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AbstractÐThis paper discusses the self-collision avoidance problem in simulating the dynamic behavior
of deformable cloth. It is not an easy task to simulate realistically the response of cloth in various types
of complicated self-collisions. In this paper, the bounding box technique in addition to ordinary pre-
checking for collision detection is used to avoid self-collision. Instead of avoiding self-collision of cloth
triangles, we relax to avoid the collision of the bounding boxes of cloth triangles. Some constraints are
enforced on the vertices of the cloth triangles to prevent their bounding boxes from penetrating in the
direction of collision. The experimental results show that the relaxed self-collision avoidance method
can create realistic cloth behavior and wrinkling formation processes. Since the types of interaction
between bounding boxes are simple, our method is simple but robust in avoiding self-collisions. # 1998
Elsevier Science Ltd. All rights reserved
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1. INTRODUCTION

Many researches have focused on representing the
natural motion of deformable cloth [3±8, 11±13, 15,

16, 18, 19]. In these works, many realistic cloth ani-
mations, such as a ¯ag moving in the wind, a table-

cloth falling on a table and a garment on a human
body, have been presented. Interested readers are

referred to [10] for a survey of the current state of
cloth modeling and animation. However, it is still

di�cult to animate a cloth with clinging deep wrin-
kles. The method used to respond realistically to
collisions of clinging deep wrinkles is a primary

issue in producing such a cloth animation.
There are two kinds of collisions which occur in

cloth animation on physically based models: col-
lisions of cloth with other rigid objects and self-col-

lisions. Several techniques have been developed for
detecting and avoiding collisions of cloth with rigid

objects [2, 3, 5, 7±9, 15, 16, 19].
It is relatively di�cult to deal with self-collisions.

Previous works have focused on designing e�cient
self-collision detection algorithms and appropriate

self-collision response methods. A realistic cloth
model is usually composed of a huge number of

cloth triangles. An ad hoc self-collision detection al-
gorithm which checks the intersections of all the

pairs of cloth triangles would be time consuming.

The bounding box technique and hierarchical data

structure have been widely used to reduce the num-

ber of pairs of cloth triangles which must be

checked in self-collision detection [9, 15±17, 19]. In

[15], Volino et al. avoided ``false'' collisions between

adjacent cloth triangles, thus improving the e�-

ciency of self-collision detection.

After detection of self-collisions, colliding cloth

triangles must be responded to in appropriate ways.

In normal cloth animation there are various geo-

metric types of self-collisions, each of which can be

caused by several di�erent motion situations. It is

di�cult to respond appropriately to all types of

self-collision situations, especially those involving

multiple collisions where a cloth triangle intersects

more than one triangle. Previously, self-collisions

were directly dealt with according to their geometric

situations, such as vertex-to-triangle, edge-to-tri-

angle, edge-to-edge, edge-to-vertex and vertex-to-

vertex collisions [5, 7, 16]. In those previous

methods auxiliary response forces were used to

avoid self-collisions. However, for complex wrink-

ling situations, such as clinging deep wrinkles which

appear in the animation of cloth falling to the

ground, it would be very di�cult to calculate an

appropriate response force to avoid all collisions. In

fact, a response force which enables a cloth triangle

to avoid collision may cause a new collision with

another cloth triangle. On the other hand, high re-

sponse forces may alter the stability of numerical

simulation. In a previous article [8] we proposed a
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self-collision avoidance method without auxiliary
response forces. Once self-collisions are detected the

vertices of the colliding cloth triangles are ®xed by
setting constraints on the current simulation time
step. This heuristic can avoid simple self-collisions,

such as a cloth falling on a table. However, it can-
not produce realistic cloth animation in complex
collision situations, such as a cloth falling to the

ground. For example, in the case where two cloth
triangles collide in two consecutive simulation steps,
the vertices of the cloth triangles are constrained to

the current positions in the following simulation
steps, and the movement of the cloth will be unrea-
listic.
In this paper we propose a self-collision avoid-

