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ABSTRACT

This paper presents a method for fast-approximate collision detection between 3D models S undergoing rigid body
motion known as oriented convex polyhedra R(S). By enclosing 3D models tightly, the fineness of detected collision
can be enhanced. It is known that the large number of void areas which belongs to any 3D bounding volumes B(S)
can affect the accuracy of collision detection system. Therefore, a way to compute R(S) using intersection of a set of
halfspaces is described. The directions of these halfspaces are generated from calculating covariance matrix. To
develop the tightest R(S), the quality of abutting corners by implementing Tribox Bounds method is improved. To
detect collision between R(S), a straightforward approach by simply checking its interval pairs in local space
system is performed. The proposed approach was implemented and a number of comparisons in terms of time and
recorded collision with other B(S) were performed. From the conducted tests, R(S) performs well and might be a
possible choice for detecting collision of 3D models undergoing rigid body motion.
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1.0 INTRODUCTION

The problem of interference checking or collision detection between 3D models in static or dynamic environments
is vital in computer animation. In the real world, it is obvious that two solid objects cannot occupy the same space at
the same time. In this subject matter, collision detection approaches are certainly needed to preserve the realism of
the real world. However, the proposed approaches should be efficient, faster and easy to implement regardless of
the number of 3D models that comprise the simulated environment.

Now, denote S as a polyhedron consisting of a finite set of triangulated surface points of the three-dimensional
Euclidian Space V. B(S) is convex polyhedra and is used as a geometric bound to enclose 3D model S. The
intersection between pairs of objects simply can be confirmed by checking their intersection of B(S). If B(S)
intersects, the bound object will have a potential to collide. Otherwise, the bound object will not collide at all.

Most of the previous studies revealed that Convex Hull P(S) might be impractical to be used as a B(S). Some of the
reasons are the number of axis test to be considered particularly if one tries to use Separating Axis Test (SAT) and
additional time is needed to verify the collision status [2]. Moreover, the construction of P(S) is not straightforward
and requires a high memory consumption to represent the P(S) [2]. Though P(S) seems to be unpopular for any
practical use, P(S) has the tightest convex polyhedron among B(S) [11], [6].

On the other hand, to utilize the advantage of P(S), the Slab-Based volume K(S) was introduced by [12]. By limiting
the number of halfspaces, K(S) is now formed using a set of infinite regions between two parallel planes named as
Slab (refer to Fig. 1). To make it work, a number of normal vectors are chosen to determine the direction of the
Slab. Meanwhile, by sharing same normal to all 3D sets models, K(S) is now possible to be used as B(S). [13] and
[15] explored the idea known as Discrete Orientation Polytopes (k-Dops) and Fixed-direction hull (FDH)
respectively. Even though k-Dops or FDH is a form of tight B(S), its major drawback is the updating process. The
updating process requires an expensive operation even if the volumes rarely intersect with each other since k-Dops
need to maintain the best bound as possible. Several improvements have been cited in the literature and some of
them are not straightforward to implement. Some may be easy to implement but is not the optimal solution. The
details will be explained in the next section. Therefore, a B(S) approach that has similar shape as k-Dops using
modified OBB is proposed. This new B(S) is denoted as Oriented Convex Polyhedra, R(S). Then, several tests are
conducted to verify the advantages of R(S) in terms of collision testing, the cost of single collision test and R(S)
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construction time. The results seem promising especially for 3D models undergoing rigid motion in computer
simulated environment.
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IEig. 1: The construction of a slab from two parallel planes
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The remaining sections of this paper are organized as follows: Section 2 explains in brief preliminary research on
B(S). Section 3 touches specific information about the construction of R(S) using covariance matrix and
improvement phase of each abutting corners using [5] approach. Section 4 shows some results of the conducted
experiments. The final section summarizes the discussion.

2.0 PREVIOUS WORK

The most common approach in collision detection for n-body system is B(S). By enveloping complex objects with
B(S), expensive primitive collision checking can be reduced. This is the reason why several researchers manipulate
B(S) as a coarse test before implementing more accurate collision checking [3], [8], [10], [6]. Beside its excellent
contribution in collision detection, B(S) also plays a major role in other fields in computer graphics. Ray Tracing,
View Frustum culling and Level of Detail are several examples that manipulate and utilize B(S) for the sake of
performance [19], [17], [1], [18].

