to 35 000 pedestrians with
real-time performance. Copyright © 2006 John Wiley & Sons, Ltd.
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Introduction

We aim to provide tools to the cyberexplorer com-
munity, allowing them to populate their favorite virtual
worlds. To promote ease-of-use to a large public, we
need automatic and robust methods for preprocessing
environments that support navigation and simulation
tasks. We also need intuitive solutions to manage virtual
populations using high-level directives, for designing
both appearance variety and behavior in terms of
navigation. We introduce scalability in simulation and
rendering to preserve quality where attention is
centered.

The principle of our approach is first to structure any
virtual world into a graph capturing its topology. Unlike
previous methods, ours is capable of automatically
handling environments combining uneven and multi-
layered terrains. Second, we introduce a navigation
planning method adapted to produce a variety of paths,

*Correspondence to: J. Pettré, Virtual Realily Lab (VRlab),
Swiss Federal Institute of Technology, CH-1015, Lausanne,
Switzerland. E-mail: julien.pettre@epfl.ch

Contract/grant sponsors: Swiss National Research Foundation;
Marie Curie Action; contract/grant number: FPS-2004-Mobi-
lity-5.

naturally spreading the crowd. Pedestrians are steered
at different levels of complexity. This allow us to scale
simulations: computational resources are distributed in
order to preserve quality in the observed area. Fourthly,
the rendering engine reinforces believability by sup-
porting individual variety both in terms of appearance
and motion. Such a variety is due to models ranging
from dynamic meshes to billboards.

Related Work

Path Planning and Simulation
for Crowds

Moving several entities simultaneously using way-
points can be achieved using steering or flocking
methods."™ A sequence of way-points leading to a
prescribed goal can be computed automatically. For this
purpose, environments containing static obstacles are
analyzed and preprocessed in order to identify collision-
free areas.*® Collisions with dynamic obstacles, such as
other pedestrians, are then avoided using local reactive
methods based on a cell decomposition®” or repulsive
forces.>? Other approaches solve both navigation and
pedestrians inter-collision problems simultaneously,
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using prioritized motion planning ’cechniques.m’11 In

such approaches, navigation is planned successively for
each entity which then becomes a moving obstacle for
the following ones—the growing complexity limits the
number of people composing the crowd. The simulation
problem can be solved from the individual perception of
the environment: behavioral systems range from agent
models based on physical laws,'? particle systems,'® or
perception-action loops.'* Such models can be hierarch-
ical in order to satisfy performance requirements.'® Most
advanced crowd simulation systems, as for instance
Massive™, LegionTM, or Simulex™, implement such
models. However, they better fit off-line accurate
simulations, for example, for security or architecture
applications.

Our main goal is to simulate a large number of people
navigating in a believable manner for entertainment
applications. The first step is to efficiently solve the
navigation problem, mainly addressed by the Robotics
community.'® Among them, the probabilistic road-
maps approach (PRM)"” can be adapted to plan
individual locomotion.'®'® Other solutions are capable
of planning robot motion on rough terrains.?° Recently,
approaches tend to decompose environments into
walkable corridors, whose width allows group naviga-
tion.?! None of these approaches automatically handle
both uneven and multi-layered environments, which
are commonly encountered in virtual worlds. PRM-
based approaches suit high-dimensional problems
well. However, they are not the most efficient ones
for navigation planning when the problem is reduced
to three dimensions. We propose a novel approach
capable of decomposing such environments into sets of
interconnected cylindrically navigable areas. Terrain
analysis is inspired by Voronoi diagrams, and by
methods using graphics hardware to compute them.*
The resulting structure captures the environment
topology and can be used for solving crowd navigation
queries efficiently.

Crowd Visualization

Rendering a digital actor consists in updating the
animation, deforming the mesh accordingly, and
finally, texturing and lighting it. Brute force execution
of these tasks using a dynamic mesh, even with
specialized hardware, does not scale to a large crowd.
The first optimization is to decrease the geometric
model complexity according to the distance from the
camera, which is the key idea of a level of detail

approach.” In the case where such models are
animated using a dynamics-based technique, simu-
lation should be scaled.?* Otherwise, to reduce the cost
of animation updates as well as mesh deformations,
static or baked meshes can be used®*” where the
vertex deformations are precomputed with respect to a
set of animations. Another representation of static
meshes is through surfels.”**’ Image-based rendering
bypasses the need for animation updates and mesh
deformations as it works directly on the final projected
image on the screen. Bill-boarding is the de facto
standard for image-based rendering of crowds and was
presented in Reference 30]. It is possible to have
dynamically updated billboards as presented in
Reference [31], where parts of the body define a
billboard hierarchy.