ance scheme for cloth animation in a physically
elastic surface model [11]. Our avoidance scheme is
designed to handle general self-collision situations,

such as cling deep wrinkles which appear in cloth
falling to the ground. To reduce the number of
intersection tests, similar to the structure in [16], we

construct a hierarchical structure of bounding boxes
to skip a large region during self-collision detection.
To avoid responding to various complex self-col-

lision situations of triangles, our avoidance scheme
avoids self-collisions by preventing intersections of
their iso-oriented bounding boxes. For each pair of
bounding boxes about to collide, some constraints

are set on the vertices of the included triangles to
prevent bounding boxes from colliding. By calculat-
ing a ``collision plane'' perpendicular to one of the

three coordinate axes, the constraints are de®ned so
as to prevent the bounding boxes from moving
across this plane. The colliding vertices can move

freely in the other two dimensions. To avoid mul-
tiple self-collisions the avoidance scheme is applied
to all the bounding box pairs involved in multiple
self-collisions.

Our avoidance scheme can robustly and realisti-
cally respond to complex self-collision situations.
Since self-collisions are handled at the bounding

box level, time consuming geometric intersection
checking between triangles is avoided and im-
plementation of the avoidance scheme is easier. The

cloth animations produced by our method are com-
parable in quality with that obtained by Volino et
al. [16].

The following sections of this paper are organized
as follows. In Section 2 the dynamic cloth model is
introduced. In Section 3 we describe our hierarchi-
cal data structure for collision detection. The self-

collision avoidance method is proposed in Section
4. Experimental results and demonstration images
are presented in Section 5. Finally, concluding

remarks are given in Section 6.

2. CLOTH MODEL AND SIMULATION PROCESS

Our work is based on the deformable model pro-
posed by Terzopoulos et al. [11], in which elasticity

theory is employed. The dynamic motion of a point

in the material coordinates of a deformable model

is governed by the following Lagrange equation

[11]:

@

@t
r�a� @r�a; t�

@t

� �
� g�a� @r�a; t�

@t

� de�r�
dr
�a; t� � f �r�a; t�; t�; �1�

where r(a,t) is the position of point a at time t. The

®rst term of the Lagrange equation is the force due

to the mass point's intrinsic motion, the second

term is the damping force due to dissipation, and

the third term is the elastic force due to defor-

mation of the body. The external force dynamically

keeps in balance with these internal forces.

The cloth model is discretized as regular grids of

M�N nodes spread on a unit square. Applying the

®nite di�erence approximation method to

Equation (1) [1], we obtain a linear system:

Atrt�Dt � gt; �2�
where the MN�MN matrix A t is known as the

sti�ness matrix and the MN� 1 matrix gt is the

e�ective force vector. Notice that Equation (2) actu-

ally consists of three equations, one for each of the

x, y and z coordinates:

Atrx;t�Dt � gx;t; �3�

Atry;t�Dt � gy;t; �4�

Atrz;t�Dt � gz;t: �5�
The dynamic motion of cloth can be obtained by

solving the linear Equations (3)±(5) along the times.

Any e�cient iteration method, such as the Gauss±

Seidel method, can be used to solve the linear sys-

tem. To avoid self-collisions, in each simulation

iteration, some constraints are enforced on the ver-

tices of colliding triangles to prevent their bounding

boxes from intersecting. The constraints on the ver-

tices are translated into constraints on their corre-

sponding variables in the linear system. How the

constraints are set is described later in Section 4.

