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Abstract

A bounding volume is a common method to simplify object representation by using the composition of geometrical
shapes that enclose the object; it encapsulates complex objects by means of simple volumes and it is widely useful in
collision detection applications and ray tracing for rendering algorithms. They are popular in computer graphics and
computational geometry. Most popular bounding volumes are spheres, Oriented-Bounding Boxes (OBB’s), Axis-Aligned
Bounding Boxes (AABB’s); moreover, the literature review includes ellipsoids, cylinders, sphere packing, sphere shells,
k-DOP’s, convex hulls, cloud of points, and minimal bounding boxes, among others. A Bounding Volume Hierarchy is
usually a tree in which the complete object is represented tighter fitting every level of the hierarchy. Additionally, each
bounding volume has a cost associated to construction, update, and interference tests. For instance, spheres are invariant
to rotation and translations, then they do not require being updated; their constructions and interference tests are more
straightforward then OBB’s; however, their tightness is lower than other bounding volumes. Finally, three comparisons
between two polyhedra; seven different algorithms were used, of which five are public libraries for collision detection.

Keywords: Axis-aligned bounding box (AABB), bounding volumes hierarchies, convex objects, oriented bounding
box (OBB), spheres.

Resumen

Un volumen acotante es un método comtin para simplificar la representacion de los objetos por medio de composicion
de formas geométricas que encierran el objeto; estos encapsulan objetos complejos por medio de volumenes simples y
son ampliamente usados en aplicaciones de deteccion de colisiones y trazador de rayos para algoritmos de renderizacion.
Los volumenes acotantes son populares en computacion grafica y en geometria computacional; los mas populares son las
esferas, las cajas acotantes orientadas (OBB’s) y las cajas acotantes alineadas a los ejes (AABB’s); no obstante, la literatura
incluye elipses, cilindros empaquetamiento de esferas, conchas de esferas, k-DOP’s, convex hulls, nubes de puntos y cajas
acotantes minimas, entre otras. Una jerarquia de volimenes acotantes es usualmente un arbol, en el cual la representacion
de los objetos es mas ajustada en cada uno de los niveles de la jerarquia. Adicionalmente, cada volumen acotante tiene
asociado costos de construccion, actualizacion, pruebas de interferencia. Por ejemplo, las esferas so invariantes a rotacion
y translacion, por lo tanto no requieren ser actualizadas en comparacion con los AABB no son invariantes a la rotacion.
Por otro lado la construccion y las pruebas de solapamiento de las esferas son mas simples que los OBB’s; sin embargo, el
ajuste de las esferas es menor que otros volimenes acotantes. Finalmente, se comparan dos poliedros con siete algoritmos
diferentes de los cuales cinco son librerias ptblicas para deteccion de colisiones.

Palabras Clave: Cajas acotantes orientadas (CAO), cajas acotantes alineadas a los ejes (CAAE), esferas, jerarquia
de volumenes limitantes, objetos convexos.

49



Ingenieria y Competitividad, Volumen 17, No. 1, p. 49 - 62 (2015)

1. Introduction

Collision detection concerns the problem of
determining if, when, and where a pair of objects
are intersecting (Ericson, 2005). A pair of objects
intersecting together is a Boolean question that
must answer whether or not they are intersecting,
whereas temporal information about the instant
time of the intersection should be numerically
answered. Finally, the position of the intersection
between the objects should be answered with spatial
information. The if question has to be answered
before the others and it determines the validity
of the other questions, but the order of when, and
where questions depends on the applications.
Some applications of collision detection can be
found in robotics and computer graphics areas.
However, specific areas of application include,
but are not limited to: molecular modeling,
physical-based simulation, computer animation,
dynamic simulation, surgical simulation, virtual
environments, motion planning, obstacle avoidance,
and virtual prototyping among others (Lin et al.,
1996; Ericson, 2005). Collision detection is a
bottleneck for several applications because of the
computational complexity. Moreover, it remains
a challenge even though, recently, several authors
have developed new algorithms and methods to
accelerate the process (Zhigang et al., 2010; Avril
etal., 2011).

