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Abstract

The simulation of cloth is a demanding task that has become impor-
tant throughout the past years. The importance of interactive envi-
ronments for deformable objects like cloth or fabrics in general but
also human skin has been increased as the entertainment industry is
aiming for constantly improved realism. Also the cloth industry is
starting to make product catalogues be available online in interac-
tive ways. The only possibility to grant maximum freedom to the
user (who is the customer) while exploring the fabric is to model
products virtually. This imposes new challenges to preserve realis-
tic and equally important accurate ”look and feel”. The mentioned
domains have in common that collision detection is needed during
the rendering phase. Fabrics might look perfectly realistic by utiliz-
ing modern texture functionalities but if the geometric modeling of
collisions is messed up, i.e. the cloth intersects itself or the model it
is fitted to, the impression is quickly destroyed. Collision detection
of deformable objects is a demanding task, however, and interac-
tivity is not easy to reach. In this paper I present some traditional
and some new approaches to overcome the problem of complex de-
formable objects interacting with themselves or a virtual world.

CR Categories: I.3.5 [Computational Geometry and Object Mod-
eling]: ;— [I.3.7]: Three-Dimensional Graphics and Realism—
Animation

Keywords: cloth modeling, collision detection, knitwear, de-
formable surfaces

1 Introduction

The modeling and simulation of knitwear and other fabrics has been
an area of active research over the past fifteen years. The computer
graphics community is aiming for constant enhancement of mod-
eling and rendering techniques in order to produce virtual fabrics
with a realistic ”look and feel” for the cloth. At the same time, de-
formable surfaces induce a number of difficulties. One of these is
the problem of collision detection for non rigid objects that will be
discussed thoroughly in this paper.

Besides that, there are a number of issues one has to deal with
when it comes to realistic cloth simulation. In the modeling pro-
cess, the decision about the mesh structure has to be made. The
most common approach is the use of triangle meshes but collision
detection has been carried out on time-dependent parametric sur-
faces [Herzen et al. 1990] and subdivision surfaces [Grinspun et al.
2001] as well. Another representation would be particle systems as
used in [Fuhrmann et al. 2003]. Some of the approaches introduced
here work with arbitrary mesh structures and some require pretty
strict restrictions (i.e. closed meshes, mesh topology, etc.).

Also, the cloth model itself, namely the internal cloth dynamics,
need to be constructed. A simple but common model that is used
by [Bridson et al. 2002] for example (the approach is discussed in
more detail later) is the following mass-spring model (details in
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[Louchet et al. 1995]): springs are used to connect the immediately
neighbouring particles (masses) that are arranged in a rectangular
grid. Additionally, there are diagonal springs that support shearing
as well as springs connected to every second node to avoid bend-
ing. The model is adapted by different authors, i.e. Bridson et al.
made corners and edges heavier to produce more realistic results.
Again, many collision detection algorithms are indepedent of the
underlying model.

Besides these structural issues, also the rendering process itself is
an other crucial issue for realistic virtual cloth. The topic is pre-
sented well in [Sattler et al. 2003] where a bidirectional texture
function (BTF) is calculated from measurements of real-world fab-
rics to obtain valuable material for creating a mesostructure, the fine
but visible-to-the-eye structure of a given material.

The issues mentioned above are of great importance for realistic
cloth rendering but as a basis have the need for efficient collision
detection in common. Even if the rendered fabric is of high quality
and looking realistic: if the collision detection fails and the fab-
ric intersects itself or backfaces can be seen, the impression is de-
stroyed.

There are issues, though, why collision detection is hard to perform
for deformable, time dependent surfaces. The most obvious is the
large number of possible collisions: each point on the surface might
possibly collide with almost every other point. This fact gives rise
to performance problems. Naive methods that try to monitor all
possible collision points quickly halt the simulation. To overcome
this, some approaches do not try to prevent 100 per cent of the colli-
sions but prevent the most likely ones (a considerably less amount)
and deal with the collisions that occured in a post processing step.
The above mentioned method of [Bridson et al. 2002] dealt with
the large number of potentially colliding points this way. Their ap-
proach will be discussed in more detail later.

Also, a natural attribute of fabrics is their thinness. It is obvious
that this can lead to disturbing artifacts even if only a rather small
amount of collisions is not detected due to the fact that backfaces
are likely to appear in this case.

A lot of work has been performed on the collision detection topic
during the past two decades. It is not possible to cover it all here
so I will concentrate on some interesting approaches and describe
them in more detail. The rest of this paper is organized as fol-
lows: In Section 2 a number of collision detection methods will
be presented. Among them bounding object hierarchies or distance
field approaches. Also, an image based method is presented that is
fundamentally different than the other approaches. While most tra-
ditional methods handle collision in object space, the image based
method operates in image space making use of graphics cards depth
and stencil buffers. The section covers experimental results, too. I
give a summary and conclude in Section 3.

