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Abstract—The construction of Bounding-Volume Hierarchies (BVH) for Virtual Environment application has been varied from
the rigid bodies application type to the deformable bodies application. Numerous technique and specific instruction has been
given from several researchers in order to make sure that the BVH can suite their application without any restriction. In this
paper, we explore the capability of BVH using a technique called Quad Axis Separation Technique (QAS) that could efficiently
create full-blown hierarchical tree using approximation of separating axes theorem for Virtual Environment. A theoretical
implementation is carried out with standard experimental that is also been used by researcher to test their BVH in the Virtual
Environment. We also believed that QAS could provide fast and efficient hierarchical tree construction and also enhance the

speed and accuracy of the collision detection technique

Index Terms— Bounding-Volume Hierarchies, Collision Detection, Bounding-Volume, Virtual Environment

1 INTRODUCTION

In developing 3-Dimensional (3D) world, various con-
siderations must be taken into account before the simu-

lation is going to be online for real-time visualization.
Number of polygons for each Virtual Environment appli-
cation depends heavily on the technique that the designer
is going to develop and propose. One might want to build
a virtual city just to highlight the environment for virtual
tourism purpose while others is really pun into concentra-
tion on building a real-time simulation consisting com-
plex objects that could test their propose technique. For
collision detection technique, the researcher can just test
the contact between two polyhedral, which is a rigid bod-
ies simulation. Hence, it is essential for researchers or de-
signers to properly getting the information require when
building Virtual Environment (VE) application such as
medical simulation and computer games development
[42-43].

Complexity of the VE can be varied according to the
authors or the designers. Some might saying that 10000
triangles are complex enough for VE application while
there are many simulation exists that represented more
than millions of triangles. It seems that the number of
polygons does not necessarily represent the complex en-
vironments but the detail of the VE itself is the important
point to consider as complex environments.

The smallest thing in VE is consists of set of point
where this set of points will be connected and created a
triangle. Set of triangle then is also connected where it
creates an object. Thus, performing collision detection
where two or more object overlapped into each other is a
huge task. Imagine if each object contains a lot of triangles
and need to test every single triangle for overlap. Re-
searchers have introduced a simple and fast enclosed area
for each object called Bounding-Volume (BV). This BV is
then is optimized by the researchers by producing Bound-
ing-Volume Hierarchies (BVH) for more accurate collision
detection testing.

Bounding-Volume Hierarchies (BVH) stand for hierar-
chical solution for VE where each single object in VE will
be bound with Bounding-Volume (BV). Then, each BV
will be split into several smaller parts according to the
type of trees such as binary, quad, or k-tree splitting. The
cost of splitting the BV is depending on how well the sep-
arating axes theorem that has been used in the BVH con-
struction. Sometimes the construction can lead into infi-
nite level of splitting process and thus the researchers
must limit the level of hierarchical tree by using heuristic
determination. Later, this BVH that enclosed the object
will be tested in VE where the collision detection will be
activated.

Hence in this research paper, we would like to propose
a method that could optimize the Bounding-Volume Hi-
erarchies construction in both pre-processing and post-
processing time. By optimizing the way on how separat-
ing axes theorem works, we could enhance the capability
of BVH construction in term of speed and efficiency when
performing collision detection in VE. Section II will de-
scribe related works about the BVH and collision detec-
tion method while Section III describes about the proper-
ty of BVH and BV. Later in Section IV, we suggested an
algorithm for optimizing separation axes theorem for bet-
ter BVH tree construction. Section V consisted of experi-
ments procedure for tree construction by comparing with
common separation axes theorem techniques. In Section
VI we conclude and give discussion about future work.

2 RELATED WORD

2.1 Discrete and Continuous Collision Detection

In VE, common solution that has been used for collision
detection technique is grid-based partitioning, spatial
partitioning and Bounding-Volume Hierarchies. Howev-
er, grid-based solution is almost the same as spatial parti-
tioning where grid-based solution can be used either for
single object or whole VE. Meanwhile Bounding-Volume



Hierarchies has been studied in various fields of comput-
er graphics such as ray-tracing, mesh subdivision and
collision detection.