Our goal is first to have a large crowd, which makes a
billboarding approach inevitable, and second, to be able
to have close interactions with characters, which
requires dynamic meshes at the forefront. The most
detailed pedestrians are animated using a motion-
capture based technique.''?**® In our case, a walking
motion database is generated from a motion blending-
based locomotion engine.** This database contains walk
motions at different velocities and styles; for each
pedestrian, the motion having the nearest speed to the
current one is chosen. We improve existing
approaches”?** by enhancing believability through
individual animation variety with the use of dynamic
meshes.

Structuring Environments

Environments are automatically preprocessed in order
to structure them into a navigation graph. This graph
supports both path planning and simulation by captur-
ing the environment topology, and distinguishing
navigable areas from impassable obstacles and terrains.
Navigable areas (graph vertices) are modeled as
cylinders with a variable radius. It is possible to go
from an area to another one when the corresponding
cylinders overlap: a vertical gate (graph edge), at the
cylinders intersection, models this connection. Naviga-
tion graphs are computed automatically from the
environment mesh and a small set of user-defined
parameters. The method is capable of handling environ-
ments combining both uneven and multi-layered
terrains. The required techniques to compute navigation
graphs from previously listed inputs are described in
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Figure 1. (a) From environment mesh to navigation graph—a 4-stage construction method. (b) Navigation planning: several
solution paths are provided to a single query; the graph is pseudo oriented for individualized trajectories (bottom-right image).

Reference [36], and we summarize here the different
computation steps, illustrated in Figure 1(a).

Step 1:

Step 2:

Navigation Grid Points. Navigation grid points
are deduced from 3D regular sampling of the
environment mesh'. Grid precision is user-
defined. Grid points must correspond to colli-
sion-free locations where characters are able to
stand: we filter those that are vertically super-
posed and separated with a too small distance.
Navigation Grid Mesh. We attempt to connect
each point to its neighbors: a connection

"Note that this not a 2.5 D elevation map: horizontal coordinates
may refer to several altitudes.

Step 3:

Step 4:

represent the ability for a character to move
between the two points. This means that the
in-between space must be obstacle-free and that
the terrain must be flat enough. As a result, each
point is potentially connected to its four neigh-
boring points. When a point is connected to
three neighbors or less, we deduce that it bor-
ders an obstacle or a too slopy area (and there-
fore it is named ‘border point’).

Clearance Map. The clearance of a grid point is
the distance to the nearest border point. Thus,
the clearance is a lower limit to the distance to
the nearest obstacle or slope.

Navigation Graph Construction. Graph ver-
tices are deduced from the grid points and the
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clearance: according to the clearance definition,
navigability is guaranteed in a cylindrical area
which is centered on the considered point and
whose radius equals the clearance.

In order to capture the environment topology in a
compact manner, we deduce the graph vertices only
from a subset of carefully (and automatically) selected
points. Edges are deduced from vertices geometry.

Our implementation of the method uses graphics
hardware-based operators (for step 1 and 2) and,
empirically turns out to be very robust. Many classes
of brute-from-design environments were tested: flat,
uneven, multi-layered, large/small, inside/outside
scenes etc. Due to the sampling done at the first step,
computation time (see the Results section for
examples) is not much sensitive to the number of
triangles composing the environment mesh; the ratio
between the environment size and the user-defined
precision is the most influent one. The required
precision depends on the size of the narrowest passage
to be captured (a quarter of this size is a sufficient
precision value). Oversampling the geometry is not
recommended, as it can result in high-slope angles
between some grid points (steps). However, this issue
can be fixed by averaging angles and smoothing
variations, that is, computing angles by considering n
contiguous grid points instead of only two in our
current implementation.

Navigation Planning and
Crowd Setup

Navigation planning is done when the crowd is
created. At this stage, the user can successively define
pairs of starting/destination points in the environ-
ment. For each one of them, one can define the number
of people to navigate in-between. Each submitted pair
of points is considered as a navigation query and our
goal is to solve it online. This way, the user can
compose the whole population of pedestrians inter-
actively. Since pedestrians navigate individually, our
navigation planning technique must provide a variety
of solutions, that is, for each pair of points, we want the
pedestrians to be spread out on different paths joining
them. Variety is obtained at two distinct levels. First, a
specific path search technique applied on the naviga-
tion graph allows to obtain a set of redundant paths
joining the two vertices submitted in a query. Each
solution path is a sequence of edges, that is, a sequence

of gates to cross, which delimits a corridor between the
two vertices. Second, for each path found, we exploit
the resulting corridor width to spread the pedestrians
again. The following sections describe these two
stages.