The most memory-efficient of B(S) is Bounding Sphere. The intersection test only manipulates four parameters to
verify the existence of collision (one vector for sphere offset and its radian). Furthermore, to do the updating
process, it is suggested to utilize the Bounding Sphere offset [4]. AABB is a parallelepiped volume where each of
its surface normals coincide with the standard axis system [18]. It can be constructed simply by finding the
minimum and maximum coordinate values along each axis. The intersection test of two AABB is performed
through comparison of six minimum and maximum coordinate values. Variations of AABB system is clearly
explained in [6].

OBB is another efficient B(S) initiated by [8] and [9]. OBB can be defined as a box where adjacent normal faces are
orthogonal. Therefore, fifteen parameters are required to assemble an OBB. These parameters are center point, edge
half-length and the orientation vectors that specify three mutually orthogonal unit vectors [8], [9]. Obviously, OBB
is a modified AABB specially functions to rotate arbitrarily. Meanwhile, constructing the smallest OBB from a set
of point requires a lot of work. Poorly aligned principal axes of OBB will give quite bad OBB fitting. As
mentioned in [9] and [2], if the 3D model has the shape of a cube, the constructed OBB sometimes does not fit
perfectly. This could be an isolated case due to the equal statistical spread of vertices in all directions. This
condition suggests some heuristic to be applied such as using weighted spread of points on convex hull facets [9].
The return is a good fit OBB, but O (n log n) time is required just to compute the convex hull. Another way to
handle minimum tight-fitting of OBB is presented by [16].

k-Dops is a convex polytopes. It may be computed by assembling several Slab volumes along k/2 directions [13].
There are several types of k-Dops introduced by [13] known as 14-Dops, 18-Dops and 24-Dops. In general, k-Dops
is another adjustment of AABB with several additional directions. As an example, for 18-Dops, three different
coordinate systems are required wherein each of them is obtained by rotating the standard axes system by 45° about
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one of the principal axis. The most efficient is the 18-Dops [14]. As stated in [14] k-Dops is invariant under
translation. Therefore, once 3D model revolves, it will be unaligned with predefined axes. In this condition, one
needs to update the volume of k-Dops in order to comply with rotated 3D model. Definitely updating k-Dops
operation is expensive. In response to this condition, [13] proposed an alternative approach named as the
approximation method. However, the approach constructs larger k-Dops compared to the original volume.
Compromising realignment strategy between hill climbing and approximation method as proposed by [7] was not
straightforward to implement. Another realignment strategy proposed by [20] based on approximation strategy still
produced larger k-Dops. Distinctive Tribox initiated by [5] is not straightforward to implement even though the
given technique is able to reduce the number of incorrect abutting corners.

3.0 CONSTRUCTION OF ORIENTED POLYHEDRON, R(S)
In this section, the construction of R(S) derived from the intersection of oriented polyhedron is described.
3.1  Preface of R(S)

Denote R(S) with nine sets of directions derived from combinations of OBB principal axes namely as ug, U, Uz, Ug +
Ug, Ug + Uy, Ug + Uy, Ug - Uy, Up - Uy and U, - Uy respectively. To form R(S) bounds, 18 half-spaces are required which
are defined by projecting all vertices onto given directions and finding the extreme vertices along each axis.
Meanwhile, these 18 half-spaces will produce nine pairs of infinite region of space between two planes known as
Slab volumes. Based on a similar idea as reported in [13], R(S) will form 18-Dop (Discrete orientation polytopes)
with the 12 edges been cut off. Nevertheless, the major variation is of course the way to construct the R(S)
orientation in which it manipulates the principal axes of OBB. Fig. 2 shows the generated R(S) that bounds two
sample 3D models. The model given by Stanford Computer Graphics Lab and Cyberware, Inc. was used in this
testing.

Fig. 2: Two sample 3D set models (Santa and Dragon) bounded by R(S)
3.2 R(S) Representation

The construction of R(S) is quite straightforward. Several calculations using Principal Component Analysis
algorithm (PCA) were performed to construct the orientation of R(S). In particular, the mean and covariance matrix
of triangulated surface points were computed. This is the major type of 3D model representation in this instance.

Now, denote X', y' and z' correspond to the triangulated surface points, Cij, n represents mean, 3 by 3 covariance
matrix and number of triangles respectively. The following equations explain the above process (see equation 1 and
2). The rest which follows are explained in the following steps (see step 3-7).