Conceptually, a simulation iteration is composed

of several runs of the response phase and the detec-

tion phase, which are performed iteratively until no

collisions exist. Assume the simulation time is t:

.Response phase: In the response phase we add a

constraint on each colliding cloth point detected in

the preceding detection phase by means of the

avoidance method (at the initial point of the simu-

lation iteration there is no constraint). The con-

straints set in the previous response phase are

reserved and updated. With these constraints on the

colliding cloth points we solve the linear system at

time t to obtain intermediate positions of the cloth

points and then go to the next detection phase.
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.Detection phase: In the detection phase we detect

all the collisions and self-collisions from the inter-
mediate grid point positions. If any collisions are
detected we go to the response phase for further

simulation. If no collisions are found the intermedi-
ate positions are set to be the positions of grid
points at time t + Dt, and then we simulate the

cloth behaviors in the next time interval.

3. SELF-COLLISION DETECTION

The adopted cloth model is represented by a
large number of small triangles, and each triangle is

de®ned by three adjacent grid points. The triangles
in the material coordinates are illustrated in Fig. 1.
To deal with the self-collisions, triangles which may

collide have to be extracted from the whole set of
triangles in the cloth. Detecting self-collisions is
very time consuming since it often involves a huge
number of geometrical tests needed to determine

which elements are colliding.
In our method the bounding boxes of triangles

are used to both detect and avoid self-collisions.

The bounding box of a triangle is the minimum iso-
oriented box including the triangle. Let the vertices
of triangle Ti at time t be Vij(t), j = 1, 2, 3. The

bounding box of Ti can be described by its two cor-
ner vertices,

Vi;min�t� � �xi;l�t�; yi;l�t�; zi;l�t��
and Vi;max�t� � �xi;h�t�; yi;h�t�; zi;h�t��; �6�

where the x, y and z coordinates of Vi, min(t)(Vi,

max(t) resp.) are the minimum (maximum resp.) of

those of Vij(t)s, j = 1, 2, 3. Since the bounding box

is iso-oriented, projecting it onto the x, y and z

axes results in three intervals which can also rep-

resent the bounding box itself. Two bounding boxes

have an intersection if and only if their correspond-

ing intervals overlap in all three dimensions. In our

method two triangles are assumed to be colliding if

their bounding boxes intersect or penetrate.

Though it is easy to check whether or not a pair

of bounding boxes intersect, it is still time consum-

ing to check all the O(n2) pairs of bounding boxes.

To reduce the number of tests a hierarchical struc-

ture is used. The hierarchical structure is a binary

tree constructed by recursively partitioning the

cloth evenly on the material coordinates until each

node contains only a single triangle (for example

see Fig. 2). Each node of the tree records the

bounding box which is the minimum box enclosing

the triangles in its sub-trees.

To detect collisions with a bounding box, say B,

we search the binary tree from the root to the

leaves. Let N be a searched node. For node N, we

check if B intersects with the bounding box of N. If

it does, we further search the two children of node

N. Otherwise there is no intersection between B and

the bounding boxes of the descendant leaves of

node N, and no intersection checking is needed for

the descendant nodes of node N. If the detected col-

liding bounding boxes correspond to adjacent tri-

angles, no constraint is set.

The hierarchical data structure is constructed at

the beginning, and the bounding box of each node

is updated with each animation frame. It takes O(n)

time to update the bounding boxes from the leaves

up to the root. In the worst case the detection al-

gorithm may take O(n2) time for n triangles.

However, in general, the detection algorithm e�-

ciently skips most of the non-intersecting parts of

the cloth and concentrates on the parts which are

likely to collide. According to the experimental

results shown in Section 5, the detection algorithm

really saves much time in self-collision detection.

Fig. 1. Triangles in the material coordinates.

Fig. 2. Hierarchical structure of a cloth.
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4. DYNAMIC MOTION WITH SELF-COLLISION
AVOIDANCE

In order to simulate realistic cloth behaviors, it is

necessary to respond properly to collisions of a

cloth with rigid objects and with di�erent parts of

the cloth itself. In the following we will present our

new avoidance method for dealing with self-col-

lisions. As to the cloth collisions with rigid objects,

the method proposed in [8] is adopted.