Multiple Navigation Itineraries

Given a pair of vertices, we want a variety of paths
connecting them. We first invoke Dijkstra’s algorithm to
find the shortest one. This shortest path is a sequence of
gates of various widths to cross. We then assume that a
congestion point appears along the path where the
thinnest gate is present. Therefore, we edit and increase
the corresponding edge cost” and allow a new Dijkstra
search, resulting in a new path. This is the key idea of our
specific path search technique. We iterate this process
until no more edge costs can be modified (only one cost
modification per edge is allowed). Figure 1(b) displays
several itineraries obtained with this method, for the
query of going from the left side of the environment up
to the footbridge. After the shortest path is found (top-
left image), many variants are discovered: their total
union is also shown.

Moving in Corridors

Each pedestrian chooses one of the previously com-
puted paths to reach his destination. The chosen path is
individually transformed into a way-point sequence
according to a parameter p € [0, 1]. On each gate to cross,
a way-point is generated. Its exact position on the gate,
from left to right, is linearly dependent on p. As shown in
Figure 1(b), bottom-right image, it is easier to compute
way-point coordinates if gates are oriented, thus
allowing to distinguish the left from the right according
to the crossing direction. We introduce a pseudo-
orientation of the graph based on vertex numbering.
For gates crossed in the reverse direction, 1—p is
used instead of p to compute the way-point location. In
Figure 1 (bottom-right image), the vertex in the middle
has a greater index than the two other ones, implying
such an operation on p. The Results section demon-
strates the ability of the method to plan the navigation of
thousands of pedestrians in real time.

“Initially, the cost of each edge is set to the distance between the
two centers of the linked vertices. When increased, cost is
multiplied by 10.
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Real-Time Crowd Simulation

The user has previously designed a moving crowd by
choosing pairs of locations in the environment and a
number of pedestrians navigating in-between. The role
of the simulation is to update each pedestrian’s situation
in real time according to the user’s directives. Once two
locations have been chosen, the pedestrian will continue
to navigate between them indefinitely. Our goal is to
preserve a maximum of computation time for crowd
rendering. As a result, our simulation model is simple,
mainly based on local instantaneous densities of
population. In order to handle a large number of
pedestrians, simulation is scalable: quality is enhanced
where attention is focused.

Simulation Model

The simulation model has three roles. The first role is to
spread pedestrians among the different available paths
between the two locations they must attain. As
pedestrians navigate endlessly between these two
locations, a new path is chosen each time they reach
one of them and must go back to the other one. A
corresponding set of individual way-points is com-
puted, according to the individual parameter p. The
second role of the simulation is to drive pedestrians to
follow the way-point sequence, and finally, its third role
is to avoid collisions between them.

To reach real-time performance, the simulation model
is essentially based on local instantaneous population
densities which are fast to compute. We use the space
partition provided by the navigation graph vertices to
evaluate local densities.

Way-points are always placed within a gate. As a
result, each time a pedestrian reaches his next way-
point, he transits from an area covered by a vertex to
another one. Thus, it is both easy and efficient to
maintain the list of pedestrians currently navigating in a
given vertex area. Local densities first influence the
pedestrians’” walk velocity. An empirical law from
literature relates walk velocity and population density.*”
This relation is also used to compute path costs: given
the population density, we evaluate the required time to
cross each vertex area and then deduce the complete
travel time. Each time a pedestrian has to choose a path,
he follows the one which currently has the shortest
traveling time. Finally, a potential field-based method
allows to avoid collisions between pedestrians: way-
points are attractive while pedestrians repulse each

other, as introduced in Reference [8]. Despite the
simulation model simplicity, the potential size of crowds
remains limited. To break limitations, scalability is
required. The next section describes how levels of
simulation are introduced.

Levels of Simulation

Levels of simulation (LOS) allow to distribute the
available computation time spatially and temporally
according to the spectator’s point of view: its quality is
enhanced where attention is focused and progressively
decreases toward invisible zones. First, we distribute
levels of simulation for each navigation graph vertex
according to the point of view, as illustrated in Figure 2.
An exact definition of simulation level distribution is not
the point of this section. Note that the highest simulation
quality is around the view point. However, it remains
high in front of the user, even at far, because the human
eye is sensitive to motion continuity; on the side views,
quality is progressively decreased until it becomes the
lowest one in invisible areas.

