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Abstract
In current city visualisations crowds are being included to increase realism in the scene. With the self-steering
nature of crowds it is traditionally difficult to control the number of humans that could be in view at any one
time. While rendering speedups have been successfully applied for many years, this paper takes another approach
with the aim to keep a steady frame rate. We attempt to influence the crowd dynamics to maintain the frame rate,
without this becoming apparent to the user. We show how this work can be applied to a virtual reality tour of a
medieval town.

Categories and Subject Descriptors (according to ACM CCS): I.3.8 [Computer Graphics]: Applications I.2.9
[Robotics]: Autonomous vehicles

1. Goal

The work presented in this paper is associated with the
EPOCH project [EPO04], to recreate the medieval town of
Wolfenbuettel and populate it with a number of interactive
avatars at interactive frame rates by limiting the movement
of the crowd. Our current work extends the CHARISMATIC
[HFDA03] project in researching rapid methods for mod-
elling and rendering large scale urban environments. Fig-
ure 1 shows a typical scene with a small number of high-
resolution avatars.

2. Background

Rendering scenes of complexity beyond which can be visu-
alised in real-time in their native form, has been the focus
of work for many years. Funkhouser and Séquin[FS93] pre-
sented a framework which has the ability to render objects in
the static scene at different complexity and rendering meth-
ods. While the sizes of scenes attempted and the bottlenecks
of rendering have changed, the basic concepts of their work
have much validity in scene rendering today.

The main focus of the work is adapting the quality of the
image to maintain a consistent frame rate. This is a com-
mon idea to a number of the methods that focus on real-time
speedups. However for dynamic objects there are other is-
sues and possible solutions.

Figure 1: Example screenshot of the Wolfenbuettel scene
with an avatar guide

There has been significant work on reducing the ren-
dering overhead for displaying a crowd of virtual hu-
mans. Image based rendering has shown promise at vi-
sualising crowds of a significant size (over 1000 people)
[TC02, ABT99, LTC01]. Figure 2 shows an example screen-
shot from our implementation of image based rendering for
avatars. These methods are suitable for large crowds that are
maintained at a distance to the camera. There are significant
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memory overheads, along with a very limited animation set
allowed for each character. Geometry based Level of Detail
(LOD) systems can provide increased visual fidelity; includ-
ing avoiding the aliasing problems associated with image
based methods. However a combined approach, using ge-
ometry for near the camera and impostors for those further
away, removes many of the problems associated with each
[ABT00].

Figure 2: Example of Image Based rendering, using a nor-
mal map to allow for dynamic relighting

Maintaining a consistent frame rate cannot be solved by
reducing the rendering cost of each individual human. Each
human has the ability to move freely about the scene and
thus it is possible that at any time an unacceptably high num-
ber of Virtual Humans (VHs) will be close to the camera. It
is possible that instead of using fixed distance switching for a
LOD solution, these boundaries could be moved based upon
the number of people within view. This will lead to a repre-
sentation being viewed closer than originally intended, pos-
sibly resulting in lower quality results. Thus with standard
rendering techniques alone it is not possible to maintain re-
fresh rate, image quality and also a navigable path through
the scene. In this paper we examine the adjustment of crowd
dynamics as a solution to this problem.

Path planning for crowds is traditionally based upon robot
locomotion schemes. Robot locomotion problems can be
split into the following groups:

• Roadmap approaches, an example of which is [KL94]
• Cell Decomposition, Bandi and Thalmann [BT98] present

an implementation for humans
• Potential Field, Reif and Wang [RW95] extend to include

social forces
• Rule based, [Rey99]

In addition to those spawned from the robot locomotion
field, there are other possible solutions. Chenny [Che04] pre-
sented a velocity field based solution, which allows a de-
signer to assign directions of travel for a crowd through

a scene. However, the limiting nature of the constraints of
the method does not make it suitable for crowd movements
within a complex city (for example crowd paths cannot
cross).

Our implementation is built upon a rule based solution,
due to the desire to alter each person’s "driving" forces on a
frame by frame basis. Craig Reynolds presented simple rule
driven particles [Rey87, Rey99] for the simulation of flocks
and crowds through emergent behaviour. The behaviour of
each particle is unpredictable over a moderate time scale.
Crowd behaviour for a large crowd can be a significant over-
head for the system. Boids in its native form is O(n2) (where
’n’ is the number of people in the scene), however with use
of spatial data structure this overhead can be reduced to al-
most O(n). Due to ease of implementation and generation
of satisfactory crowd dynamics for testing our methods, the
Boids framework [Rey99] was chosen for our test bed. How-
ever, we believe the concepts are transferable to other frame-
works.