Our avoidance method avoids self-collisions by

constraining the bounding boxes of triangles. Once

the bounding boxes of triangles which may collide

are located, a constraint-setting process is applied

to prevent intersections. For a pair of bounding

boxes about to collide, the collision plane on which

they ®rst collide is calculated. The collision plane is

perpendicular to the x, y or z coordinate axis and is

de®ned as d= k, where d = x, y or z and k is a cal-

culated value. For the pair, constraints are set on

the vertices of the corresponding triangles in the

simulation iteration such that their bounding boxes

can not move across the collision plane (see Fig. 3);

thus, the triangles are free from self-intersection at

time t+ Dt.
In general, multiple self-collisions of a bounding

box which intersects with more than one bounding

box may occur in a simulation iteration. Multiple

self-collisions can occur when a set of bounding

boxes have a common intersection, when there is a

chain of bounding boxes, each of which collides

with the next box in the chain, and so on. In our

avoidance method we take general collision situ-

ations as the set of all the colliding bounding box

pairs. A vertex may be contained in several collid-

ing bounding box pairs. The constraints arising

Fig. 3. Collision plane of colliding bounding boxes.

Fig. 4. Bounding boxes projected onto three coordinate axes.
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from the colliding bounding box pairs containing
the vertex are summarized to provide the con-
straints of the vertex.
Two problems need to be discussed and dealt

with to guarantee that our method will work. One
problem is on the constraint-setting con¯ict arising
from vertices that are involved in more than one

colliding bounding box pair. The other problem is
self-collision avoidance of adjacent triangles since
our detection method cannot detect the penetration

of adjacent triangles.
In the following a constraint setting for a collid-

ing bounding box pair and constraint setting con-
¯ict resolution will be given in Section 4.1. The

problem of the self-collision of adjacent triangles
will be discussed in Section 4.2.

4.1. Avoiding penetration of bounding box pair
Intuitively, the collision plane of two bounding

boxes about to collide is the ®rst plane in which
they touch each other. This can be determined by
calculating the collision time of the bounding box

pair between time t and t+ Dt. Let bounding
boxes B1 and B2 be de®ned as in Equation (6).
They do not collide at time t but collide with each

other at time t+ Dt'(0EDt'EDt). By projecting
the two iso-oriented bounding boxes at time t and
time t+ Dt onto the three coordinate axes, we
obtain three pairs of bounding intervals (as shown

in Fig. 4). In the time interval t to t+ Dt the
bounding intervals can be assumed to move line-
arly. For each pair of bounding intervals, on say

coordinate d, we can calculate the time
interval Td=[Dtd, min, Dtd, max]U [0, Dt] in which

they intersect with or penetrate each other. If the
bounding intervals intersect at time t, then Dtd, min

is set to be zero. If the bounding intervals intersect

at time t+ Dt, then Dtd, max is set to be Dt. For a

pair of bounding boxes the intersection time

interval T is calculated by T = Tx\Ty\Tz. The
bounding boxes collide if T$;. The collision time

Dt' is the minimum value of T.

Let the collision plane be perpendicular to coor-

dinate axis d, where Dt' = Dtd,min. Thus, the col-

lision plane is that de®ned by d = k, where

k �

d1;h�t� � Dt0

Dt
d1;h�t� Dt
ÿ �ÿ d1;h�t��

if d1;h�t� < d2;l�t�

d2;h�t� � Dt0

Dt
d2;h�t� Dt
ÿ �ÿ d2;h�t��

if d2;h�t� < d1;l�t�:

8>>>>>>>><>>>>>>>>:
�7�

The above collision detection method might mistake

the situation which occurs with the boundary

patches shown in Fig. 5 as penetration, though it is

not. However, since the movement of the cloth

points in a single time quantum is small, we may
assume that this situation does not occur.

To avoid collision of a bounding box pair, a con-

straint is set on coordinate d of each vertex, P, of
the including triangles. The constraint is

Pd �t� Dt� < k if Pd �t� < k �8�
and

Pd �t� Dt� > k if Pd �t� > k �9�
The value k is called an upper constraint value (a

lower constraint value resp.) of P on coordinate d

Fig. 5. The trajectory of a vertex on the boundary patches.