In invisible areas, the pedestrians’ situation is updated
at low frequencies, and only represented by a pro-
gression parameter. Elsewhere, different methods are
used to steer pedestrians toward way-points: a linear
steering is used for low-quality levels, while smoother
trajectories are produced using the method proposed in
Reference [3] for higher levels. Pedestrians’ elevation
computation is also scaled: the previously computed
navigation grid is used to deduce elevations from a
nearest grid point search or a bilinear interpolation.
Walk velocities are related to local population densities.
In highly detailed simulation levels, densities of
neighboring areas are taken into account to obtain
smooth accelerations. Thus, when a pedestrian is close to
exit from an area, the density of the next one becomes
progressively more important.

Finally, inter-collisions are checked between a limited
number of pedestrians. Indeed, at a far distance, collisions
are hardly detectable. As a result, we only solve them
where the simulation level is the highest. Nevertheless, if
a congested zone is observed, taking into account all the
pedestrians contained in such high-level vertices would
result in a prohibitive computation time. Thus, among
them, only those that are nearer than a specified distance
are selected. This distance is inversely proportional to the
local population density. Note that we use the list
referencing pedestrians for each vertex once again to
execute all previous tasks efficiently.

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 2. Distribution of the level of simulation and of the level of details (top images), and performance (bottom graphs).

Visualization

The goal of the real-time crowd visualizer is to render
a large number of entities according to the current
simulation state, which provides the position, orien-
tation, and velocity for each individual. System con-
straints are believability, real-time updates (25 frames
per second) and a number of digital actors ranging in the
tens of thousands. We make these actors believable by
varying their appearance (textures and colors) and
animation. Their graphical representation is derived
from a template as in Reference [38], which holds all the
possible variations. Thus, with only a limited set of such
templates, we can achieve a varied crowd, leading to
considerable time savings for designers.

Templates

A template is defined as:

e a set of three meshes with decreasing complexity
(LODs),

® a set of textures in gray scale (except for the skin)
identifying color modulation areas (pants, shirt, hair
etc.),

® a skeleton (kinematic structure),

® a corresponding animation database as skeletal
orientations (here 1000 different walk cycles gener-
ated using a motion blending-based locomotion
engine as presented in Reference [34]).

Each human in the visualization system is called an
instance and is derived from a template. Individualiza-
tion comes from assigning a specific gray scale texture
and a color combination for each identifiable region.
Instances have individualized walk velocities and are
animated by blending the available walk animations.

Pipeline

The rendering pipeline advances consecutively in four
steps. The first one consists in culling, that is,
determining visibility, and choosing the rendering
fidelity for each simulated human, as seen in Figure 3,
top-right image. By re-using the information stored in
the navigation graph of the simulation system, this task

Copyright © 2006 John Wiley & Sons, Ltd.
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is not done for each individual but at the vertex level (for
which the LOS is available), thereby determining
fidelities for a whole subset of characters at once.
During this phase, humans are distributed in three
different groups according to their fidelity level, which
ensures efficient batched rendering.

The next step of the pipeline is the rendering of
dynamic meshes, which are the most detailed fidelity
capable to interpolate animations based on skeletal
postures. According to the current instance state (linear
and angular walk velocities and time), animations are
retrieved from the database and interpolated, yielding a
smooth animation, with continuous variations of
velocities, and no foot-sliding. The resulting skeletal
posture is sent to a hardware vertex shader and
fragment shader deforming and rendering the human
on the graphics card.

Then, static meshes (also called baked or pre-
deformed) constitute the second rendering fidelity,
which keeps a pre-transformed set of animations using
the lowest resolution mesh of the deformed mesh in the
previous step. Pre-computing deformations allows
substantial gains in speed, but constrains the animation
variety and smoothness.

The final rendering fidelity is the billboard model
which, compared to previous approaches, uses a
simplified scheme of sampling and lighting. World-
aligned billboards® are used, with the assumption that
the camera will never hover directly above the crowd.
Thus, only sampled images around the waist level of the
character are needed. In our case, the templates are
sampled at 20 different angles, for each of the 25 key-

frames composing a walk animation. When constructing
the resulting texture, the bounding box of each sampled
frame is detected to pack them tightly together. When
rendering billboarded pedestrians, a specificity of our
technique is to apply cylindrical lighting instead of
using normal maps: each vertex normal is set to point in
the positive Z direction, plus a small offset on the X axis,
so that it points slightly outside the frame. We then
interpolate the light intensity for each pixel in the
fragment shader.