Most collision detection methods are divided into
two phases: i) broad-phase methods are related
to determining the pair of objects involved in
potential collision, and ii) narrow-phase methods
are focused on checking the exact collision for
every pair identified in broad phase (Mirtich, 1997).
Moreover, potential collisions identified in broad-
phase are not always real collisions; the existence
of collisions is checked in narrow phase. The main
reason of narrow-phase is related to checking
each pair for intersection. Convex objects, spatial
partitioning, and bounding volumes hierarchies
are the most important narrow-phase techniques.
Bounding volume hierarchies are widely used in
the literature. They have three requirements i) each
level in the hierarchy represent a tighter fit than
its parents, ii) a set of child nodes in the hierarchy
depict the same part of the object covered by its
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parent node, and iii) the bounding volume should
fit the original node as tight as possible with a
high degree of accuracy for the original model.
However, two opposite criteria guide the selection
of the bounding volume: it should be as tight as
possible and the intersection test for a pair should
be as efficient as possible (LaValle, 2006).

The most widely used bounding volumes are
Axis-Aligned Bounding Box (AABB) (Xiao-
Rong et al., 2009); spheres (Hubbard, 1996; Pitt-
Francis and Featherstone, 1998; Arcila, 2009);
Oriented Bounding Box (OBB) (Gottschalk et al.,
1996). Moreover, (Arcila, 2011) included in his
work a double bounding volume hierarchy (for
spheres, AABB’s, and OBB’s): an outer and an
inner representation. The outer bounding volume
is widely used; it is focused on determining the
collision, and accelerates the process in broad
phase. The inner bounding volume is used to
accelerate the collision acceptance process.

This document is organized as follows: Collision
Detection is described in Section 2 and Bounding
Volume Hierarchies are developed in Section
3. Sections 4 and 5 describe Bounding Volume
Requirements and Bounding Volume Performance,
respectively, whereas Previous Work and
Conclusions are depicted in Sections 6 and 7,
severally. Finally, references are listed in the last
part of the document.

2. Collision detection

The collision problem has been solved by means
of different techniques. Analytical methods,
geometric  methods, accurate  techniques,
hierarchical representations, and optimization
methods are frequently used (Lin & Gottschalk,
1998). Collision detection is an important topic in
areas like robotics, physics modeling, animation,
geometric modeling, and video games among
others (Bing et al.,, 2009; Xiao-Rong et al.,
2009; Zhigang et al., 2010). Searching for and
finding collisions between objects are critical
problems based on solving an intersection point
or area between objects. An accurate technique
compares the faces of the objects; however, it
is computationally expensive. Other accurate
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techniques involve mesh, for instance, level of
details and triangulation to compare polyhedral
by using a face-face test. Several approximations
to the solution can be found in the literature;
nevertheless, most of them can be classified into
three categories: i) geometrics, ii) bounding volume
hierarchies, and iii) spatial subdivision (Xiao-Rong
et al., 2009). Geometric approaches are based on
analyzing the shape of each model, tracking and
capturing the closest features between two or more
models; for more details, see (Mirtich, 1998).
Bounding volume hierarchies construct a tree by
subdividing the model into small pieces, which
should be tighter for lower levels; for more details
see (Bradshaw, 2002). Finally, spatial subdivision
divides the space into cells; every object falls into a
cell; for more details, see (Castro et al., 2008).

The most common implementations are based on
hierarchical bounding volumes. A bounding volume
is usually the simplest geometric primitive that
encloses one or more objects and leads to cheaper
overlapping tests (Ericson, 2005). The bounding
volumes most frequently used are spheres, cylinders,
ellipsoids, and boxes. Each object in the scene
is represented by a bounding volume. An object
is divided hierarchically, usually by a recursive
subdivision. Each part of the object is represented
as bounding volume hierarchies. The most common
hierarchical object representation is a tree. The
problem of detecting a collision between two or
more objects can be reduced to detect collisions
between their bounding volume hierarchies. Some
approaches have been implemented by means
of outer bounding volumes to quickly reject an
intersection, and inner bounding volumes to quickly
accept a collision (Huber, 1998; Arcila, 2008; Weller
and Zachmann, 2008; Arcila, 2011).

