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Abstract: Most collision detection algorithms can be efficiently used only with solid and rigid objects, for instance, Hierarchical
methods which must have their bounding representation recalculated every time deformation occurs. An alternative algorithm
using particle-based method is then proposed which can detect the collision among non-rigid deformable polygonal models.
However, the original particle-based collision detection algorithm might not be sufficient enough in some situations due to the
improper particle dispersion. Therefore, this research presents an improved algorithm which provides a particle to detect in each
separated area so that particles always covered all over the object. The surface partitioning can be efficiently performed by using
LBG quantization since it can classify object vertices into several groups base on a number of factors as required. A particle is then
assigned to move between vertices in a group by the attractive forces received from other particles on neighbouring objects.
Collision is detected when the distance between a pair of corresponding particles becomes very small. Lastly, the proposed algo-

rithm has been implemented to show that collision detection can be conducted in real-time.
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INTRODUCTION

Collision detection is an important task in many
fields such as robotics, computer games, computa-
tional geometry (Gottschalk et al., 1996), computer
simulation, virtual reality, etc. Most collision detec-
tion algorithms work efficiently only with solid and
rigid objects, so collision detection between de-
formable objects is a challenge. A number of re-
searches on non-rigid objects are proposed such as
cloth simulation (Bridson et al., 2003; Teschner et al.,
2004) and biological structures (Raghupathi et al.,
2003). As the object shape is not static, most algo-
rithms based on bounding structure cannot detect
collisions effectively. Bounding volume hierarchical
method (Hubbard, 1996; Palmer and Grimsdale, 1995;
Quinlan, 1994; Cohen et al., 1995; Held et al., 1995)
has to recalculate its bounding representation every
time surface deformation occurs and its cost is quite
expensive.
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An approach using particle determination (Senin
et al., 2003) is then proposed which relies on the idea
of interacting particles distributed on a surface. It can
be applied to deformable object since recalculation is
not required. However, the efficiency of this parti-
cle-based algorithm might decrease when there are
several objects which can cause improper particle
dispersion. Therefore, this research presents an im-
proved particle-based collision detection algorithm
for deformable surface. In order to enhance the effi-
ciency of particle dispersion, each particle is assigned
to control in its separated area. In the proposed algo-
rithm, we apply the vector quantization (Abut et al.,
1992; Linde et al., 1980; Gersho and Gray, 1992) with
LBG algorithm (Linde et al., 1980) to partition the
surface area. LBG quantization is a technique to
classify vector data into several groups. The advan-
tage of this technique is its ability to consider many
factors by setting the value of each determinant as
dimension of a vector.
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It is shown that the proposed algorithm can ef-
ficiently detect the collision of several objects in
real-time. The remainder of this paper is divided into
six sections. In the next Section, we discuss some
previous collision detection methods. After that, a
new particle-based collision detection algorithm is
presented. In Section 4, the analysis of proposed al-
gorithm is described, followed by the result in Section
5 and conclusion in the final section.

COLLISION DETECTION

One of the most interesting problems in com-
puter animation is the widely researched collision
detection. There are many techniques developed to
increase the detecting efficiency and, at the same time,
shorten the computing time such as Spheres (Hubbard,
1996; Palmer and Grimsdale, 1995; Quinlan, 1994),
Axis Aligned Bounding Boxes (AABBs) (Cohen et
al., 1995; Held et al., 1995), Oriented Bounding
Boxes (OBBs) (Gottschalk et al., 1996), K Dops
(Klosowski et al., 1998; Zachmann, 1998), Quantized
Orientation Slabs with Primary Orientations
(QuOSPOs) (He, 1999) and Spherical shells (Krish-
nan et al., 1998). These techniques seem to be effec-
tive for solid and non-deformable objects. However,
the usage of these techniques with deformable objects
has some drawbacks due to their restructuring process
which is not efficient in real-time. The entire recal-
culation for bounding representation is required to be
processed every time surface deformation occurs. It is
not the case for a method based on particle determi-
nation (Zachmann, 1998; Parent, 2001) using inter-
active forces between particles. This method offers
significant benefit since the interaction forces be-
tween particles can be calculated every time objects
deformation occurs without any recalculation of shape
bounding structure.

The particle-based collision detection algorithm
(Senin et al., 2003) uses the interactions forces be-
tween particles that spread over the objects surface as
the main principle as shown in Fig.1. Particles are
randomly spread over the surface and charged with
same-charged ions, for particles on the same objects,
and different-charged ions, for the particles in distinct
objects. There are 2 types of forces acting on each
particle which can be calculated as follows:
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(1) The attraction between particles that are dif-
ferently charged, in order to pull the particles into
each other when the distinct objects move closer.

