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ABSTRACT

In this paper we present an interactive collision detection
algorithm for complex and deformable objects. For two
target models, our approach rapidly calculates their region
of interests (ROI), which is the overlapping of their axis
aligned bounding boxes (AABBs), in CPU. The surfaces
of both models inside the ROI are then voxelized using a
novel GPU-based real-time voxelization method. The resul-
tant volumes are represented by two 2D textures in video
memory. The collision query is efficiently accomplished by
comparing these 2D textures in GPU. The algorithm is ro-
bust to handle arbitrary shapes, no matter geometric models
are convex or concave, closed or open, rigid or deformable.
Our preliminary implementation achieves interactive frame
rate for complex models with up to one million triangles on
commodity desktop PCs.

Categories and Subject Descriptors

1.3.3 [Computer Graphics|: Picture—image generation;
1.3.5 [Computer Graphics]: Computational Geometry and
Object Modelling—object representations

General Terms
Algorithms

Keywords

Collision detection, graphics hardware, voxelization, defor-
mation

1. INTRODUCTION

Collision detection plays an important role in computer
graphics and its related areas, such as electronic entertain-
ment and educational applications. Without it, the reality
and immersion feelings of the user would be significantly
weakened. In the past decades, collision detection has been
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well studied, and various approaches have been developed[21,
27]. However, interactive collision detection is still a very
challenging problem with growing scene complexity and di-
versity. On the one hand, though there are approaches for
detecting collisions between deformable objects [14, 16, 26],
most current collision detection methods are focused on han-
dling rigid objects which limits their applicability. On the
other hand, many typical algorithms have shown good per-
formance for regular geometry models. But their efficiency
decreases dramatically with highly complex geometry mod-
els.

In this paper, we present a novel approach for interac-
tive collision detection between complex models as well as
deformable objects. The key to achieve interactive per-
formance in our context is a highly efficient voxelization
algorithm exploiting the newest features of programmable
graphics hardware. The rest of the paper is organized as
follows. Section 2 reviews related work. Section 3 describes
our new method. Section 4 presents experimental results.
Section 5 concludes the paper and proposes future work.

2. RELATED WORK

At a broad level, collision detection methods can be clas-
sified into two categories: object-space methods and image-
space methods.

Most object-space methods employ a variety of software
techniques such as bounding volume hierarchies, space par-
titions, and other optimization ways [3, 4, 6, 7, 8, 9, 19, 20,
13, 24, 25, 26, 30, 32, 35]. As these optimization techniques
inevitably involve additional data structures besides model
geometries, object-space methods inherently depend on the
model representation scheme and the scene complexity is
often limited.

There are also many methods exploiting the computa-
tional capabilities of graphics hardware for collision detec-
tion [1, 31, 33, 34]. These methods follow a simple mode to
perform computations in image space and often involve no
preprocessing. Early work mainly concentrates on utilizing
depth and stencil buffers for collision query. Whereas, they
only work for closed objects, or even convex objects, and re-
quire frequent accessing of frame buffers, which is costly on
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18, 23, 28, 36]. Most of them can handle collision queries
for deformable objects but limit to closed objects and suffer
the same overhead as frame buffer accessing is concerned.



More recently, Govindaraju et al. [14] introduce a fast colli-
sion detection approach among multiple deformable objects
based on the concept of potentially colliding set (PCS) using
graphics hardware. However, for complex objects, this algo-
rithm has to group the individual triangles of objects into
sub-objects for PCS computation as a preprocess, which re-
duces its generality.

Specifically, volumetric representation of objects can be
used for fast collision detection [5, 11, 12, 15, 29, 38]. Among
them, the algorithm proposed by Heidelberger et al. em-
ploys a view-dependent Layered Depth Image (LDI) decom-
position of the intersection volume to compute the volu-
metric intersections of 3D shapes [16]. The algorithm needs
depth sorting of the read results at each frame and its perfor-
mance is not only dependent on scene complexity, but also
on scene depth complexity. In addition, the construction of
LDI can not avoid accessing the frame buffer as well.