Research on collision detection between rigid body’s
simulation and deformable body’s simulation has been
studied for almost few decades ago. As the VE itself be-
coming far better than previous decade where most film
has embedded 3D simulation, we found that the research
of collision detection has become more unique with sev-
eral of techniques proposed by researchers. In VE, a rigid
body is defined as a model that cannot be modified even
some force has been applied. But under certain circum-
stance, it can be destructible where the behavior of rigid
body has turned into deformable bodies which can be
deformed or modified. Thus, it is simple to conduct an
experiment using rigid body’s simulation but the hardest
part is to still to find the accurate or point of contact for
the object. Rigid bodies collision detection materials can
be found by in many literatures now days [2-6].

Later in 1993, M.C. Lin conducted a research of detect-
ing object interference between two rigid bodies. They
defined that there are two types of contact between rigid
bodies that could be identified in M.C. Lin research as
tangential collision and boundary collision [7]. Tangential
collision happens when there is intersection between two
surfaces at 90 degrees at geometric contact point. It means
that the collision happens either from 90 degrees from
above, bottom, right or left surfaces of corresponding
polygons. Meanwhile boundary collision occurred when
there is one object wants to check for potential collision
when inside the object boundary. For example, a circle
has it owns boundary made of radius given. Then if there
is one point inside this radius has intersect with another
circle, then the boundary collision has occurred. Figure 1
explains the situation.

Whilst, Redon explained that there are two common
types of performing collision detection between rigid
bodies namely discrete collision detection and continuous
collision detection [8]. Discrete collision detection (DCD)
is performed by sampling the object motion toward the
object that is going to be intersected and detect the object
interpenetrations [5, 9-18]. In computer games, DCD is the
most popular solution where it can perform fast and accu-
rate enough between objects collision.

CCD methods primarily improve the accuracy of colli-
sion detection compared to DCD methods but it also gen-
uinely took longer computation time. Therefore, in com-
puter or console game applications, CCD technology has
not been used actively in such area. However, there are
many approaches that has been used to accelerate the
performance of CCD by creating a specific instruction or
algorithm for specific applications on certain types of
models (e.g., rigid objects, articulated bodies, meshes
with fixed topology), utilizing the computation power of
GPUs [4, 19-22], and introducing efficient culling methods
[23]. But again, those algorithms suffer from computation
cost that may take hundreds of milliseconds and, even, a
few seconds on performing CCD for deforming models
for example that may consists of hundreds of thousands
triangles.

2.2 Bounding-Volume Hierarchies

BVH allow the intersection occurs without searching for
non-colliding pairs from the hierarchy tree. For example,
given two objects with their BVH, when root of the hier-
archies do not intersect, the calculation will not be done
for the both objects. However, when the root of both hier-
archies intersects, it checks for intersection between one
root of the hierarchies’ tree and the other children of ob-
jects hierarchies’ tree.

Various works has been done in sphere, AABB, and
OBB tree construction where the cost of constructing the-
se trees is practically low computation cost compared to
other type of BVH trees [5, 9, 24-29]. Since the type of the
tree also play important role in determine the speed and
the accuracy when performing collision detection algo-
rithm. Some optimization for them has been applied with

specific instruction.
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Fig. 1 (a) Tangential Collision and (b) Boundary Collision
(7]

3 BOUNDING VOLUME HIERARCHIES FOR
CoLLISION DETECTION IN VIRTUAL
ENVIRONMENTS

Hierarchical tree consists of several nodes where each
node can be labeled as root, child node, and leaf node.
Depending on the type of the tree, it can be divided into
several child nodes. Each child node will then act as sub-
root where it also can be divided into several child nodes.
Once the tree has been properly managed where it stops
to divide according to the user specification, each node
will be having at least several leaf nodes or at least one
leaf node. Figure 1 shows the BVH construction level.

By visualizing it into Virtual Environment (VE), we
can have one Bounding-Volume (BV) to enclose each ob-
ject. It might Sphere BV [28, 30-32], AABBJ[9, 29, 33], OBB
[9, 34-36], K-Dopl[12, 24], ellipsoid[37] OR-Dop[11] or oth-
er types of BV. The usage of BV depends heavily on the
target application that we want to develop. Fast response
collision detection in computer games development want
to have fast collision detection method and thus Sphere
BV, AABB, or OBB can be considered as an ideal BV
whereas medical simulation or deformable bodies simula-
tion might requires K-Dop and ellipsoid for better accura-
cy and moderate speed of detection. There were certain
cases where AABB and OBB also can produce accurate



collision detection method.