Fig. 6. Constraint con¯ict at vertex P.
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with respect to the bounding box pair if constraint

in (8) (constraint in (9) resp.) holds. In general, a

vertex P may be involved in several colliding

bounding box pairs, each of which gives an upper

constraint value or a lower constraint value to some

coordinate of P. For each coordinate d of P, let

upper limit be the minimum of all its upper con-

straint values and lower limit be the maximum of

all its lower constraint values. If the simulation

result of Pd is less than its upper limit and greater

than its lower limit, the vertex P will not penetrate

any bounding box (not containing P) along the

direction of the d-axis.

Ordinarily, the upper limit is greater than or

equal to the lower limit. In this case, the value of

Pd(t+ Dt) is constrained between the upper limit

and the lower limit. However, the case that the

upper limit is less than the lower limit, called a con-

straint con¯ict, may occur. For a coordinate of a

vertex, Pd has a constraint con¯ict, which means

that P is involved in two bounding boxes, where

one has a dynamic obstacle from the upper side

and the other has a dynamic obstacle from the

lower side along the direction of the d-axis. The

constraint con¯ict situation is illustrated in Fig. 6.

In Fig. 6, bounding boxes A and B share a vertex

P. At time t+ Dt, self-collisions occur between A

and C as well as between B and D; thus, the col-

lision planes x= kA,C and x = kB,D are calculated.

Consider the constraint on the x coordinate of ver-

tex P. The upper limit is kA,C according to the col-

lision of A and C, and the lower limit is kB,D
according to the collision of B and D. This is a con-

straint con¯ict. Intuitively, the forces, due to the

collisions, exerted on a vertex with constraint con-

¯ict will balance at a certain point such that the

vertex is between the upper limit and the lower

limit at time t+ Dt. In other words, Pd at time

t+ Dt should be between the upper limit and the

lower limit. By this intuition, we set the constraint

interval on the coordinate d of P as follows:

Constraint�P�d � �lower limit, upper limit�
if there is no constraint conflict,

Constraint�P�d � �upper limit, lower limit�
if there is a constraint conflict.

�10�

To guarantee that the simulation satis®es the con-

straints set above, we go back to time t and solve

the linear systems (3), (4) and (5) using the con-

strained Gauss±Seidel method, in which the iter-

ation steps are as follows:

d �m�1�i �

Constraint�i�d :upper
if Constraint�i�d :upper 6� null

and d
�m�1�
i > Constraint�i�d :upper;

Constraint�i�d :lower
if Constraint�i�d :lower 6� null

and d �m�1�i < Constraint�i�d :lower,

1
aii

gdi ÿ
Piÿ1
j�1

aijd
�m�1�
j ÿ Pn

j�i�1
aijd

�m�
j

( )
otherwise;

8>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>:
�11�

where d = x, y or z.

Solving the linear system using the constrained

Gauss±Seidel method, each coordinate of any ver-

tex will be in its constrained interval. For every

cloth point, the constraint de®nes an interval of

motion, and the cloth point can move freely within

this interval. Notice that the vertex can move as

usual in the unconstrained directions (see Fig. 7).

After a run of the constrained simulation phase,

collisions of bounding boxes which include vertices

without constraint con¯icts will be prevented.