2 Collision detection of Fabrics

As mentioned above collision detection for deformable surfaces is
a complex domain and the search for efficient methods is subject
to active research. Rigid body collision detection on the other hand



has been performed for decades (i.e. ever since virtual worlds in 2D
or three dimensional space have been build in computer graphics).
Although it is still an active area of research, the community gets
more and more attracted by the more difficult problem of collisions
in the domain of fabrics and other deformable surfaces.

Collision detection for cloth and other fabrics is challangeing due
to new issues, among them:

• Fabrics are time dependent deformable surfaces. Therefor,
not only the collision detection but also the mesh structure
needs to be recalculated for every time step. Together, this is
computational problematic.

• There is a large number of possible collisions as in deformable
meshes potentially every node can collide with any triangle
other than the triangles it is part of and every edge can collide
with any other edge except for its immediate neighbor edges.

• The thinness of fabrics (and the fact that usually backsides
are not modelled) makes missed collisions problematic: even
few can cause visually unpleasing results not only of fabrics
intersecting themselves but also by visible backfaces.

In the following sections I will present some interesting approaches.
Not all of them are new or designed especially for cloth rendering
but might be adopted by few changes or expansions. I will first
present two bounding volume approaches, afterwards I describe dis-
tance field methods. The third presented method deals with vox-
elisation to prevent collisions and is followed by a conceptionally
different approach, namely an image based method (in contrast to
the before mentioned object-space methods).

2.1 Hierarchies of bounding objects

[Bridson et al. 2002] focused their work on realistic collisions and
friction (i.e. folds and wrinkles) in cloth animation. The work has
been inspired by [Moore and Wilhelms 1988] who proposed repul-
sion forces and exact impulse-based treatment for contact and high
velocity impact respectively. Moore and Wilhelms’ paper can be
considered as pioneer or early work in the domain of collision de-
tection for deformable objects, but introduced basic concepts like
the division of the problem into detection and response to colli-
sions. Also they describe the commonly used spring model to react
to collisions accurately.

In their paper, Moore and Wilhelms also discribe the today well
known equations for testing, if a point intersected a triangle during
a time step. The equation is presented as

P+(P′−P)t = P0 +(P1−P0)u+(P2−P0)v

where P and P′ represent the points’ location at t = 0 and t = 1
(i.e. at the start and end of the time step), respectively. The Pi
are triangle vertices and the parameters u ≥ 0, v ≥ 0 must suffice
u + v ≤ 1 in order to represent a triangles’ parametrisation. If the
equation can be solved (by matrix inversion) yielding 0≤ t ≤ 1 and
u≥ 0, v≥ 0 width u+v≤ 1, the point has collided with the triangle
during the time step. Further on, the authors describe the equation
also for moving triangles which is much more complex and yields
a 5th order polynom that has to be solved (by binary search, as 5th
order polynoms can not be solved analytically).

The second main contribution is the presentation of a collision re-
sponse model using springs. A spring is temporarily attached to
two points that are approximating one another or that have already
interpenetrated. Some spring equation K/d is applied where K is

the spring constant and d the distance. Thus, as d converges 0, the
function goes to infinity. The determined force is applied in the op-
posite direction of the two approaching objects, thus pushing them
appart. As extension, a second force (in the opposite direction)
might be used to pay attention to the now receding objects. This
way, they are not pushed appart too far. The extension models in-
elastic collision while without it an elastic collision is constructed.

[Bridson et al. 2002] relied on the basic cloth model using springs
(that has been described in the introduction), too. Not to obtain
visually unpleasing compressed or stretched triangles, a correction
algorithm is used: Different from traditional approaches where a
postprocessing step changes the position of nodes that have moved
over 10 percent, Bridson at al. applied corrective impulses in cases
where a velocity based prediction led to the result that the spring
would be deformed more than 10 percent of its rest length. Doing
so has two advantages.

• First, the behavior of real fabric is similar: until a certain per-
centage, deformation is relatively easy (i.e. little resistance),
but above that, the critical deformation is reached and the fab-
ric becomes stiff.

• Second, in contrast to the postprocessing approach, the nodes
are not moved after the time step. This ensures that no new
collisions (which are likely in the other case) are introduced.

The algorithm for friction and collision detection is as follows: For
each time step, first the new positions and velocities as well as
the average velocity is calculated with the cloth internal dynamics
(notice the separation of collision detection and dynamics engine).
Then, the initial positions are checked for proximity. This is done
by a hierarchical bounding box algorithm. The hierarchy is build
up at the beginning of the simulation with bounding boxes covering
single triangles being the leaves and a box around the whole fabric
being the root node (the inner levels are created by merging adja-
cent pairs of lower level boxes). Also, a bounding box hierarchy
is created for leaf nodes that cover a triangle at its current position
and at the predicted position after the time step to take the moving
mesh into account. Now collision detection is performed for the
hierarchies by testing the current box against the root node and, if
intersection occured, recursively against its children. The test then
breaks down to testing potentially colliding points against triangles
and edges against edges.