Meanwhile, the type of tree for the BVH construction
must be determined at first place. For binary construction,
each root will be divided into left and right nodes and the
process continue until the stopping criteria has stopped
the process from infinitely splitting. As each object con-
tains a lot of triangle and most of them will never has the
same triangle size. The splitting process might not be able
to stop when the user wants it due to the bad heuristic
usage. For example, we have conducted an experiment
that shows spatial median splitting for AABB cannot
properly split into balanced hierarchical tree until certain
level where the splitting only lead to the infinite loop of
splitting process [6].

The information stored in each tree node usually con-
tains the data of vertices and indices or set of triangles.
This information will be used to create another BV that
only enclosed the set of triangles. This process will be
continuing until the reasonable level has been achieved
based on the heuristic determination that has been setup
by the program. It is essential to provide good heuristic
determination to develop proper and well balanced tree.
Balanced tree is required for faster collision detection
checking by reducing number of nodes that needs to be
checking. We have performed a simple testing with spa-
tial object median splitting method (SOMS) where it de-
veloped well balanced tree compared to common spatial

median splitting method [7].
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Fig. 2 BVH Tree Construction Level

3.1 BVH Trees

There are multiple types of BVH construction that can be
used to represent hierarchical representation. Among
those popular tree construction is binary tree. Binary tree
has some nodes definition:-

a) Root Nodes — The topmost node in binary tree is
called root node. Root node actually does not have
any parents. It is the starting node where all the oper-
ations of tree will begin normally. Root Node is con-
nected to each child nodes downward of root node

by using branch or subtree connector. Branch of sub-
tree connecter is one of the important elements that
connecting each nodes with their parent nodes.

b) Leaf Nodes — The bottommost node in binary tree is
call leaf nodes. It does not have any child nodes and
mostly contain the last value or conditions. In BVH, it
may contain few triangles or maybe one triang]le.

c¢) Internal Nodes — The functional node where it has
both parent nodes and child nodes. It is not leaf
nodes as it still has child nodes and linked by parent
node.

d) Subtree — A portion of a tree data structure that can
be viewed as a complete tree in itself. It represents
some other parts of the tree that can be manipulated
by user in programming.

There are few common operations involved in con-
struction and implementation of binary tree for BVH con-
struction. Among them are enumerating all the items,
searching for an item which is bounding-volume, remov-
ing a whole section of a tree for non-intersected area
when performing collision detection (called pruning),
traverse down from the root to leaf nodes or leaf nodes to
the root, and report any intersected area between two
intersected BVH that possibility in collision.

3.2 Splitting Rules for BVH Construction

The first step of BVH construction is choosing the
splitting rules that will be divided the root node into two
equal parts using binary type tree. Then, by using longest
axis separating plane technique, the object will be divided
at the longest axis at the splitting point based on the
splitting rules. According to [38, 39], there was a three
common solution of choosing the splitting rules for BVH
construction:

a) Median of the object coordinates (object median) —
split at the object median (evenly distributed parts)
resulting a well-balanced tree.

b) Mean of object coordinates (object mean) — split at the
object mean

¢) Median of the bounding-volume projection extents
(spatial median) — splitting the volume into two equal
parts

3.3 BVH Intersection and Traversal

BVH allow the intersection occurs without searching for
non-colliding pairs from the hierarchy tree. For example,
given two objects with their BVH, when root of the hier-
archies do not intersect, the calculation will not be done
for the both objects. However, when the root of both hier-
archies intersects, it checks for intersection between one
root of the hierarchies’ tree and the other children of ob-
jects hierarchies’ tree. In this case, it recursively checks
again whether there is intersection between both objects
at middle level until if found the correct intersection. Fig-
ure 2 depicts the basic algorithms for detecting collision
between two hierarchies [1, 40].



