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Abstract
This paper presents a new approach to optimising the rendering of large crowded scenes for use in virtual envi-
ronment walk-through applications. We combine an existing impostor rendering technique with new approximated
visibility techniques to display scenes populated with large numbers of virtual humans.

1. Introduction

We are concerned with the efficient display of large crowded
environments. Aubel et al. [1] optimised the rendering using
an image based rendering approach. However, computation
effort scales with scene complexity with their approach. We
adopt the method used by Tecchia et al. [5], with the addition
of output sensitivity to alleviate scaling problems.

Output sensitive rendering has been widely applied to
static scenes [2]. However, to the authors’ knowledge, ef-
ficient output sensitive rendering is yet to be achieved in
crowded scenes. Visibility determination has been an area
of interest since the start of the computer graphics field, ini-
tially to solve the Hidden Surface Removal (HSR) problem.
We focus on an approach which efficiently rejects invisible
geometry before submission to the graphics pipeline, where
HSR is performed by the z-buffer.

2. Rendering Virtual Humans

We adopt the technique presented in [5] for rendering, where
images of the virtual human are captured and stored in mem-
ory for angles around the object for each frame in the anima-
tion. The number of images stored due to camera samples
captured is a tradeoff between accuracy of impostor repre-
sentation to actual model, and memory overheads. Through
the use of multi-pass rendering with differing alpha test val-
ues, we blend colours into the textures at run-time to give the
illusion of visual variety with a single model.

3. Partial Visibility Data Structures and Concepts

A partial occluder occupies a volume of space which re-
stricts visibility through the volume by some amount, known
as the solidity value (SV). This information is used during
the visibility approximation algorithm to approximate a vis-
ibility value (VV) of each object or subspace in the scene.
A shadow volume (or area in 2D) is computed for each par-
tial occluder, given an observer position. The portion of the

scene which lies inside a partial occluder’s shadow volume
is said to be partially occluded by the partial occluder. For a
partially occluded object, or subspace of the scene, a visibil-
ity value (VV) is approximated. The VV of an object is the
percentage of the object that is visible from a given observer
position.

3.1. Data Structures and Management

Given a computer model, the data structures are initially con-
structed at a pre-processing phase, before any visibility com-
putations are performed. The following sections discuss the
underlying data structure construction phase and describe
the run-time management required.

3.1.1. Occluder Synthesis

This phase analyses the scene and synthesises suitable par-
tial occluders. A set of cells that have desirable visibility
properties are identified. Our implementation of this phase
uses a quad-tree data structure to recursively divide the scene
until a desired cell size or number of objects per cell is
achieved. The contents of the cell are then projected onto
its boundary, and a SV is approximated for the cell as the
percentage of the boundary that is occupied by these projec-
tions. As the virtual humans are free to move from cell to
cell, cell containment information must be updated to iden-
tify virtual humans that have moved from one cell to another.
The SV of each cell must also be updated.

3.1.2. Adjacency Graph

The scene is organised into a spatially subdividing data
structure which is similar to the work by Teller [6] where
spatial cells are connected to neighbouring cells by portals to
create a structure known as an adjacency graph. In our struc-
ture we distinguish between two different spatial cells, a cell
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is either a free cell (containing no useful partially occlud-
ing geometry), or a partially occluding cell (containing suf-
ficient useful partially occluding geometry). An adjacency
graph connects all neighbouring cells. This graph is com-
puted once as a pre-process and dynamically updated only
when the size of a partial occluder changes. This structure
allows efficient traversal of the subspaces of the scene dur-
ing run-time.

4. Visibility Computation

Our run-time visibility method approximates the visibility
information for a given observer position. The visibility in-
formation is updated each time the observer’s position is
changed beyond a given threshold. We use a breadth first
search of the adjacency graph data structure to encounter
spatial cells in a front to back order. As a partially occluding
cell is encountered, it is tested with the view frustum. If the
partial occluder lies inside the view frustum, a new shadow
volume is calculated, and the partial occluder is added to the
back of a queue. We call this the Encountered Partial Oc-
cluder queue (EPO). As a new target cell is encountered the
EPO set is used to approximate the degree of visibility of
the target as follows: the visibility of a target cell is calcu-
lated using all shadowing volumes, considering the solidity
of the shadow casting partial occluder. The percentage of the
target cell that lies inside a shadow volume is multiplied by
the SV of the partial occluder that casts the shadow, and the
visibility of a target is calculated in this way considering all
shadow volumes encountered on the traversal before reach-
ing the target object.

5. Rendering Phase

In [3, 4] we described how a VV can be used to speed up
the rendering of a natural environment. This involves reduc-
ing the number of rendering primitives sent to the graph-
ics pipeline based on the visibility of each object. The ob-
jects that are completely visible are sent to the graphics
hardware in full detail, while those that are less visible use
a coarser representation, typically consisting of fewer ren-
dering primitives. Additionally, objects which have a VV
that is sufficiently low are culled from the rendering process
completely. Heuristic threshold values are used to determine
when LOD switches are performed and objects are culled
from the rendering phase. Adjusting these heuristics allows a
trade off between image quality and rendering performance.
More specifically, before rendering the scene database, each
object in the database is placed into a set that determines
how it will be rendered based on the VV of the object from
the observer’s current location. The rendering of each object
is determined by a number of heuristics: a number of LOD
thresholds, and a cull threshold.

Figure 1 shows rendering times of scenes rendered using
the method proposed in [1], combined with view frustum
culling, (light line). Rendering times are also shown of the
method proposed in this paper dark line.
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Figure 1: Dark (upper) line - using the presented approach.
Light lower line - our implementation of the approach pre-
sented in [1].

6. Conclusions and Further Work

A new approach to approximating visibility calculations has
been proposed that allows visibility information to be ob-
tained at run-time with negligible CPU overhead. This tech-
nique has been applied to rendering dynamic crowd scenes
to achieve output-sensitive rendering, allowing large scenes
to be displayed at interactive frame-rates when viewed from
ground level.

In this paper focus has been paid to the efficient render-
ing of large crowded environments using the proposed par-
tial visibility techniques. There is still much work to be done
to the area of efficient management of such large scenes as
computation of human behaviour can become very demand-
ing with large numbers of virtual humans.
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