Partitioning the space and partitioning the object
are commonly used techniques. The former, a
well-known technique is based on dividing the
space, for instance, into eight subspaces known as
Octrees (Joseph, 2003) by means of subdividing
the main planes. The latter, is focused on divided
the object into portions, and the division depends
on the implementation. Spatial partitioning
techniques include (Glass, 2005): i) Uniform or
Regular Grid in which the space is split into equal

cells by using axis-aligned cells (Teschner, et al.,
2003); ii) Quadtree/Octree, which refine the space
subdivision in populated zones by means of axis-
aligned cells. Quadtree and Octree are terms used
for two-dimensional and three-dimensional trees,
respectively (Samet, 1988; Frisken & Perry, 2005);
iii) K-Tree, which is a generalization of Quadtrees
and Octrees to k dimensions (Bentley, 1975); and
vi) Binary Space Partitioning Tree (BSP tree),
which subdivides the space by means of arbitrarily
oriented planes (Luque et al., 2005). On the other
hand, analytic techniques combine potential field-
based algorithms and bounding volumes. The
object is represented by a bounding volume and a
repulsive vector field is used to detect the collision.
Recursive subdivision and interval arithmetic are
popular techniques.

3. Bounding volumes hierarchies

Alist of the most important bounding volumes and
a graphical representation are shown in Figure 1;
all of they are based on the polygon depicted in
figure 1(a).

3.1 Spheres

This is based on enclosing a convex polyhedron
in a sphere; it is usually called the outer sphere
(Hubbard, 1996; Pitt-Francis, 1998; James & Pai,
2004). However, inner spheres have been explored
(Arcilaetal.,2009). The outer sphere allows binding
the polyhedron; it is used to quickly determine non-
intersection between the polyhedron. In contrast,
the inner sphere is used to determine intersection
between polyhedral. An advantage of sphere
bounding volumes is its efficiency to calculate
intersections and distances. Although spheres are
invariant to translation and rotations, they are not
good bounding volume for elongated polyhedron
(Figure 1 (b)).

An intersecting approach showed the hierarchical
sphere construction for non-convex objects
(Quinlan, 1994). Moreover, (Palmer &
Grimsdale, 1995) took advantage of object-
oriented techniques to create a collision detector
for moving objects. Hubbard (1995a) executed
an exhaustive comparison between Octrees
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(a) Polygon

,04

(b) Sphere

() K-DOPs

(h) Spherical

(c) OBB

(i) Swept
Sphere

(i) Convex Hull

Figure 1. (a): a convex polygon used to represent the bounding volumes. The sphere
bounding volume is depicted in (b), whereas an Oriented Bounding Box —OBB
and an Axis-Aligned Bounding Box - AABB are shown in (c) and (d), respectively.
A KDOPs with K = 8 is represented in (e), while an Ellipsoid is depicted in (f).

In (g), (h), and (i) are shown Sphere Packing, Spherical Shells and Swept Sphere,
respectively. Finally, the Convex Hull for a Cloud of Points is depicted in (j).

subdivision and sphere-tree, obtaining as result a
better adjustment of spheres than Octrees. The
sphere-tree was constructed by using a medial-axis
surface as skeletal representation of the objects
to optimize the technique (Hubbard, 1995a;
Hubbard, 1995b; Hubbard, 1996). O’Sullivan and
Dingliana (1999) worked on the approximation of
the surface of the objects by using spheres-tree.
James and Pai (2004) introduced the Bounded
Deformation Tree, or BD-Tree, developed for
deformable models of rigid bodies. Moreover,
OBB and spheres were combined in (Chang et al.,
2008) to take advantage of the best of each. A set
of works have been developed around collision

detection; however, the main results were the
Doctoral Thesis by Arcila (2008).

Initially, (Mufioz et al., 2001a; Mufioz et al., 2001b;
Muiioz et al., 2002) developed a set of heuristics for
the circular representation of polygons. This work
was the basis for double representation of spheres
developed by Arcila (2008) and Arcila (2011).
This representation was compounded by inner
spheres, which accelerate the collision detection
and outer spheres to accelerate the non-intersection
tests. Finally, based on previous work, a dynamic
collision detector was developed (Dinas, 2009;
Dinas et al., 2010).
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3.2 Oriented bounding box (OBB)

Using the polyhedron orientation, a rectangle is
calculated to cover it. Advantages of these volumes
are the invariance to translation and rotations.
Accordingly, it is possible to move and rotate
the object and the bounding volume together;
however, the collision test is computationally
more expensive than the AABB test (Figure 1 (¢)).