Consequently, repulsion and friction are applied now. Repulsion is
used to eliminate all or most of the collisions and thereby interpen-
etration while at the same time ensures a realistic behavior (the over
all result is a mesh that seems to collide). When two points of the
mesh have a close proximity in the order of the fabric thickness, re-
pulsion forces that are oriented in the reversed moving direction of
the points are applied. Since the impulse is inelastic (i.e. each point
is moved away fom the other one at the average speed of their ini-
tial approximation speed), this way the cloth pieces are prevented
from colliding. When pieces of the fabric are too close together, a
second repulsion force is applied to model the compression of cloth
fibers. These second repulsion forces are modeled as spring forces
to obtain a more realistic behavior. Friction is done by Coulomb’s
friction model, see [Bridson et al. 2002] for details.

The authors emphasize that not all interpenetrations can be sup-
pressed by their repulsion force approach. This is due to the fact
that the positions of vertices on the mesh are checked at discrete
time steps. Collisions, however, might occur also between the steps.
Also, collisions might be oriented in the false direction. That is,
points of colliding surfaces are oriented in a way, that the collision
response would push the points together instead of appart. One
way to deal with the fact is to rewind the simulation and process the
occured collisions in chronological order. This is calculation ex-



pensive. However, a parallel approach that has been introduced by
[Volino et al. 1995] was used. The method does not deliver a phys-
ically correct answer but yields a plausible solution. It has been
introduced encouraged by the assumption that collisions mainly oc-
cur over larger areas. Therefore, neighboring points are used and a
statistical method is applied to (a) decide if a collision occured and
(b) determine the collision orientation. Once the orientation is com-
putet, all affected vertices in the neighborhood are forced to have
the majority’s choice for orientation.

As a last step, post-processing using subdivision is performed in
[Bridson et al. 2002]. This is done to get a smoother surface. Every
edge is subdivided by a node that is put at the midpoint of the edge.
Since the original mesh was free from interpenetrations, the subdi-
vided mesh is too. Now a loop algorithm (see references in original
paper) is used to find smoother positions what can introduce new
collisions. These are handeled with the same algorithm that is used
for the ”real deformations” which arise from object movement or
interaction (see above). Fortunately, this method converges fast (i.e.
quickly no new necessary adjustments are found).

In contrast to the approach described above, the method of [James
and Pai 2004] uses bounding spheres to model a hierarchy against
which collisions can be tested. The hierarchy is labeled as Bounded
Deformation Tree (BD-Tree) and the method basically consists of
initially building the tree and updating it afterwards. The typical
structure of hierarchical bounding volumes is layered, i.e. a parent
node covers its child nodes completely. James and Pai, however,
decided to build a wrapped tree. This technique does not require
parent nodes to cover their complete children but to cover the mesh
nodes these children represent. Figure 1 illustrates that this way,
the bounding squeres can be kept smaller.

Figure 1: (right) traditional layered hierarchy with parent nodes
covering complete child nodes; (left) the wrapped hierarchy that
produces much smaller volumes; parent nodes cover the mesh
nodes (green) of their children but not necessarily the whole child
volumes; taken from [James and Pai 2004]

To build the decribed wrapped tree, first a traditional binary bound-
ing sphere tree is built. Afterwards, all radii are made as small as
possible while the centers of the spheres are left unchanged. This
results in tighter bounding volumes and consequently more efficient
calculations. Figure 2 shows the deformable model of a plastic
chair that is bounded by a layered hierarchy of spheres in the top
row and by a wrapped hierarchy on the bottom row (six levels of
the hierarchy are shown). The tighter bounding at the final level 0
in the latter case is obvious.

When the object deforms, the spheres need to be updated. This can
be done in a cost effective way: the center c is updated to c′ by a
function that takes the weighted positions of the contained points
into account. The new radius r′ is constructed using the triangle in-
equality and defined as maxi∈Λ

∥∥p′i− c′
∥∥ where p′i denotes the new

positions of the node’s points. For details see [James and Pai 2004].
Important is, that the spheres can be updated independently of each
other and that resulting spheres are minimal again (thus, producing

Figure 2: (top) a deformable plastic chair covered by a traditional
layered bounding sphere hierarchy; (bottom) the tighter bounding
of the same object by utilizing a wrapped hierarchy where coverage
of the whole child nodes is not required for parent nodes; taken
from [James and Pai 2004]

a new wrapped tree). Also, the update costs are independent of the
numbers of object points covered in the bounding sphere.

The collision detection itself is performed by hierarchical testing of
bounding spheres against each other. First, the topmost nodes of
two objects are tested for intersection and if it occurs, the topmost
node of one object is tested against the next level of the other one.
Iteratively repeating this procedure (and switching the soles after-
wards) finally yields the smallest bounding spheres that intersect
each other. Here, traditional triangle-point intersection tests need
to be performed (as explained at the beginning of this section).