Results

We have implemented the previously described archi-
tecture and experimented it on several examples. After
presenting performance measures for both simulation
and rendering tasks, we illustrate our results in three
different environments and setups. One should refer to
the accompanying video to evaluate the results.

Performance

The graphs in Figure 2 illustrate the performance of our
application. The tests were measured on a desktop
computer’. The system is able to simulate a large
number of pedestrians with real-time performance. For
1000 pedestrians or less, the lowest quality rendering
levels are not even required. Interactive frame rates

3Pentium Xeon 3.2 GHz, 1 GB of memory, and a nVidia GeForce
7800 GTX (256 MB video memory).
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(10fps) are obtained with up to 30000 zoomed-out
visible pedestrians.

The graph computation time mainly depends on the
environment size and the defined precision: indeed, in
the case of the city, the intermediate navigation grid is
made of a large number of points and many distance
computations have to be performed to deduce the
clearance map. Given the complexity of Dijkstra’s
algorithm, path planning computation time essentially
depends on the number of edges and vertices compos-
ing the graph.

Ieranarium

In this first example, we illustrate the simulation model
abilities to efficiently spread a crowd of people
navigating between the same pair of starting/destina-
tion points. The environment is introduced in Figure 3:
the Itranarium is a crowdy touristic place where 1000
pedestrians walk between the indicated points 1 and 2.
The environment topology allows many itineraries. The
average frame rate during video capture is of 30 fps.
First, we observe that people are walking everywhere,
meaning that paths computed at the navigation plan-
ning step cover the whole environment. Second, we note
that the simulation model allows a good distribution of
people on paths (see the accelerated part of the
accompanying video).

City

This second example illustrates a large urban environ-
ment, where we define eight significant destinations.
A population of 35000 pedestrians is composed of 7
groups (of 5000 pedestrians each) navigating back and
forth between pairs of previously defined locations. Both
simulation and rendering use all the available levels of
detail. Due to path variety, even with such a reduced set of
destinations, pedestrians are spread and no place remains
empty. During exploration, the frame rate ranges from 10
(for large views of dense areas) to 20fps. As expected,
places defined as significant destinations are more
densely populated than others. Mandatory passages such
as the bridges around the hotel, are highly crowded.

Discussion and Future Work

Future work directions include quality and performance
improvements with the possibility of handling larger

crowds and environments. First, the navigation graph
usage is limited to static environments. However,
addressing a dynamic one is feasible by splitting or
disabling vertices where new obstacles appear or move.
The challenging point is to reconfigure the planned
navigation interactively for a potentially high number of
moving pedestrians. Second, environments that are
both highly complex and large may result in high-
dimensional navigation graphs. Indeed, navigable areas
can only be modeled as cylinders in our current solution.
We aim to explore two directions to solve this limitation:
the first one is to introduce new shapes for delimiting
areas, the second one is to introduce hierarchical graphs
with at least distinct levels for the topology of the
geometry.

Behavior is limited to locomotion. To allow inter-
actions between users and digital actors, the behavioral
model of pedestrians should be improved. Also, path
decisions are taken before leaving a starting point and
not reconsidered until the destination is reached. This
occasionally leads to unrealistic behaviors, where
people wait for a specific passage to be freed while
the surrounding ones are less crowded.

Integrating static objects as occluders would improve
visibility culling results, and lead to a better distribution
of levels of simulation. For rendering, the fidelity levels
are set at static distances and should instead adapt either
to the number of pedestrians currently visible on the
screen, or to the local population densities. So, in the case
where only a few pedestrians are visible, they would all
have high-quality levels, even far from the camera.

In conclusion, we have presented a solution for
simulating and rendering large navigating crowds in
virtual environments. This solution is based on an
automatic geometric analysis resulting in a navigation
graph which captures the environment topology. The
graph sustains a navigation planning technique specifi-
cally made to provide varied solutions, a scalable
simulation of pedestrians, and an efficient pedestrian
culling before rendering. The crowd rendering engine
improves existing solutions by enhancing fidelity.
Thanks to dynamic and static meshes at the forefront,
we obtain high-quality animation and appearance. We
have validated our solution on several examples.
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