Lamarche and Donikian [LD04] present a method for
automatically pre-processing a complex scene and produc-
ing real-time paths through the scene. They focus on fast,
low cost path finding with collision avoidance and reaction.
Through spatial subdivision they generate a roadmap which
they search during runtime to allocate paths. These paths are
then adapted with local driving rules to handle social rules.
An advantage of their method over many is they can handle
indoor and outdoor navigation in one system. The run-time
overheads of their results indicate that this method shows
good promise, though little mention of the perceived visual
quality of the results is given.

Tecchia et al. [TLCC01] present a framework for develop-
ing behaviour rules. They split the problem into four layers:

• Inter-collision detection layer for collision between the
people

• Collision detection layer for collision of the people
against the scene

• Behaviour layer for local rules governing a person
• Callback layer for including any pre-scripted behaviour

for a particular point in the scene

The end result is a framework very similar to our own,
though more formally specified, with a detailed graphics
user interface. However, little mention is made of any rules
on which to base the crowd movement, beyond elementary
test rules.

Group based behaviour and path planning has also been
the focus of much work. Kamphuis and Overmars [KO04]
present an extension to allow a group of people to be as-
signed a path (generated by a standard path finding algo-
rithm). While our framework handles each VH as an individ-
ual entity, it would be an interesting extension to handle the
fact that people travel in sub-groups of varying size within a
crowd.
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Our implementation uses OpenSG [Ope04] which pro-
vides:

• State Sorting
• Multi-threading support (allowing clustering)
• Optimized geometry handling (stripes etc)
• Platform independence
• View volume culling
• Open source implementation for ease of extendibility

A converse strategy to ours for creating crowds in a scene
is presented by Ulincy et al [UdHCT04]. They present a
graphical interface, "a brush metaphor", in which the user
paints the position (and attributes) of the crowd in a scene.

The main advantage of the method is the natural system
of placing static people within the scene. There still needs
to be in place a behaviour system for the crowd, to move
the entities once the simulation starts. The paper mentions
that their framework has a simple waypoint driven simula-
tion. Therefore it would be an interesting extension to com-
bine our work with the intuitive interface of the paintbrush
metaphor.

3. Framework

In this section we present how we classify the Virtual Hu-
mans (VHs) in a scene relative to the viewer. Each VH in the
scene is classified twice (see Figure 3 & Figure 4). Firstly,
each VH is classified depending on if they are located in-
side one (the Outer) or both of the view volumes. Secondly,
the world space is divided into circular regions based on the
distance from the camera, with each VH within one of these
regions.

3.1. View Frustum Classifications

Two viewing areas are maintained in our framework. The
first, or inner, area is a 2D triangle closely linked to the view
frustum used for rendering. It differs in two respects from
the viewing volume of the graphics engine. Firstly the sides
are always vertical in the Y-axis. This calls for a navigation
system where the camera is prevented from rolling (only yaw
and pitch are permitted). Secondly, we do not maintain near,
top or bottom sides. The "Personal Space" region replaces
the concept of a near plane, while top and bottom are not
required given the nature of the scenes.

The second volume is identical to the first, except as
shown in Figure 3, the apex point is behind the viewer, caus-
ing the left and right edges to be outside the viewing volume.
This additional area is maintained in order to act as a bound-
ary layer between those VHs that are invisible and have no
inter-human collision testing, and those VHs that are visible
and thus have full collision detection. When in the boundary
zone the humans are not visible, but they are subject to col-
lision detection. This is required to avoid situations where
two or more virtual humans enter the viewing volume in the

same place, are subject to collision detection and are forcibly
separated within view (Figure 5). Outside the outer volume,
navigation is still maintained on the VHs, but they are not
subject to collision detection, nor are they rendered.

Figure 3: Threshold distances and viewing volumes

Figure 4: Full geometry vs. billboard zones

3.2. Level of Detail Control

In both Figure 3 and Figure 4 the three threshold distances
used for grouping the VHs are shown. The inner-most dis-
tance (dark circle) represents the personal space of the user,
which the VHs are prohibited from entering. This is main-
tained both to avoid graphical errors (artefacts with the near
camera clipping plane) and to emulate real-life, where peo-
ple cannot occupy the same physical space.