There are a number of other hierarchical bounding volume meth-
ods that have been covered well in the community. Although they
have not been optimized for deformable objects, two interesting ap-
proaches are mentioned (see references for further detail):

• [Zachmann 1998] introduces dynamically aligned Discrete
Oriented Polytop (DOP) Trees. DOPs are convex polytopes
and there are constraints for their orientation (i.e. the normal
comes from a fixed set of orientations). The intersection tests
in the hierarchy can be reduced to interval checks by realign-
ing one of the two collision candidates. The method is very
fast (real time even for thousands of polygons) but only suit-
able for rigid objects.

• The Oriented Bounding Box (OBB) Trees have been pre-
sented by [Gottschalk et al. 1996]. Again, the hierarchical
structure has been optimized for rigid objects with hundreds
of thousands of polygons. A precomputation of the bounding
boxes and efficient traversal algorithm allows real time pro-
cessing of collision detection.

2.2 Distance Fields

A distance field approach is suitable where rigid objects collide
with deformable objects for instance. We will discuss the approach
described in [Fuhrmann et al. 2003]. The method proposes to rep-
resent rigid objects that are likely to interact (i.e. collide) with de-
formable meshes like fabric or cloth as distance fields. The de-
formable objects themselves ought to be modeled as particle sys-
tems to make the method useful.

The algorithm features two main advantages:

1. Even complex geometry can be represented easily. There is no
need for dealing with complex polynoms and approximation



algorithms.

2. The evaluation of normals (and consecutive distances) that are
needed for collision detection can be done very fast making
the algorithm suitable for real time applications even on stan-
dard PCs.

The most important parts of the algorithm are first to build up
the distance field and second the actual collision detection process
(again, collision response is required but this will not be covered
here in detail).

The distance field basically assigns a distance D(p) to every point
p ∈ R3 which is defined as the minimum distance of p to a point
q on the surface of the deformable object. Namely, it is the normal
distance to the object. Also, a signum function is applied. There-
fore, the mesh needs to be oriented and sgn(p) assigns -1 and 1 to
points p laying in front or behind the mesh respectively. For perfor-
mance reasons, only face normals are used for distance calculations,
edge and vertex normals are not used.

The algorithm works as follows: first, prisms are constructed above
and below each triangle of the mesh by moving its endpoints in
the direction of the face normal and the opposite direction respec-
tively. The height of the prisms is evaluated as delta times the cell
diagonal, thus the distance covered can be varied easily. Now axis
aligned bounding boxes are constructed around the prisms and sub-
sequently distances and the sign are calculated for every point on
the grid inside the bounding boxes using Voronoi regions of the
features of the triangles. Throughout the successive process of con-
struction it is possible for grid points to change sign. This is not
valid in all cases (namely, concave areas are problematic), so these
need to be addressed in a special way (see [Fuhrmann et al. 2003]
for details).

The distance field is used for the collision detection. In order to
demonstrate the accuracy, the original shape of the object can be re-
constructed using the marching cubes method. Figure 3 illustrates
a performed reconstruction of a model of a human’s head. The dis-
tance between reconstructed and original object has been measured
by Haussdorff distance and dark blue regions indicate no differ-
ence. Since the ears consist of small and concave mesh structures,
the distance is greater here. It is sufficient for collision detection,
though.

So far, the construction of the distance field has been described.
Namely, it is a tight but not minimal envelope around the object
that is sufficient for collision detection. Consequently, now the
very simple actual collision detection algorithm needs to be ap-
plied. Fuhrman et al. decided not to perform a complete collision
detection but to test only the vertices for performance reasons (the
goal was to create a real-time application). In order to not obtain
unpleasing artifacts (interpenetrations) at sharp corners, the objects
need to be sepparated at a distance ε .

Based on the assumption that a particle system models the de-
formable object (namely a set of particles pi with associated masses
mi) the algorithm works as follows. First, the new position of the
particles are computed with Newton’s equation of motion. External
and internal forces are taken into account as well as the initial (i.e.
old) velocities of the particles.

The computated new positions are arbitrary, i.e. are generally not
lying on the grid at certain grid positions. Therefore, to obtain the
approximated distance of the arbitrary position P to the object, tri-
linear interpolation is performed where the interpolation points are
the 8 grid positions surrounding P. The technique has been illus-
trated in Figure 4. In the figure, the point has been moved to its
new position using Newton’s equation of motion. Now trilinear in-

Figure 3: Distance of the reconstruction (performed with marching
cubes) of a human’s head from the calculated distance field to the
original object. The distance is near zero except for the ears where
small concave mesh structures lead to greater distances; taken from
[Fuhrmann et al. 2003]

terpolation of known grid-point distances is performed to obtain the
approximated distance to the grid.

Figure 4: Trilinear interpolation is used to obtain an approximated
distance of a point’s new location to the mesh.