1
1. Let M=3n Z pi+0q;+r;
C. 1 &°
2. Let =g D pipjagaenr)

i=0

3. Replace each p, q and r with p-g,, g-4, and r-g, respectively.
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Compute the eigenvectors of symmetric matrix C;; and normalize the value before using them as a principal
axes. The eigenvectors will likely be aligned to the principal axis with the geometry of object.

Then, to construct the directions of R(S), three other different coordinate systems are required wherein each
of them is obtained by rotating the original coordinate system of OBB (gathered in the previous step - the
eigenvectors of symmetric matrix) by 45° about one of the principal axis. In this case, in order to construct
these three coordinate systems, only the original principal axis (orientation) generated by eigenvector
function were manipulated. In other words, the halfedge-lengths and center point for each of the new
coordinate system as needed by OBB representation were not used and computed. The major reason is, by
sharing similar center point and halfedge-length for each of them, the unfit volume of R(S) will be formed.
Fig. 3 shows the situation clearly. The new coordinate system after 45° rotation about one of the principal
axis shows that, if it shares similar halfedge-length and center point, the unfit blue box will be produced.
Meanwhile, if only the generated direction after rotating 45° is used, the fit red box will be generated. In
this case, the red box has its own halfedge-length and center point. Since calculating the half-length and
the center point of each generated coordinate system is not done, a number of computations can be reduced
slightly. In Fig. 3, the 2D volume shows the original OBB in green while the blue box is the generated
volume using new coordinate system that shares identical halfedge-length and center point with original
OBB. The red box shows an optional volume that manipulates the direction after being rotated 45° without
sharing identical halfedge-length and center point. The 3D volume shows similar situation wherein one of
the coordinate system will produce fit volume (original) while the others produce unbalance volume.

Fig. 3: The 2D volume and the 3D volume
(Please download the softcopy to view the colors.)

In order to construct a bounding box, project all vertices onto the principal axes and find the extreme
vertices along each axis.

After that, to improve the quality of abutting corners, the technique proposed [5] is applied. In this case,
improving the quality of abutting corners is important since the generated intersection points will be used
for intersection testing. First, there is a need to find out the intersection of three abutting planes. This is
followed by finding any changes of the local topology at a corner based on given condition as cited in [5].
In general, there are four type of topological configuration at a corner. Given the 18 projection bounds, the
topology of the boundary at each corner may be easily characterized by calculating the intersection point p
and testing it against the three principal planes (refer to Fig. 4). As mentioned by [5], each corner should
possess three main planes. Denote each of them as h,, hg and he respectively. Associate chamfer planes are
denoted as hag, hac and hge.  The best explanation about the way to obtained intersection points can be
found in [5].
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Fig. 4: Set of planes and chamfer planes used by [5] to produce intersection point p

4.0 INTERSECTIONTESTING

To perform an overlap test between two R(S) volumes, it is a must to transform both of them into a common
coordinate system. In this case, one of the R(S) volumes was transformed into the local coordinate system of the
other volume. This step saves a lot of the computations rather than performing a similar transformation to both of
the volumes into a world coordinate system. The intersection testing concept is derived from a similar concept as k-
Dops intersection test. The testing is easy to implement and performs a fairly faster collision checking. Although the
R(S) volume is constructed by manipulating similar orientation of OBB, the same collision detection approach
known as Separating Axis Test (SAT) to detect collision cannot be simply applied. This is so for orientations
higher than three, k > 3 where k represents the number of orientation, number of axis test to be considered increases
drastically. As mentioned in [2], if the number of edge directions is at most 3k-6, therefore, by using Euler’s
formula, the total number of axes to be considered are 2k + (3k-6)2 Therefore, the following algorithm explains the
collision checking between two R(S) volumes. In general, it starts with transforming one of the R(S) volumes into
the other volume coordinate system. This is followed by comparing all intervals of each volume to testify the
existence of overlapped region.

Testing Algorithm (Object , , Object )
Pre: Subject contains geometry information of R(S)

that is Intersection Point P.
Current Transforming Matrix of each subject.

Post: Both objects overlapped.

Return: True if all intervals (SLAB) are
overlapping, false if any of the intervals
do not overlap.