Beginning at the root nodes of two given
trees
Check for intersection between two parent
nodes
If there is no intersection between
two parents
Then stop and report “no collision”
Else check all children of one node
against all Children of the other
node
If there is intersection between any
children
Then If at leaf nodes
Then report “possible collision”
Else go to Step 4
Else skip and report “no collision”

Fig. 3 BVH traversal algorithm proposed by [1] for collision
detection between two BVH

4 QUAD AXIS SEPARATION TECHNIQUE

Our algorithm works by first implementing Axis-Aligned
Bounding-Boxes (AABB) for corresponding object. By
using min-max calculation, we enclosed each object with
tight-fitted AABB and perform update if the object rotates
in any direction.

Once the object has been enclosed with an AABB, we
can now proceed with our splitting algorithm called
SOMS where it can properly divides object into two nodes
called left and right node. SOMS exploit the capability of
enclosing the midpoint of set of triangles with so-called
“Inner AABB”. Inner AABB works by collecting the in-
formation of each triangle midpoint for corresponding
node (all of them) and bound it with an AABB. By im-
plementing this, we could get well-balanced tree com-
pared to ordinary spatial median splitting method that
using only the ordinary AABB to split the object into sep-
arate nodes. Figure 4 shows the corresponding Outer and
Inner AABB for SOMS technique.

Compared to previous separation tree method, in-
stead of separated the AABB into two separated nodes,
we perform a modification of the splitting heuristic rules
by approximating the corresponding set of midpoint tri-
angle using optimize version of quad tree separation
technique. Our optimized quad tree separation technique
can extend the capability of AABB BVH where it could
provide the process of splitting process where it can gen-
erate four more AABB instead of two. This process called
“Quad-Axis Separation” procedure.

Outer AABB

Inner AABB
Fig.4 Inner and Outer AABB for SOMS technique [41].

4.1 Quad Axis Separation Procedure

QAS works by setting up four nearest triangle midpoint
to the each corner of vertices and then approximately di-
vides into four AABBs. This process is to be repeated eve-
ry even level until only one triangle left for each tree
node. However, it depends heavily on the object triangle
property before the object is to be split into four instead of
two. Figure 5 shows an algorithm on how the process will
be developed

Beginning at the root nodes of tree
1.Create AABB
a. Enclose all midpoint with AABB
b. Create Axis splitting
Finding Four Separating Line
based on min-max point
c. Bundle each set of triangles into
four group
d. Done splitting
2. Enclose each set of triangles with AABB
3. Repeat process

Fig. 5 Quad Axis Separation Technique

Figure 6, 7 and 8 shows an improvement over the pre-
vious technique.
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Optimized Quad Tree

Fig. 6 Quad-Axis Separation based on SOMS “Inner
AABB”

Optimized Quad Tree

Fig. 7 AABB based on our optimized Quad Tree

AN ANA

Ordinary Quad Tree Optimized Quad Tree

Fig. 8 Comparison with the ordinary Quad Tree. Better en-
closing AABB with our optimization

5 DISCUSSION AND ANALYSIS

Given the analysis from the figure, we can perform theo-
retical test for the corresponding algorithm when per-
forming collision detection test compared to previous
quad tree construction technique. Table 1 depicts the
comparison test of triangle-triangle intersection test to
consider. From the table, it depicts that ordinary generate
more set of triangles compared to the QAS Quad Tree. It
is important to reduce the number of test for triangle-
triangle intersection test for collision detection.

TABLE 1. TRIANGLE-TRIANGLE INTERSECTION TEST TO CONSIDER
(THEORITICAL)
‘ Tree
Technique N
Total Triangle | 1 | 2 | 3 | 4
Quad Tree 14 5/8[3]|5
QAS Quad Tree | 14 314|135

Only Tree no.4 consists of the same triangle in AABB tree

6 CoNcLuUsION AND FUTURE WORK

We presented a theoretical framework of QAS imple-
mentation for ordinary Quad-Tree construction. In the
next phase of our research, we are going to perform
real-time visualization test using number of complex
polygons object in 3D virtual environment application.
We will also combine with our improve version of col-
lision detection distance computation algorithm that
will work together with this technique. The limitation
however is concentrated on the triangle itself as the
object might defer with one another. The size of trian-
gle play important roles in determines the success rate
of this technique.
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