The collision detection itself is simple: if the distance is below ε ,
the deformable object is pushed back in its opposite normal direc-
tion (the normal is calculated by trilinear interpolation, too). The
position change has impact on the velocity, so this needs to be
taken into account for further calculations (the collision response
is described in more detail in [Fuhrmann et al. 2003]).

A major drawback of the approach is that it does not incorporate
self collision detection. Also, all collisions are inelastic, i.e. the
energy of the collision is lost. Elastic collisions could be modeled
by changing the calculation of the amount rn what is the scaling
factor for the vector in whose direction the deformable object is
pushed back. However, the method produces fairly good results at
low computational costs for rigid body collisions with deformable
objects.

The distance field method could be further enhanced, for instance
by using Adaptive Distance Fields (ADFs) as proposed in [Frisken
et al. 2000]. The method for distance field creation described above
might require a lot of memory and unnecessary computation time.
Consider an object that features fine detail but only at some posi-



tions: To accurately represent this object by a distance field, the
grid has to be very dense, thus resulting in a great amound of grid
cells and causing calculation overhead.

[Frisken et al. 2000] proposes the usage of adaptively sampled dis-
tance fields by using octrees. This way, the grid samples can be
dense where the object shape features details while the sampling
rate is reduced where this is not the case. The representation of
a human’s head (see Figure 3 above) for instance might have an
effective representation as adaptively sampled distance field as the
ears feature high details while the rest does not.

Figure 5 emphasizes well the advantage of using octree represen-
tations for the grid that is used as distance field. Areas where the
object does not feature details can have a very low sampling rate
while detailed regions are covered to an arbitrary level of detail.

Figure 5: Octree-like subdivision (right) of an object (left) that fea-
tures detail at only few regions. Memory and computation time
can be saved while details are represented to desired level of detail;
taken from [Frisken et al. 2000]

The octree however does not only allow adaptive sampling but
stores the field in a hierarchical way, too, so besides memory stor-
age savings also computation time can be saved. The distance func-
tion h(x) (or D(p) as labeled in the method described above) itself
can still be calculated in an arbitrary way; the presented approach
only describes the grid creation. To obtain the ADF, a bottom-up
or a top-down approach might be used where the latter is recom-
mended as it features a subdivision algorithm which can be con-
trolled by arbitrary predicates that reflect the primary interest of the
subdivision.

The adaptively sampled distance field method might work well with
the approach of Fuhrman et al. since there are no restrictions for
distance function assignments. However, the method has not been
tested by either of the two for the domain of deformable objects
colliding with rigids.

2.3 Voxel based techniques

A voxel-based method has been introduced by [Chen et al. 2004].
In this approach, collision detection is performed by testing if the
voxel-based representation of two objects share same voxels. This
is done due to the observations that:

1. objects interfere if and only if their surfaces intersect and

2. this is the case if two objects share at least one common voxel.

To make this work properly, however, the voxelised representations
must be accurate enough.

The approach is claimed to work for arbitrary objects, closed or
open, rigid or deformable, thus being suitable also for cloth ani-
mation. The authors emphasize that the voxelisation process itself
is the most demanding task in terms of performance. Therefore,
they exploit programmable graphics hardware to achieve interac-
tive frame rates. The authors consider the voxelisation process as
their main contribution to the issue.

The basic setup of the method is as follows. Input to the algorithm
are two arbitrary objects that ought to be checked for collisions.
First, a region of interest (ROI) is calculated using Axis Aligned
Bounding Boxes (AABBs) that cover the complete objects. By per-
forming simple (and computationally cheap) interval tests, the ROI
is determined as the overlapping region of the AABBs (thus, the
ROI is an axis aligned cuboid itself). Consequently, voxelisation
is performed for both input objects for the parts that lie inside the
ROI. Again, those parts can be determined fast using interval tests.
The collision detection itself for the two calculated volumes is sim-
ple: if the volumes share at least one voxel, collision has occured
and needs to be handled. The whole process is embedded into a
discrete time step framework as in the other approaches presented
in this paper.

The real-time voxelisation process is the bottleneck of this method
in terms of computational cost. To handle the process in real time
the authors chose to implement the voxelisation on graphics hard-
ware. Intuitively, one would rasterize the mesh into a 3D texture to
represent it in a discrete voxel space. At the time (2004), graphics
hardware however generally did not support three dimensional tex-
tures and in order to make the method available to everyone, Chen
et al. decided to use 2D textures instead. These textures generally
have four channels per texel (red, green, blue and alpha), each con-
taining 8 bits of information. The authors emphasize that each texel
can be used for multiple voxel representations (i.e. for binary vox-
elisation, the red channel of one texel alone could handle 8 voxels).
Thus, a single 4 channel 2048×2048 texture can represent a binary
voxelisation of a volume with size 5123.