3. COLLISION DETECTION METHOD

3.1 Overview

Our approach takes two models with arbitrary shapes as
inputs. The interferences between them are checked only on
their boundaries. Our solution to collision detection is based
on the observation that two objects have interferences if and
only if their surfaces intersect!. Likewise, their volumetric
representations have shared voxels given that the representa-
tions are accurate enough. As a result, we first compute the
region of interest (ROI), i.e. the overlapped region of their
axis aligned bounding boxes (AABBs). We then perform
voxelization for surfaces of both objects inside the ROI, and
query collisions by checking whether there is at least one
common voxel occupied by both resultant volumes. Note
that, the voxelization is a computation-intensive process and
requires lots of computing resources [2, 10, 22, 37]. Our
main contribution lies in that we propose a scan-conversion-
based voxelization method which is feasible for voxelization
of surfaces in real-time for complex models by exploiting the
newest features of programmable graphics hardware. Figure
1 illustrates the pipeline of our collision detection algorithm.
We will elaborate each stage in the following sections.

ROI Generation Voxelization Collision Query

(GPU) (CPU+GPU)

(CPU)

Figure 1: Our collision detection pipeline.

3.2 ROI Generation

Obviously interferences between two objects take place
only in the intersected part of their bounding volumes, and
hence the voxelization and collision query need not be per-
formed in the whole scene. We simply traverse all vertices
of both models and get their AABBs respectively. The in-
tersection of the objects’ AABBs, which is also an AABB,
forms the ROI (region of interests). We have implemented
a CPU version and a GPU version for calculating the ROI,
finding that their efficiencies are almost the same. We choose

!The case where one object lies completely inside the other
is neglected.

the CPU implementation since it is more flexible and con-
trollable. Further, the objects are traversed again to re-
trieve the primitives (triangles) that are partially or entirely
located in the ROI. These valid primitives are then classi-
fied according to the scheme described in the next section
and sent to dynamic vertex buffers which are placed in AGP
all the time. The ROI generation and the retrieval of valid
primitives can be finished at a very low cost in CPU while
reducing the redundancy and complexity of the further pro-
cess in GPU.

3.3 Real-Time Voxelization

In standard rasterization hardware, triangles are scan-
converted into a 2D frame buffer. Only the frontmost frag-
ments are kept in the frame buffer storing the rasterization
results. Whereas, voxelization is a 3D rasterization proce-
dure and hence a discrete voxel space is required. The voxel
space consists of an array of voxels that store all voxelized
values. It can be represented as 2D or 3D textures in graph-
ics hardware. Since writing directly to 3D texture is not
supported in mainstream graphics card on PC platform, we
choose to encode the volume in 2D texture. We call the
texture worksheet as it records all voxelization information.
Note that each texel in the graphics card typically consists
of four components for red, green, blue and alpha channels
respectively. Depending on the bit-depth of each voxel, one
texel can represent one or multiple voxels. For instance,
an 8-bit red component can store 8 voxels for binary vox-
elization. The conversion from volume space to worksheet
invokes an encoding procedure called tezelization. The stor-
age of worksheet equals the size of the volume. For example,
one 2048 x 2048 texture with four components is sufficient
for binary voxelization at the resolution of 5123. Note that
the width and length of a worksheet may be very large and
it might be divided into multiple patches. Each patch has
the same width and length as that of the volume which cor-
responds to a slab of the volume along some axis direction
(Figure 2). In high volume resolution cases, multiple work-
sheets are required. To simplify the explanation, we suppose
that one worksheet is used.

. Worksheet

Slab

Slab
Patch

Slab

Slab

Volume

Figure 2: The worksheet versus the slabs of the vol-
ume.

The conversion from the triangles to the discrete voxel
representation is accomplished in programmable graphics
hardware. The volume is generated slab by slab. In other
words, the worksheet is filled patch by patch. For each slab,
only the triangles that intersect the slab are processed. Each
chosen triangle is rasterized against an axis direction along
which it has the maximum projection area. The position
of each voxel is transformed to its 3D volume coordinates



immediately. These coordinates are used to find the cor-
rect position in the worksheet. Note that, the discrete voxel
space is only a virtual concept and is not explicitly repre-
sented. In order to add a voxel to the worksheet, a blending
operation is carried out at corresponding location. When all
triangles are processed, the worksheet encodes the discrete
voxel space.