Colliding bounding boxes with constraint con¯icts

may continue to collide. However, the constrained

interval of the vertex having a constraint con¯ict

shrinks with each run of the response and detection

phases. Consider the constraint con¯ict depicted in

Fig. 6. Let PC(PD resp.) be the vertex of bounding

box C (D resp.) with the minimum (maximum

resp.) x coordinate at time t, PC(t)>PD(t). In the

®rst simulation iteration, the upper limit P1
U and the

lower limit P1
L of P can be calculated by (7):

Fig. 7. Bounding box sliding over a collision plane.
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P1
U � PC�t� � t1A;C

ÿ
PC�t� Dt� ÿ PC�t�

�
;

P1
L � PD�t� � t1B;D

ÿ
PD�t� Dt� ÿ PD�t�

�
; �12�

where 0 < t1A, C, t
1
B, D<1. The points P, PC and PD

are constrained by the values P1
U and P1

L in the sec-

ond iteration. After n iterations, the upper and
lower limits then become:

Pn
U � PC�t� � tnA;C

ÿ
Pnÿ1
U ÿ PC�t�

�
� PC�t� � tnA;C tnÿ1A;C � � � t1A;C

ÿ
PC�t� Dt� ÿ PC�t�

�
;

Pn
L � PD�t� � tnB;D

ÿ
Pnÿ1
L ÿ PD�t�

�
� PD�t� � tnB;D tnÿ1B;D � � � t1B;D

ÿ
PD�t� Dt� ÿ PD�t�

�
;

�13�
where 0 < tiA, C, t

i
B, D<1 and i = 1, 2, . . . ,n. Since

the collision times tiA, C and tiB, D are smaller than
1, the constraint interval shrinks as n increases. Our

experiments show that the upper limit and lower
limit will converge to a speci®c value to resolve the
constraint con¯ict.

The number of iterations needed to avoid con-
straint con¯ict depends on the complexity of the
cloth collision situation. As illustrated in Tables 1
and 2, our experiments show that when a 21�21

point cloth model falling to the ¯oor vertically is
simulated, 1 to 8 runs are needed to avoid all self-
collisions and constraint con¯ict. To simulate some

simple cloth behaviors, for example a cloth falling
over a table, only 1 to 4 runs are needed.

4.2. Avoiding the collision of adjacent triangles
In this subsection we will discuss the avoidance

of collisions of adjacent triangles. Since the bound-

ing boxes of two adjacent triangles always intersect,

we will not spend time on detecting this kind of col-

lision. In fact, the avoidance method for nonadja-

cent triangles cannot be applied to adjacent ones to

avoid collisions because the collision plane and,

thus, the constraints can not be well de®ned.

However, the collision avoidance of non-adjacent

triangles in our method can automatically prevent

the collision of adjacent triangles. A patch has two

main di�erent kinds of adjacent triangles; one

shares a vertex and the other shares an edge (see

Fig. 8). Let us take the adjacency condition

depicted in Figs 9 and 10 as an example to explain

why the collision of adjacent triangles can be

avoided by our method. The reason for the other

conditions is similar. In Fig. 9 the adjacent triangles

A and B share an edge. Although we do not detect

the intersection of bounding boxes A and B, how-

ever, by avoiding the collision of bounding boxes

A1±A3 with B and B1±B3 with A, the vertex PA will

not penetrate the bounding box of B and the vertex

PB will not penetrate the bounding box of A. Thus

the triangles A and B do not move across each

other and the self-collision is prevented. In Fig. 10,

the adjacent triangles A and B share a vertex. By

avoiding the collision of bounding boxes of B1±B7

with A and A1±A7 with B, the penetration of tri-

angles A and B is prevented since the vertices PA1

and PA2 do not penetrate the bounding box of B

and the vertices PB1 and PB2 do not penetrate the

bounding box of A. That is, the collision of adja-

cent triangles can be avoided by our avoidance

method.