The needed texture size, however, could be larger than the graphics
card supports. In this case a division into multiple patches is rec-
ommended. Namely, a voxelisation that is performed slab by slab
along one specified axis direction is to be used (remember, the slabs
only need to be of the resolution of the ROI). The slabs might be
aligned next to each other in a texture and additional textures ought
to be used where necessary. The texture is labeled ”worksheet” in
the approach and the process is visualized in Figure 6.

Figure 6: The voxelisation process consists of computing the texel
position out of the 3D volume coordinates. The worksheet is orga-
nized in patches that represent slices through the volume. Where
appropriate (not in the figure), additional textures have to be used
(i.e. if the texture size can not cover the whole volume); taken from
[Chen et al. 2004]

The actual voxelisation is performed by computing the correct texel
position out of the 3D position coordinates for this voxel. To make
the calculations more efficient, the texalisation of a triangle is first
performed in the direction of the axis that is most parallel to the
triangle direction and consequently in the other directions, too. This
information is encoded in three directional sheet buffers that are
written to the final texture (i.e. the worksheet which represents the
volume) once they are filled.



The collision detection is performed by rendering rectangles that
are textured with the two textures that represent the voxelisation
of the objects. The pixels of these rectangles are compared pair-
wise by an occlusion-query fragment shader. This way, the total
number of colliding voxels as well as the voxels themselves are
identified quickly. However, to obtain the affected tringles of the
original objects efficiently, origin information should be encoded
in the textures. This is no structural problem but not performed
by Chen et al. due to performance reasons. The video memory
bandwidth did not suffice to reach interactive frame rates using this
extension. However, graphics cards performance (and their band-
width) has been improved significantly since 2004 so today the ex-
tension might work in real time.

This assumption has been encouraged by the fact that in their ap-
proach, Chen et al. used an ATI 9800Pro 265MB graphics card
for experimental calculations of the described voxelisation. Todays
high-end graphics cards like the ATI Radeon HD 2900 XT which
has been released in May 2007 perform significantly better: Up to
three times higher fillrates and bandwidth are reached1

In [Chen et al. 2004] no collision response is described so this issue
is left to other methods. The presented algorithm however yields
colliding voxels effectively in real time and can therefore be ex-
panded well to an interactively working collision prevention frame-
work.

Voxelisation has been used for collision detection by other authors,
too. Another approach can be found in [Zhang and Yuen 2000].
In contrast to the method described above, no graphics cards fea-
tures like buffers or textures are used. Instead, computations are
performed in the CPU. The authors, however, describe the voxeli-
sation process in more detail. For example, the optimal voxel size
is determined as the size of the longest edge in the mesh (this leads
to a voxelisation where each edge can be represented by a maxi-
mum of 4 voxels). Also, in this approach the voxels’ triangle origin
information is stored along with the other voxel data.

Having reduced the number of potentially colliding regions with
the voxelisation, the authors also describe a self-collision detection
algorithm. A comparable method is not presented in the previously
explained approach. Zhang and Yuen however introduce a curva-
ture based approach that is based on the fact that regions of suf-
ficiently low curvature can not intersect themselves (this property
can be easily checked by calculating the dot product of the affected
triangles’ normal vectors).

Basically, the voxelisation method does the following: First, it sub-
divides the surface (cloth, fabric) into subsurfaces. Those are be-
lieved to being able to intersect one another while self-collision
of subsurfaces is not checked by the subdivision algorithm. Then,
voxelisation is performed and the result used as decision criterion:
If two subsurfaces are present in one voxel, collision might occur.
This case has to be handled with traditional collision detection af-
terwards.

Since the method of curvature based collision detection (dot prod-
uct method) can be used to exclude regions that can not intersect
but fails to predict if and where collisions occur in regions of high
curvature, it is extended by the multi-layer concept. A layer is un-
derstood as the small part of a cloth that is going through a partic-
ular voxel in this context. Therefore, two layer types exist: single
layers (i.e. voxels containing only one layer) and multiple layers
(voxels containing more than one cloth layer).

1for a comprehensive list of graphics cards and their features see
http://www.techarp.com/showarticle.aspx?artno=88 or vendor’s product
catalogues.

As demonstrated in Figure 7, the surface of the cloth is divided into
subsurfaces that are distributed in the voxels. Now the concept of
layers becomes important: If all triangles touching a voxel belong
to the same subsurface, a single layer case is present, as in Voxel
A in Figure 7. In this case, since the subsurfaces are small enough,
the curvature method can be used to check whether there are self-
collisions.

The other case (presented in voxel B in Figure 7) would be a voxel
that contains triangles from different subsurfaces (i.e. multiple lay-
ers). This situation might well result in a collision between the
present subsurfaces what actually is a self-collision when the fabric
is regarded as a whole. Thus, this case makes triangle-wise self-
collision tests necessary.