The second threshold distance is the boundary between
3D geometry VHs (high detail) and image based billboard
VHs (low detail). The value chosen for the boundary dis-
tance is based on a combination of factors:
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Figure 5: Humans A and B are entangled and will be in view
next frame. They are forcibly separated before that happens,
ensuring that the separation does not place either within the
view volume instantly

• Minimising the number of geometry avatars
• Avoiding aliasing artefacts due to the billboard projected

size being larger than the original texture
• Minimise "popping". At certain viewing angles a notice-

able ’pop’ may happen on switching between representa-
tions due to the billboard being an approximation of ge-
ometry for this viewing angle

As the number of VHs increases (in a general scene in-
creasing both the number of low detail and high detail VHs),
the number of billboards being occluded increases, allowing
for a closer threshold distance.

Figure 6: Dense crowd

In a dense crowd situation close to the viewing position,
depicted in Figure 6, the second and third distance thresholds
can be significantly reduced. In this case some, or all, of the
popping and aliasing artefacts are hidden by the occlusions
caused by the near VHs. Likewise in a sparse crowd situa-
tion, depicted in Figure 7, the boundaries can be pushed back
to allow a consistent number of high resolution VHs.

We proposed two different methods for controlling the

Figure 7: Sparse crowd

placements of "resolution boundary". The first option is to
allow a fixed number of high detail representations and re-
size the boundary to maintain this number.

The second option is to adjust the number of high resolu-
tion humans based on the frame rate, thus taking into account
the overall amount of detail within the scene. This method is
beneficial when the complexity of each individual VH is sig-
nificantly lower than the background scene complexity. Also
this allows for additional refinement of the scene when cam-
era speed is low and when high speed is required, the fidelity
can be sacrificed.

The third threshold distance represents not a level-of-
detail threshold, but a point beyond which the behaviour of
the crowd does not concern us - the "Unimportant Thresh-
old" - see Figure 3. At this distance the VHs are far enough
away that they cannot change to high-resolution in the near
future, thus they are not to be considered for path alteration.

Additionally, not shown in the diagrams, a fourth bound-
ary may be included to represent the far clipping plane of the
graphics engine. How this is implemented and where it falls
in the rendering pipeline is dependent on the graphics engine
/ scenegraph structure used (i.e. it may be provided automat-
ically). While geometry is not sent to the graphics card for
objects beyond this distance, navigation for these humans
must be maintained. Although, the fidelity of the dynamics
for these crowd members can be reduced to the most basic of
path following, i.e. ignoring inter-person collision detection
and avoidance.

4. Dynamics Modification

As previously stated, the number of high-resolution VHs is
limited in order to maintain an acceptable frame rate. Once
this threshold number has been reached, the behaviour of the
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crowd must be adapted to deviate the low-resolution VHs
away from the high-resolution area. The Boids framework
has the ideal solution for this in ’Obstacles’.

We are concerned with maintaining a maximum polygon
count for all VHs. When all high-res VHs are the same poly-
gon count (unrealistic simplification) the polygon budget is
determined by:

(NHPH)+(NLPL) ≤ Pbudget

Where PH is the number of polygons for a high-resolution
VH; PL the number of polygons for a low-resolution VH;
NH is the number of high-resolution VHs in view; NL the
number of low-resolution VHs in view. In the general case,
where there are a different number of polygons in each VH,
the polygon budget is determined by:

(

NH

∑
i=1

PH (i)

)

+(NLPL) ≤ Pbudget

4.1. Camera Obstacles

We introduce an obstacle that moves with the camera to
cover the visible high resolution area. However, all of the
VHs in the scene are not subject to this obstacle as this would
cause no high-resolution VHs. When the number of high-
resolution humans falls below the threshold we deactivate
the obstacle for the low-resolution avatars.

Our experiments with the size and number of obstacles
(only circular shaped obstacles are available in the current
framework) have shown that two overlapping obstacles cov-
ering the frustum immediately in front of the camera give the
most aesthetically pleasing and numerically accurate results.
Figure 8 shows the arrangement. Obstacle 2 overlaps the sec-
ondary frustum, which has the effect of pushing VHs away
when the camera turns and thus preventing them from get-
ting too close. This does not change our original definition of
the high/low-resolution threshold, as the regions covered by
the obstacles closely approximate the high-resolution region,
with the uncovered parts being outside the view volume.

4.2. Scene Obstacles

In addition to the obstacles that move with the camera, there
are obstacles to represent the fixed geometry in the scene.
These are typically rectangles slightly larger than the build-
ings they represent. Only a few centimetres of clearance are
required to stop the VHs touching the walls. Other obstacles
are easily included e.g. circles for trees, lamp posts, etc.

4.3. Special Cases

Additional constraints have been added to the framework to
handle cases when the user is moving too quickly.