(2) The repulsion between particles that have the
same charge to prevent the particles aggregation.

Repulsion .\ P; /

Attraction

Object A

Object B

Fig.1 Particle-based collision detection

The position of each particle can be estimated
from the summation of attractive and repulsive forces.
The collision can be detected by measuring the dis-
tance between particles. When the particles come
closer enough, there is high probability of collision
leading to the investigation of the collision between
those corresponding areas.

However, the particle dispersion might not be
efficient when there are more than 2 objects in the
system. This is because when the other object is
coming close, it can attract all particles agglomerated
at one side. If there is another object crashing on
another side, it may not have enough attractive forces
to pull the particles back, so collision detection fails.

Moreover, this method might have less effi-
ciency when the objects have extreme expansion. As
the number of particles is initially fixed, it may not be
sufficient enough to cope with the broadened surface
area.

Besides, the random placement of particles can
lead to improper particle dispersion and thus de-
creases the collision detection efficiency. For exam-
ple, as shown in Fig.2, three particles are randomly
dispersed at the right hand side of object B and so that
collision cannot be detected when object A crashes on
the other side.

ALGORITHM

An adaptive collision detection algorithm is de-
scribed in this section. First, in order to eliminate the
inappropriate dispersion problem, an object surface is
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( Particles insufficiency

Object A Object B

Fig.2 Undetected collision caused by improper particle
dispersion at the initialization

divided into several small areas with each area filled
with a particle moving only within its corresponding
boundary as shown in Fig.3. This can assure that the
particles always cover the entire surface. Therefore,
this can avoid the insufficient particles case when
more than one object crashes on another object at the
same time. After that, attractive forces received from
particle on different objects are applied. Conse-
quently, when objects come closer, the particles at the
corresponding surface will also move into each other.
The distance between this pair of particles will be
observed and determined. If it is shorter than some
tolerable distance, the collision is then examined
precisely between these two corresponding areas.

Boundary line

Object A

Object B

Fig.3 Interaction force on particle P; based on pro-
posed algorithm

Partitioning process

To partition surface area into several groups, we
have to know the number of partitions which is equal
to the number of particles needed. Hence, the number
of particles needed for each object is first estimated,
followed by the surface partitioning.

(1) The number of particles

A proper number of particles for each object can
be calculated as the maximum number of objects that

can collide with the object. This can ensure that there
are enough particles to detect the collision of several
objects at the same time. In this algorithm, we apply
the kissing number (Conway and Slone, 1993a; 1993b)
to estimate the maximum number of objects that can
attach to an object at the same time.

Kissing number is the number of equivalent
spheres which can touch an equivalent sphere without
any intersections. The kissing number in three di-
mensions has been proved to be 12, as shown in Fig.4.

Attached sphere

Center sphere

Fig.4 Twelve equivalent spheres which can touch an
equivalent sphere without any intersections

Therefore, 12 can be used as the number of par-
ticles when there are all the equivalent spheres in the
scene. If there are less than 12 objects, the number of
objects can be used instead.

However, this number of particles might not be
sufficient when there are several sizes of spheres. The
number of particles needed for an object can be es-
timated as follows. The maximum number of the
smallest sphere in the scene that can touch the object
can be computed as follows: let X be the considered
object and Y be the smallest sphere in the scene. De-
posit the whole arrangement into an imaginary sphere,
as shown in Fig.5. Imagine a lamp at the centre of the
object X that casts shadows of surrounding spheres
onto the inside surface of the imaginary sphere. Each
circular shadow has an area of B and cannot overlap.

Imaginary sphere
(Surface area=A4)

~N

Circular shadow
(Area=B)

Fig.5 Circular shadow on the imaginary sphere covering
a spherical object X and the smallest spherical object Y
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Then the number of particles needed for X is not more
than A/B when 4 is the surface area of the imaginary
sphere.

We can also apply this technique to an object
that has other shapes apart from sphere by completing
a modification. First, each object is approximated as a
collection of spheres by analyzing model geometry as
shown in Fig.6. To locate a collection of spheres, all
vertices have to be checked for critical points whose
normal vector changes much. The suitable number of
particles can then be achieved for each part of the
object.

4

Cubic shape V shape

Fig.6 Approximated spheres for objects

(2) Surface partitioning

In order to partition object surface into a number
of areas which can be calculated from the previous
subsection “The number of particles”, the object ver-
tices must be grouped. Each group is filled with a
particle that can only move between the vertices in the
same group.