Figure 7: The concept of layers: ”A” represents a voxel that con-
tains one single layer so the curvature method can be applied. Voxel
”B” contains multiple layers so local collision tests between the
subsurfaces need to be performed; drawn after an idea of [Zhang
and Yuen 2000]

Note, however, that the necessary tests are reduced to a minimum.
With the presented method the voxels are identified that contain
potential collisions and these collisions can be handeled locally.
[Zhang and Yuen 2000] further introduce an efficient way of identi-
fying the locally small regions of triangles that are used for subsur-
face generation. The adjacency information contained in the mesh
alone would not suffice to make this method work efficiently so a
triangle mapping method is introduced.

Besides the self-collision detection, the method proposes a simple
algorithm for human body - cloth collision detection. Although this
method is not 100 per cent accurate it suffices for realistic rendering
and is computationally inexpensive. The authors propose ”auxiliary
line segments” around the model of the human body. Namely, these
line segments are short lines in the direction of the model’s normal
vectors at its vertices. The length of these segments is one third of
the largest cloth edge. Collisions are then assumed to occur if an
auxiliary line segment intersects a cloth triangle. This is compu-
tational effective since the voxelisation of the cloth, calculated for
self-collision, can be used and only the line segments need to be
voxelized additionally. Also, no expensive edge-to-edge or vertex-
to-triangle checks are necessary. These are all replaced by line-to
tringle intersection tests.

2.4 Image based collision detection

Until now a number of object-space based approaches to collision
detection in the context of cloth simulation have been presented.
The methods aimed for detecting either self-collision or collision
with rigid objects or both. A completely different method has been
proposed by [Baciu and Wong 2003]. Here, the collision detection
is transfered to the image space to bypass the bottleneck of CPU
collision detection calculations. I have already presented the ap-
proach of [Chen et al. 2004] that makes use of graphics hardware



but this is completely different: while the method decribed ear-
lier only uses textures to represent a voxelisation, Baciu and Wong
transfer the whole detection method to the graphics pipeline utiliz-
ing ray casting methods. They do, however, use a hybrid approach
to identify the region of interest by bounding volumes to make cal-
culations even more efficient.

The method is inspired by the observation that traditional object-
space approaches share common weaknesses. Among them are:

• When the geometry in the scene becomes more complex (i.e.
more or more detailed objects), this has great impact on the
performance of the methods, regardless of their efficiency.

• All methods need complex data structures (i.e. hierarchies
like octrees, bounding volumes, voxelisation representation)
that have to be precomputed. Most structures need to be up-
dated regularly.

• Special cases are present in most scenes that need to be taken
into account, slowing the whole process down.

The proposed method basically makes use of ray casting and tries to
identify object interference by depth values. Ray casting itself can
be seen as the projection of the three dimensional space onto the
viewing plane, thus resulting in a sequence of images when depth
information is taken into account. It is intuitively clear, that inter-
ference can occur if and only if (a) the projected regions of two
objects A and B overlap (i.e. their extension in the direction of the
viewing plane) and (b) their depth intervals I(A) and I(B) overlap
(i.e. the extension in z direction). Conrete cases are discussed later,
first the setup of the region that has to be tested is discussed.

The authors introduce the term Minimum Overlapping Region
(MOR) as the region of interest. It is calculated as the rectangu-
lar region that overlaps both projections of the objects’ A and B
axis aligned bounding boxes (AABBs). Consequently, the MOR is
used as the source plane from where rays are cast orthogonaly into
the scene. Therefore, it is subdivided into grid cells.

The scene setup is presented in Figure 8. The figure shows (on
the right side) two objects and their assigned bounding boxes. The
viewing plane shows the projections of the AABBs and the result-
ing MOR.

Figure 8: (left) possible cases for depth ordering of two objects for a
ray cast into the scene; (right) the setup of the scene, including the
objects, the AABBs and the viewing plane with the MOR; taken
from [Baciu and Wong 2003]

The setup of the MOR and the ray casting can be seen as the pro-
cess of defining a viewport and performing orthogonal projection in
classic computer graphics terminology. The correct viewport (i.e.
MOR) setup is crucial for performance since additional collision

checks (necessary for each pixel of the viewport) are computation-
ally expensive.

Once the setup is complete and depth tests can be performed, colli-
sion can be detected with respect to a set of rules that is presented
graphically on the left side of Figure 8. The figure shows the max-
imum and minimum depth values of the objects A and B, being
ZA

min, ZA
max and ZB

min, ZB
max respectively. The four values can have a

total of 4!
2!∗2! +3 = 9 permutations (the +3 originate from the triv-

ial cases (7) no object (8) only object A and (9) only object B) and
are illustrated in Figure 8. The figure emphasizes that no collision
occurs only in the cases 1, 6, 7, 8 and 9 and that collision detec-
tion can effectively be performed by calculating the minimum and
maximum depth values of the objects and comparing them to one
another.