1 Compute Transformation Matrix expressing
Object g into Object_, ’s coordinate frame.
2 Project all 32 corners of Object 3z into
Object_, ’s directions.
3 Loop (i=0;i<9;i++)
If(Object_,.min[i] > Object z.max[i] ||
Object_j.max[i] < Object_g.min[i])
return 0; // no overlapping detected.
4 return 1; // all interval are overlapping
// both R(S) have a collision.
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5.0 IMPLEMENTATION AND RESULTS

To evaluate the approach, all experiments given in this section have been conducted on a Pentium IV PC with 2.8
GHz, 1 GB main memory and NVIDIA GeForce4 MX 440 with 8X AGP. Two types of experiments were
conducted. The first experiment measures the number of detected collision for n objects within a particular time

frame. The second experiment quantifies the pre-processing time to generate R(S) and time to detect a single
collision.

Number of Detected Collision :— In this experiment, a number of collisions of 3D model undergoing rigid body
motion were verified. A variety of 3D models were used in a simulated environment. Most of the models were
provided by Stanford Computer Graphics Lab. Examples of 3D models used are Santa, House, Cow, Skull, Bunny,
Dragon and Dinosaurl. The first experiment is conducted by placing 20 varieties of 3D model randomly in space
and testing them for intersection (Fig. 5). The space or the simulated environment is a cube that consists of Santa,
Horse, Cow, Dragon, Bunny and K-Dops models (two models each). In addition, the space also has three Ellipses
and one model each of Venus, Diamond, Hand, Skull and Sphere. Each of the 3D models has arbitrary orientation.
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Fig. 5: A simulated environment comprises of various 3D models

In this experiment, the approach was benchmarked in terms of the number of detected collision(s) with OBB and k-
Dops since the approach is derived from those concepts. Bounding Sphere is the worse case key indicator. From the
results of the experiment conducted, it is found that, R(S) performs fairly favorably compared to bounding Sphere,
OBB and k-Dops (Fig. 6). On average, the number of collisions detected by R(S) is 38.34% less than OBB. In the
meantime, the number of collision detected for every time frame for k-Dops is an average of 1.1037% more

compared to R(S). Using similar experiment properties, several experiments were conducted by manipulating 20
identical 3D models.

! Thank you Stanford Computer Graphics Lab (http:/graphics.stanford.edu/data/3Dscanrep),
Cyberware Sample Models (http://www.cyberware.com) and GIT Large Geometry Models Archive (http://www.cc.gatech.edu/projects/large_models/)
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Fig. 6: Collision detection for n-Body Objects (20- Mixed 3D models)

The first experiment was executed to test the intersection of 20 Cow models. In this experiment, once again it was
found that R(S) yielded better performance when compared to other B(S). Average performance of R(S) in terms of
detected collision is 26.625% and 18.979% less compared to OBB and k-Dops approach respectively (Fig. 7).
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Fig. 7: Number of collision detection for 20 Cows recorded frames ranges 100 to 8000 frames

The next experiment was to validate the number of collisions recorded between 20 Ellipses. Using similar
experiment properties as 20-Mixed models, it was found that, for such lozenge 3D models, R(S) performed
comparatively better than OBB and k-Dops (Fig. 8). As an example, the number of collisions recorded for OBB
specifically in frame 3200 and 3400 are 25.0698% and 24.999% more when compared to R(S). Meanwhile, using
similar time frames, the extra numbers of collisions are 3.4636 % and 3.401% respectively as traced by k-Dops
compared to R(S).
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Fig. 8: Number of collisions recorded for 20 Ellipse models in the simulated environment

A few more experiments were carried out in order to analyze the number of recorded collision for various identical
models. For example, the experiment between 20 Horses (Appendix A), 20 Santas (Appendix B), 20 Dragons
(Appendix C), 20 Hands (Appendix D), 20 K-Dops models (Appendix E) and 20 Diamonds (Appendix F).
Throughout the experiments, it was found that, R(S) works well especially for irregular models that have gradual
outliers such as the Santa, Dragon, Horse, Cow, Dragon and Hand. This is due to its capabilities in reducing a large
number of empty corners by cutting off 12 edges of the OBB volume and no tumbling operation is needed in order
to comply with rotated bounded models. On the other hand, for objects such as the Diamonds and K-Dops models,
R(S) successfully produced tight-fitting volumes and contributed superior performances almost in every time frame.