In this algorithm, LBG quantization (Linde et al.,
1980) is applied to partition surface area. LBG quan-
tization is a grouping technique which classifies
vector data into several groups. The value of each
group can be represented by its average value called
code vector as shown in Fig.7. As the input data can

)

Codewords [ Vectors

Voronoi
region

Fig.7 Vector quantization
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be unlimited dimension vector, this technique can
therefore efficiently partition object surface by con-
sidering several factors such as vertex position, nor-
mal vector, and color, etc. Each determinant is ar-
ranged into each vector dimension which, in this
algorithm, has 2 factors to consider as will be de-
scribed in the following paragraph.

Since some closed adjacent vertices should not
be included in the same area due to their different
planes, the input vectors for partitioning should not be
dependent only on their positions, but should be de-
pendent also on their normal vectors. Therefore, each
input vector for the surface partitioning process is
received as a 6-dimensional vector composed of ver-
tex coordinate and its normal vector. The average
value is then computed which can divide the data into
2 groups. Each part can be divided continuously until
the required number of groups is met.

The algorithm for partitioning vertices is shown
below:

1. Each vertex is converted into a 6-dimensional
vector form

Input vector: X,=(x1, X2, X3, X4, X5, X¢),

where x1, x;, X3 represent vertex position and x4, X5, X
represent its normal vectors.

The set of all source vectors M is:

Training sequence: (70)=(X1, X2, ..., Xu).

2. The precision ¢ of the optimization process is
set; &0 has a small value.

3. Dimension of data is specified, k=6.

4. The first initial code vector is estimated, by
setting the number of required code vectors N=1. The

average value of all source vectors can then be cal-
culated as follows:

B 1M
C'=—3X. 1
! MZ{'" M

After that, the squared error distortion value at
point C,” is computed:

. 1 ¥ .
D,.=—> X, -C | 2
ave kM WZ:;” m 1 || ( )
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* .
5. Each reference code vector, C, , is used as a

divider and 2 other code vectors for each part can be
found. The procedure is repeated for all code vectors
used as dividers.

Fori=1,2,..,.N
C(O) = (1 + g)Cl , 3)
Cy =(1-8)C,. 4)

6. The N value is then doubled, N=2N.

7. Iteration process

7.1. Source vectors are classified into groups
using the Euclidian distance between each input
vector and its corresponding code vector.

Let iteration index i=0

For m=1, 2, ..., M find the lowest value of

d(Cy, X,)= /Z(C,. - X, (5)

Forn=1,2, ... N
If C)(Ti) is a code vector that creates the

lowest value, then put it into the group.
o(x,)=C (6)

7.2. New code vectors are calculated from the
average in each group when the grouping is finished.
For all value n= 1 2,.

(1+1) _
C! (7
o,)= C" o,)= C"

7.3. Set i=i+1
7.4. Calculate

D) = ZH X, -0(X,)IF. (®)

7.5. Stable state is checked by considering the
following condition:
DL~ DL
TG <eé. )

ave

The difference between C'” and C'™" are still

too much if the condition is not as in Eq.(9). Thus this
iteration process must be repeated until it is stable.
8. When the code vectors are already stable, they

.
are set as reference code vectors (C, ).

Let D, =D!

ave?

Forn=1,2,...N
Set C, =C".

9. We repeat Step 4 to Step 8 until the required
number of the code vectors is reached.

10. Input vector (X)) is then classified into each
group as in Step 7.1. All N groups of 6-dimensional
vectors are then achieved.

Each 6-dimensional vector is converted into a
vertex element by extracting the first 3 elements of
the vector. Lastly, N groups of vertices, N areas, can
be achieved.

11. A particle is assigned to each area.

Collision detection process

The procedure of this process is divided into 3
parts. First part is state the calculation of interaction
forces between particles. Then, the movement of
particles is discussed in the second part. Finally, the
collision checking can be processed by considering
the collision distance.

(1) Interaction forces

The interaction forces applied to each particle
are calculated by summarizing the attractive force
received from other particles on the neighboring ob-
jects. This attractive force corresponds to the distance
between particles which can be computed as follows:

fpip))=0  when r>R.,
f(l’i,p_/)=1/r2 when r<R.,

(10)
(11)

where f(p;,pj)=Force between particle i and j; r=Dis-
tance between particles; R.g=The effective radius of
attraction.

According to these equations, the attractive force
becomes stronger when the distance becomes shorter.
In contrast, if the distance becomes longer than the
effective radius of attraction, then the attractive force
becomes zero. This value can be approximately equal
to the longest distance between the initial particles of
each object.

Finally, the forces acting on each particle, p;, is
then obtained from the summation of attractive forces
acting on the particle.