The computations are performed on graphics cards that feature a
depth and stencil buffer. However, since there is only one depth
buffer, interval tests can not be performed straight forward. At any
given time, only one depth value per pixel can be accessed (namely,
the Zmax values of the just rendered object). To deal with this in-
convenience, the authors chose the following procedure: Being not
able to gather all four necessary values at the same time, they per-
form the test

ZA
max > ZB

where ZB is the depth value of object B and count the number of
passes for which it holds pixel-wise. The result (per pixel) is stored
in the stencil buffer, that is, a two dimensional array SC(p) of ex-
actly the same dimension as the viewport.

There are three possible counts that are written into SC(p): 0 in-
dicates that at pixel p, object B is completely behind object A or
that B does not overlap this pixel. The value SC(p) = 1 is obtained
when the objects A and B collide with each other (cases 2 or 3 in
Figure 8). However, the count SC(p) = 2 is ambiguous. It indicates
that both ZB values are smaller than ZA

max but this could mean (1)
that the objects collide or (2) that B is located completely in front
of A and the two do not collide. The situation is illustrated as case
6, 7 and 8 in Figure 8. To overcome this difficulty, the test is ex-
panded in the case of a stencil buffer count of 2. Therefore, the
objects are rendered in reversed order (i.e. the symbols A and B are
switched). Now case 4 becomes case 3, case 5 becomes case 2, and
case 6 becomes case 1. These cases (1, 2, 3) can be solved without
any further processing so altogether a maximum of two rendering
passes is necessary to perform the complete collision detection.

This, however, only holds for convex objects. The authors empha-
size that the processing of deformable objects needs no further ad-
justments while in the case of concave objects (this is, as the defor-
mation issue, likely in cloth simulation), generally an unbounded
number of passes is necessary (for an unbounded number of folds
in one direction). Even cloth, though, does not have an unbounded
number of folds along one viewing ray so the number of necessary
paths is reduced.

The technique is further refined by calculating optimal MORs with
tight AABBs and by using a separating vector algorithm for ini-
tial decisions about potentially colliding objects. Details about this
processes can be found in [Baciu and Wong 2003]. Also, detailed
results and comparison with other collision detection algorithms are
covered within the paper.



2.5 Other methods

There exist other methods that are not decribed here due to space
and time limitations. Among them we find:

• Stochastic methods that offer tradeoffs between accuracy and
speed.

• Spatial partitioning in general (distance fields or AABBs can
be seen as special cases of spatial partitioning)

• Other hardware based methods with the main disadvantage
that since calculations are performed in image space, the res-
olution is limited to this space. This can result in missed col-
lisions between small triangles due to sampling errors.

• Other methods like the chormatic decomposition of cloth
meshes using graph coloring as presented by [Govindaraju
et al. 2005].

3 Summary and Conclusion

Collision detection has become a demanding task as models get
more detailed and complex. By aiming for steadily improved re-
alism, the computer graphics society models not only rigid objects
but also fabrics for their scenes in steadily better resolution, thus
resulting in more triangles or other primitives for the mesh.

The modeling of cloth induces several specialties. In section 1 I
introduced some of them in more detail:

• The decision about the mesh structure. Common are triangle
meshes, but collision detection has been performed on time-
dependent parametric surfaces, on subdivision surfaces and
even on meshes represented by particle systems.

• The modeling of internal cloth dynamics. I introduced the
popular mass-spring model that is well described in [Louchet
et al. 1995] and has been used by the presented method of
[Bridson et al. 2002].

• The rendering issue that is crucial for realistic, ”look and feel”
preserving cloth simulation

In section 2 I presented a number of classical approaches to colli-
sion detection. Some of them have been designed in particular for
deformable surfaces or cloth, while others have been found to work
for these domains, too (possibly with some changes or extensions)
although they have been developed for rigid object interference de-
tection.

As the ongoing prosperity of academic papers in the field of col-
lision detection for deformable objects lets presume, the work is a
long way off of finding ideal solutions to the problem. Solutions
exist for special cases, though.

Some tasks might not require real-time functionality. This is present
mainly in the film and animation industry. Here, accurate colli-
sion detection of high quality needs to be performed while render-
ing time is not crucial (in fact, for modern animation films, single
frames are rendered for several hours). For this domain, the pre-
sented approach of [Bridson et al. 2002] might suit as it claims to
have guaranteed no self-interference of cloth.

In other areas real-time is crucial, like in the games industry. The
developers need to find tradeoffs between realism and performance
and until now hierarchical bounding object approaches seem to
work well. While the precision is not as high, performance can

be controlled well by setting the maximum number of layers in the
hierarchy.

Yet another domain is the area of interactive product catalogues for
cloth where realism and real-time performance are both important.
However, in these settings there is normally not much movement or
object interference involved so collision detection can be reduced
to a minimum.

Said that, the community is still aiming for more efficient and more
accurate algorithms. The image-space approaches have brought the
focus on graphics hardware. Being not able to handle complex con-
cave objects in reasonable time at the moment, this might change
as the hardware features enhance. Multiple depth buffers and eas-
ier storage of values would certainly improve the cloth rendering
ability, also in terms of collision detection.
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