An experiment to determine the most accurate B(S) by manipulating one of them as an object was also performed.
To setup that situation, spheres were selected to be the experiment subject (Fig. 9). By doing so, it gives an
advantage to the bounding Sphere and gives the most accurate collision detection. Therefore, 20 sphere models
were used where each of them has 467 vertices and 992 faces. Using similar experiment properties as the previous,
R(S) is worse compared to k-Dops (Appendix G). Average performance showed that 14.654% more collision was
detected by R(S) as compared to k-Dops. Models which have equal statistical spread of vertices in all directions will
sometimes produce worse R(S) bounds. Moreover, the sphere model itself easily aligns well with the axes of the k-
Dops and gives a fair advantage to k-Dops. From the experiment, the number of collision detected by R(S) is about
47.2258% less than OBB.

(b)

(d)

Fig. 9: Bounding volumes surround 3D Sphere models:
(a) using bounding Sphere (b) using OBB (c) k-Dops and (d) R(S)
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Preprocessing Time and Time to Detect Single Collision :— Fig. 10 shows the time to detect a single collision for
R(S) using the algorithm explained in section 4. In this experiment, 1000 collision checking between two B(S) were
tested and the time it takes to certify a single collision was recorded. From the experiment, it was found that by
using the algorithm explained in section 4, R(S) is able to confirm collisions much faster compared to OBB and k-
Dops. Although the min-max values of 32 corners of R(S) were compared, the performance does not drop off much.
k-Dops obviously takes more time since it needs to update and realign to the bounded model. The SAT used by
OBB to verify collision is fairly good and fast. The best B(S) is the bounding Sphere since it only needs to compare
the sphere radii to validate collision.

The latest experiment is to compute the preprocessing time to generate single R(S) of several 3D models (Fig. 11).
The preprocessing time needed by R(S) is the highest compared to other B(S). Therefore it can be deduced that one
of the major causes that increase the preprocessing time is the computation and the procedure to improve the quality
of abutting corners. Finding the intersection point of abutting corners is important for R(S) since it will determine
the accuracy of R(S) volume. Fig. 11 shows that preprocessing time needed by R(S) to calculate the enclosing
volume is in the average of 16.3% higher than k-Dops. Once again, finding the quality of abutting corners
contributes to the significant increment of time. On the other hand, comparing R(S) to OBB might be inappropriate
since R(S) manipulates 9 orientations to develop R(S) volume while OBB only needs 3 orientations to generate an
orientated box. In this case, of course B(S) such as k-Dops and R(S) will need extra preprocessing time since more
orientations should be considered.

Time To Detect Single Collision
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Fig. 10: Time to detect single collision of B(S)
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Fig. 11: A preprocessing time needs to compute B(S) for several 3D models
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6.0 CONCLUSION

In this paper, a method for detecting collision between 3D models was presented. The approach is made possible by
computing an R(S) using intersection of a set of halfspaces. The directions of these halfspaces are formed from the
calculation of covariance matrix. The collision detection scheme that was implemented shows fairly good results in
terms of collision checking and time to detect single collisions. Currently, several techniques in order to reduce the
preprocessing time needed to construct R(S) are being investigated. One of the potential techniques is by using
approximate convex decomposition and manipulating simple B(S) before calculating the abutting corners procedure.
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Appendix

A: Collision detection between 20 Horse models.

n-Body Collision
[20 Horses 48485 Vertex, 96966 Faces]
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B: Collision detection between 20 Santa models.
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n-Body Collision
[20 Santa-18946 Vertex, 37888 Faces]
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C: Collision detection between 20 Dragon models.

n-Body Collision
[20 Dragon- 1257 Vertex, 2730 Faces]
No.Collision
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D: Collision detection between 20 Hand models.
n-Body Collision
[20 Hand 1055 Vertex, 2130 Faces]
No.Collision
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E: Collision detection between 20 Kdop models.
n-Body Collision
[20 KDops- 1639 Vertex, 2550 Faces]
No.Collision
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F: Collision detection between 20 Diamond models.

n-Body Collision
[20 Diamond- 320 vertex, 588 surfaces]
No.Collision
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G: Collision detection between 20 Sphere models
n-Body Collision
[20 Sphere 467 Vertex, 992 Faces]
No.Collision
@ Sphere
@ OBB
® kDops
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Frames
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