F, =Z:f(p,,p,)- (12)
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(2) Movement of particles

In the simplest case, particles are assigned to be
located only at vertices within its specific area. Each
particle is moved along the vertices to the neighboring
vertex which received maximum force. To choose
particle destination, we have to know the particle

position (#;) and its neighboring coordinates (Q, ;)

as shown in Fig.8. The forces acting on these vertices
are then calculated using Eq.(12) as shown in the
previous subsection “Interaction forces”. After that,
each particle is moved to the vertex which received
maximum force. Finally, the process is checked if it
changes to the relaxed state which can be defined as
follows.

The relaxed state is a state when either the
number of particles moved is less than Ry, (when
R should be about 10 times smaller than number of
particles, N), or else, the number of iterations be-
comes equal to Rp.x (When Ry, should be approxi-
mately equal to the maximum number of vertices
along the shortest routes between any two particles on
the object).

The movements of N particles are calculated and
then wait for the particle system to reach the relaxed
state.

Fig.8 Particle position and its neighboring coordinate

(3) Collision distance

After the relaxed state is reached, the distance
between a pair of the closest particles is then meas-
ured. We compare this value to the collision distance
(1) which can be calculated as the Euclidian distance
between vertices shown in Eq.(13).

p=avgld(viv)]vi, vieV, (13)
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where V' is the set of vertex coordinates and d(v;,v)) is
the Euclidian distance between vertex v; and v; which
can be calculated from the following equation:

d(A,B)= /Z":(ai -b),

where d(A4,B) is the Euclidian distance between 2
points A=(ay,a,,...,a,) and B=(b1,by,...,b,).

When the distance is shorter than g, it can be
concluded that there is high possibility of collision.
Then, the collision at the corresponding area is pre-
cisely checked.

(14)

Repartition checking

The repartitioning does not have to be processed
every time the object deforms since most objects used
in computer graphics do not deform noticeably.
However, when there is great deformation, some area
might become too large so that only one particle is not
enough to detect the entire area. When the deformed
area is larger than an acceptable area (4"), reparti-
tioning process is required. The surface of the objects
should be repartitioned when the deformed area is
larger than the acceptable area (4').

The area of each region can be computed by es-
timating an approximated rectangular area. First, the
distance along the vertices from the particles to the
edge around the area is measured in four directions,
+X, =X, +Y and —Y. A rectangular area A4 can be cal-
culated as shown in Fig.9. This approximated area is
then compared to the acceptable area (A*) which, in
this algorithm, is set to the largest approximated rec-
tangular area among of all initial areas. If the

Fig.9 Four directions used to find size of areas
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computed area is larger than the acceptable value, the
repartitioning for the entire object is then processed.

ALGORITHM ANALYSIS

The complexity of the proposed algorithm cor-
responds to the computational time of 3 processes
which are the surface partitioning process, the colli-
sion detection process and the repartition checking
process.

The number of particles needed for each object
can be estimated by checking every vertex for critical
points, so that the computation takes time O(M) where
M is number of vertices. The surface partitioning al-
gorithm for each object has complexity of O(kMN)
where k, M, N represent the number of iterations,
number of vertices and number of particles, respec-
tively.

However, the partitioning process does not have
to be computed every time an object deforms as it is in
the preprocessing procedure. Therefore, the com-
plexity of the proposed algorithm can be estimated
from the other two processes.

The complexity of the algorithm for detecting a
collision is O(N 2) while the complexity of the algo-
rithm for repartition checking is O(N) where N is the
number of particles.

RESULTS

The proposed algorithm has been simulated on
an Intel Pentium IV 2.8 GHz processor. We tested our
algorithm on different polygonal models. Three
frames from our implementation using two polygonal
models of teapot defined by 5784 polygons and
sphere defined by 1260 polygons are shown in Fig.10.
Experiments showed that this algorithm can detect
collision with accuracy of more than 90% using short
computational time which can show the average re-
sult by 29 fps. From the results, it can be concluded
that the presented algorithm can accurately detect
collisions in real-time.

CONCLUSION

This paper presents an adaptive particle-based

¢}

& e .o .

Fig.10 Collision detection between teapot and sphere

collision detection algorithm which can improve the
particle dispersion of the original algorithm by adding
the surface partitioning process. LBG quantization
theory is applied in order to efficiently partition the
surface area. The proposed algorithm provides a par-
ticle separately to each corresponding area in order to
achieve equal and fair dispersion. Our algorithm can
detect also the collision of several deformable objects
at the same time while the previous particle-based
method (Senin et al., 2003) might fail since the given
particles are not sufficient and the particle dispersion
is not appropriate. After the deformation of objects,
the acceptance area is monitored so that the proper
number of particles can be altered by completing the
repartitioning process.
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