The 2D rasterization in standard graphics hardware in-
volves a 2D linear interpolation process. If a triangle is par-
allel to the rasterization direction, the interpolation process
results in a line segment in the discrete voxel space. There-
fore, a triangle should be rasterized along the direction that
is most parallel to its orientation. And three directional
sheet buffers are used as intermediate space during the ras-
terization and texelization procedures. Each sheet buffer
represents a part of the discrete voxel space. After these
sheet buffers are accomplished, an additional process is per-
formed to transcode them to the final worksheet (Figure 3).
In this stage, each element is first transformed to the dis-
crete voxel space and then encoded to the appropriate texel
in the worksheet. Actually, the worksheet reformulates the
slabs of the volume along a desired axis direction.

2D to 3D 2D to 3D

Sheet buffer along Z Sheet buffer along X

3D to 2D 2D to 3D

Discrete Volume Space

Composited Worksheet Sheet buffer along Y

Figure 3:
buffers.

Synthesis of three directional sheet

To sum up, the voxelization algorithm consists of three
stages as follows.

e Rasterization The triangles are rasterized to the dis-
crete voxel space.

e Texelization Each voxel is encoded and accumulated
in some directional sheet buffer.

e Synthesis Three sheet buffers are transcoded to the
worksheet representing the final volume.

3.4 Collision Query

Collision query is carried out as a subsequent stage fol-
lowing the voxelization process. The voxelization results of
both models are represented by two textures in video mem-
ory. To accomplish collision query, a screen-filling rectangle
is rendered with these textures and each pixel of them is
compared pairwise. If there are common voxels shared by
the two textures, the objects are regarded as colliding each
other. The collision query is accomplished by programmable
fragment shader combining the occlusion-query functional-
ity. Occlusion query can report the total number of colliding
voxels rapidly. By this way, the collision status between the

two models is reported. To obtain detailed interference in-
formation, we can encode the identification of each primitive
instead of just the occupancy during the voxelization pro-
cess. In this way, exact information about which triangles
of both models are colliding can be retrieved from the 2D
textures by frame buffer accessing. However, due to the lim-
ited bandwidth between host memory and video memory, it
is hard to achieve in this mode interactive frame rates yet.

3.5 Extension to Handling Deformable Mod-
els

As illustrated in Figure 1, our collision detection pipeline
makes no assumption about the motion of objects or any
spatial/time coherence between successive frames. There-
fore, it can be easily extended to detecting collisions for de-
formable models. For deformable models, deformation takes
place at each frame. The computation of deformation can be
accomplished in either CPU or GPU. We propose to put the
computation of deformation in CPU because it is still costly
and inconvenient to implement complex deformation with
programmable graphics hardware. Considering deformable
models, we can extend our collision detection pipeline to
that of as illustrated in Figure 4.

Voxelization Collision Query

Deformation L
(GPU) (CPU+GPU)

ROI Generation
CPU) T | (cpu

Figure 4: Collision detection pipeline with extension
to deformable models.

4. RESULTS AND DISCUSSION

Our algorithm has been implemented on a PC with a
single 2.4 GHz Pentium IV CPU and 2GB RAM. An ATI
Radeon 9800 Pro graphics card with 256 MB RAM is con-
figured in our experiments.

We implemented all examples using binary voxelization
under the volume resolution 256%. Figure 5 demonstrates
the stages of the collision detection for two deformable mod-
els. The dolphin model has 564 triangles and 284 vertices.
The cylindrically shaped deformable object has 6,804 trian-
gles and 3,416 vertices. Their intersected parts are shown
in the middle row of Figure 5. The bottom row of Figure 5
illustrates two different frames where 538 and 358 colliding
voxels are detected respectively.