Table 1. Computation times of various avoidance methods (S1, geometrical collision avoidance method; S2, bounding
box avoidance method without hierarchy; S3, bounding box avoidance method with hierarchy)

Cloth falling on the table 21�21 51�51

S1 S2 S3 S1 S2 S3

Average number of iterations 2 2 2 2 2 2
Maximum number of iterations 4 4 4 4 4 4
Average time for self-collision
detection in one simulation step

3.97 1.33 0.05 116.53 40.14 0.23

Average total time in one
simulation step

12.96 2.79 0.39 272.76 73.26 2.02

Table 2. Computation times of various avoidance methods (S1, geometrical collision avoidance method; S2, bounding
box avoidance method without hierarchy; S3, bounding box avoidance method with hierarchy)

Cloth falling on the table 21�21 51� 51

S1 S2 S3 S1 S2 S3

Average number of iterations 3 3 3 4 4 4
Maximum number of iterations 4 5 5 5 8 8
Average time for self-collision detection
in one simulation step

4.07 1.32 0.03 118.43 40.09 0.21

Average total time in one simulation
step

10.42 4.04 0.40 312.87 149.54 3.56
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5. EXPERIMENTAL RESULTS

In our experiments we simulated 21�21 and

51�51 grid points of cloth falling on a square table

and falling freely to the ground. The experimental

environment was a DEC 5000/260 workstation with

an R4400 CPU and 64 Mbytes of memory. Each

cloth animation was obtained by letting the simu-

lation run for 1000 time steps.

The e�ciency of the proposed bounding box

avoidance was compared with the geometrical

collision avoidance method given in [8]. In the

geometrical collision avoidance method, no hier-

archical data structure is used in the detection

procedure. The performance of the bounding box

methods using and not using the hierarchical

data structure described in Section 3 in collision

detection was also compared. Tables 1 and 2

show the average number of iterations, the maxi-

Fig. 8. Edge-shared and vertex-shared triangles.

Fig. 9. Adjacent triangles share an edge.

Fig. 10. Adjacent triangles share a vertex.
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mum number of iterations, the average time for

self-collision detection and the average total time

in one time step. The average total time includes

the time needed for cloth±object collision detec-

tion and the time required to evaluate the linear

system.

As shown in Tables 1 and 2, the geometrical

collision avoidance method takes much more

time than the bounding box avoidance method

in self-collision detection. The performance is

drastically improved by applying the hierarchical

algorithm. Because additional self-collision detec-

tion and reiterating procedures are needed to

Fig. 11. 21� 21 grid points of cloth falling on a table.

Fig. 12. 51� 51 grid points of cloth falling on a table.
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avoid complex self-collision situations, the simu-

lation of a cloth falling to the ground took
much more time than did the simulation of a
cloth falling on a table.

Figures 11 and 12 show the 21�21 and 51� 51
grid points of cloth falling on a square table. In
this cloth animation, self-collisions only occurred

at the four corners. Our avoidance method could
produce realistic cloth behavior. Figures 13±16 il-

lustrate a complex self-collision situation which

involved simulation of 21�21 and 51� 51 grid
points of cloth falling to the ground. Figures 13
and 14 show that cloth with low resolution

could cause some inaccuracy. However, when the
cloth was represented with high resolution, for
example, 51�51 grid points of cloth as shown

in Figs 15 and 16, this kind of inaccuracy would
be reduced.

Fig. 13. 21� 21 grid points of cloth falling to the ground.

Fig. 14. Final static appearance of 21� 21 grid points of cloth falling to the ground.
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6. CONCLUSION

We have proposed a method for avoiding self-

collision in cloth animation. The main idea is to

use bounding boxes not only to detect self-col-

lisions, but also to prevent self-collisions. Using

the bounding box avoidance method, self-col-

lisions can be detected e�ciently by using a hier-

archical data structure. We avoid self-collisions

by enforcing some constraints on the vertices of

triangles such that after simulation using the con-

strained Gauss±Seidel method, their bounding

boxes will not collide and self-collisions are

avoided.

Our avoidance method is simple, easy to im-

plement and robust in preventing self-collisions.

Furthermore, it can handle complicated self-col-

lision situations which have been considered di�cult

to respond to appropriately. The experimental

Fig. 15. 51� 51 grid points of cloth falling to the ground.

Fig. 16. Final static appearance of 51� 51 grid points of cloth falling to the ground.
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results show that our avoidance method can simu-
late realistic cloth behaviors while avoiding self-col-

lisions.
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