Figure 8: Obstacles

4.3.1. High Speed Rotation of the Camera

The "Outer frustum" is present to avoid this problem. The
maximum angular velocity is naturally high, so this can
cause a human outside both view areas to move inside the
main view in a small amount of time. In an extreme situa-
tion the human would be outside the outer area in one frame
and inside the inner area in the next. If unchecked, this would
cause problems as two humans in collision could potentially
appear close to the camera. To prevent this, a method of sep-
aration is used such that a pair of humans that find them-
selves entangled (Figure 5) is instant, and designed so that
after separation, neither human is within the inner volume.
The maximum speed of rotation and gap between the frus-
tums is set to ensure all virtual humans are caught in the gap
for at least one frame when the user turns.

4.3.2. Camera Collisions

As the user navigates through a scene it is inevitable that they
attempt to navigate through a VH. The approach we adopt
is that on colliding with a VH the movement of the cam-
era is slowed or stopped. Changing the path of the camera,
i.e. overriding the user’s ’wrong’ input is potentially annoy-
ing for the user and would yield non intuitive results for the
navigation system. Another option we consider is the lesser
extreme, where there is time to detect the impact and avert it
by allowing the VH to move out the way.

If the user attempts to move through a dense crowd it is
unrealistic to expect free navigation. The dynamics of how
we move through would require a high detail simulation,
outside the scope of this work. We are aiming for a visually
satisfactory result, not a physically correct one. We modulate
the user’s speed depending on the crowd density, effectively
slowing the user in proportion to the density of the crowd.
This allows the crowd enough time to disperse away from
the desired walk path.
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Figure 10: Walkabout in lightly populated scene. Navigation speed is twice the maximum speed of the VHs.

Figure 9: Screenshot of a densely packed crowd

5. Results

Figure 9 shows an example of a densely packed crowd scene
within the Wolfenbuettel model. In Figure 10 results for a
typical walkabout in a lightly populated scene are shown.
50 VHs are in the scene, with a fixed high-resolution limit
of 12 (24% of total). The user’s walking speed is approxi-
mately twice that of the VHs, resulting in the high-resolution
limit being exceeded several times. In figure 11, the walking
speeds are equal, resulting in very few limit exceptions.

Figure 12 shows what happens when turning anti-
clockwise in a very densely populated scene (far beyond the
required number for most populated scenes). The positions
of the obstacles can be clearly seen, and it is clear that the
low-resolution VHs are being pushed. The group circled in
the figure are potentially in view. Very densely populated

scenes do tend to suffer with VHs bunching together on the
periphery of the obstacles.

Figure 12: Turning anti-clockwise

6. Conclusion

The methods presented in this paper have shown promise
in the test situations. The results indicate a more consistent
number of people within the high resolution boundary. Thus
in the full virtual tour framework it translates to a more con-
sistent polygon count due to the avatars in the scene.

The extension to the Boids framework presented has in-
troduced very little performance overhead. However in a sys-
tem which relies on pre-processing the scene to achieve real-
time results, consideration would be needed to handle the
dynamic objects we use to influence crowd behaviour.
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Figure 11: Walkabout in lightly populated scene. Navigation speed is equal to the maximum speed of the VHs.

7. Future Work

In Figure 13 an extreme case scenario is shown, the user is
walking into a dead-end alleyway, with the high-resolution
threshold cutting off the exit for the VHs. In this example
the VHs are unable to move away from the user. As the user
moves further up the alleyway, the VHs become more com-
pressed and thus a high proportion of them will become high
resolution. Short of culling or merging VHs, no simple so-
lution presents itself to prevent this problem. The layout of
scenes needs to be carefully considered with exit paths pro-
vided.

Presently the virtual humans have a limited understanding
of their environment; they do not understand differences be-
tween, for example, roads and pavements. Extensions to the
VH’s understanding of the environment, similar to Marchal
and Loscos [ML02] would aid the realism.

In our system people are always on the move. This is un-
realistic of natural crowd behaviour and thus an aim is to add
some loitering rules to the framework. However, when a VH
is in a static location, we lose the option of deviating them
away from the camera to maintain our low:high resolution
mix. Thus we would have to return them to an automotive
state.

Additionally, the behaviour of the crowd is not as realistic
as we would have liked when they are being affected by the
camera obstacles (see Figure 12). This is due to our deci-
sion to use the OpenSteer framework and is one feature we
would change in any future implementations. The ideal solu-
tion is motion prediction of the virtual humans, which would
allow for detection collisions earlier and provide more real-
istic motion.

We have assumed all scenes are flat, or sufficiently flat, to
be able to ignore the problems associated with hills and other
contours. The path planning does not take the incline as a
factor and thus unnatural paths may be generated. Adding
rules for ascending and descending different gradient slopes
is a possible extension.
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