In our algorithm, the computational overhead of collision
detection mainly consists of the time costs for the voxeliza-
tions of two models as well as collision query. While the com-
putation cost of voxelizing models is dependent on model
complexities and the volume resolution, the cost of collision
query is constant under the same volume resolutions (e.g.,
around 15ms for a 256 volume in our testing cases) since it
is performed in image space. Table 1 lists the voxelization
performance in milliseconds for four complex models ranging
from about 650k triangles to about 1.8M triangles, as illus-
trated in Figure 6. According to Table 1, for two complex
models with about 1 million triangles each, collision detec-
tion can be accomplished in about 175ms (80+80+15). We
have tested 50 rigid models and the timing for collision de-
tection between models with different complexities is plotted
in Figure 7. For example, if both models have 800k triangles,
collision detection can be accomplished in 155ms.



A cylindrically shaped deformable object
with its AABB

A deformable dolphin with its AABB

The ROI (shown in red color) The surfaces of both models inside the ROI

Collisions detected in the ROI
(538 colliding voxels, shown in red color)

Another configuration of the models
(353 colliding voxels, shown in red color)

Figure 5: Illustrations of collision detection between
two deformable models. The whole procedure is ac-
complished in 115ms, among which 40ms are spent
on deformation computations, 60ms are spent on
voxelizing the models and 15ms are spent on query-
ing the results.

Model #Triangles | # Vertices | Voxelization Time
Hand 654,666 327,694 68ms
Dragon 871,326 439,370 70ms
Buddha 1,087,514 550,868 78ms
Blade 1,765,388 898,796 95ms

Table 1: Voxelization timing of different models. All
models are voxelized in 256 x 256 x 256 resolution.

The accuracy of our algorithm depends on the volume
resolution. Suppose that the length of the ROI is /, and the
ROI is uniformly voxelized into 256 voxels along each axis,
then the maximum error between the accurate model and
its voxelized counterpart is less than 1/31/512. We think
this kind of accuracy is enough for typical graphics-related
applications.

Our method is similar to the LDI method proposed in [16]
for collision detection. However, our method differs with the
LDI method in at least following three aspects.

e Our algorithm traverses the object only once while the
LDI method has to render the object the same times
as the scene depth complexity.

e Our regular sampled volumes ensure the order of sam-
pled points and avoid re-sorting and region filling to
the depth lists.

e Our method is view independent and the memory con-
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Figure 6: Illustrations of four complex models.
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Figure 7: Timing statistics for collision detection be-
tween rigid models with different complexities. Vol-
ume resolution: 256°.

sumption for voxelizing objects is fixed for a certain
volume resolution, while the LDI method is view de-
pendent and needs to allocate the storage space dy-
namically.

5. CONCLUSION AND FUTURE WORK

The approach presented in this paper takes a pair of gen-
eral polygonal objects as input, and detects collisions be-
tween their surfaces. It makes no assumption about the
motion of objects or any spatial/time coherence between
successive frames. As a result, it can be used to detect col-
lisions for rigid objects as well as deformable models. The
algorithm is robust due to its simplicity and the credibility
of the voxelization results. More specifically, the algorithm
is efficient even for highly complex models.

One drawback of our approach is that the accuracy of
collision detection is limited to the resultant volume resolu-
tions. While this sounds like a severe weakness, the volume
resolutions under our current implementation are sufficient



for most graphics related applications. Moreover, the lim-
itation can be removed by recording the identifications of
primitives (triangles) when voxelizing objects, and using our
method as an on-line pre-processing step before accurate in-
tersection tests between primitives (triangles).

We will focus on the following two issues in the future
work. First, we will develop a robust scan filling method to
realize solid voxelization, which facilitates the identification
of the case where an object is embedded entirely in another
object. Second, we will extend the algorithm to collision
query between different representations of objects such as
point based models, parametric surfaces, implicit surfaces
and CSG models. In fact, our framework for collision detec-
tion does not put any restriction on model representation
schemes as long as voxelizations of the models can be per-
formed in real-time.
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