A work was focused on the construction of a data
structure and efficient and exact algorithm to general
polygonal models. Additionally, they compared
hierarchical representation based on sphere trees,
AABB trees, and OBB tree. The comparison
demonstrated that OBB’s are asymptotically faster
(Gottschalk et al., 1996; Gottschalk, 2000). The
dynamics of OBB’s was studied in (Eberly, 2007;
Eberly, 2008). Several authors have worked on
improving fitting and overlapping tests for OBB’s,
for instance, Jian-Hong et al., (2008) The double
representation constructed by (Arcila, 2008;
Arcila et al., 2008; Arcila, 2011). Finally, double
bounding volumes were used; Zhigang et al., (2010)
combined the best of AABB’s and OBB’s, whereas
Chang et al., (2008) exploit the compactness of
OBB’s and the simplicity of spheres.

3.3 Axis-Aligned bounding box (AABB)

An AABB is an enclosing axis-aligned rectangle
that covers the polyhedron. Its main advantages
are: 1) it is easy to find the rectangle, ii) OBB’s
are invariant to translations, and iii) the test
between OBB’s is straightforward; nevertheless,
it is not invariant to rotation, as a result, changes
in the objects’ directions require changes in the
bounding box (Figure 1 (d)).

A proposal was developed to accelerate the
overlapping test between AABB’s. Complex
models were explored by van den Bergen (1997)
and van den Bergen (1998) for rigid motion and
deformation. To provide better understanding of
running time from AABB, Weller et al., (2006)
analyzed the average time for AABB under different
assumptions. In contrast, a double representation
composed by inner and outer AABB was proposed
by Arcila (2005), and extended in Arcila (2008),

and Arcila (2011). A hybrid technique was
proposed by combining OBB and AABB. It takes
advantage of the compactness of OBB’s and the
efficient overlapping test of AABB’s (Zhigang et
al., 2010). Finally, a method was proposed, which
decreases storage space; consequently, reduce the
detection time (Xiao-Rong et al., 2009).

3.4 K-Discrete orientation polytopes (K-DOP’s)
or fixed-direction hull (FDH)

ADOP s a generalized AABB. A DOP is a convex
polytope containing the object, constructed by
taking a number k of appropriately oriented
planes at infinity and bringing it closer to the
object until they collide. The most popular DOP’s
are calculated by 6 axis-aligned planes (axis-
aligned bounding box), 10 axis-aligned planes
(beveled bounding box on vertical edges), 18
axis-aligned planes (beveled on all edges), or
26 axis-aligned planes (beveled on all edges and
corners) (Klosowski, 1998) (Figure 1 (e)).

Zachmann (1998) showed improvements by
using a re-aligned k-DOP (only one). In contrast,
Kimmerle (2004) combined a stochastic collision
detection and k-DOP’s. A parameterized k-DOP
was introduced by Sobottka and Weber (2005),
who worked on optimal values of k based on
empirical data. The application on collision
detection was focused on hair simulation taking
into account the natural aspects of the hair and
geometrical properties.

3.5 Ellipsoids

Ellipsoids are tighter fitting than spheres for
elongated objects, chiefly arms and legs in
humanoid modeling; they are not invariant to
rotations; however, their calculation and the test
between ellipsoids is more complex than spheres
volumes (Arcila & Baifién, 2005; Bing et al.,
2009) (Figure 1 (1)).

The smallest volume closing ball or ellipsoid was
proposed by Welzl (1991). In contrast, (Wang et
al., 2001; Wang et al., 2002; Wang et al., 2004)
introduced an algorithm for moving ellipsoids.
The work by (Choi et al., 2006a; Choi et al.,
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2006b; Choi, 2008; Choi et al., 2009) was based
on continuous collision detection for two moving
ellipsoids; however, this approach obtained similar
results to those reported by Wang et al., (2001).

3.6 Sphere packing

Sphere packing is an arrangement of non-
overlapping spheres enclosing a space. The size
of spheres can be equal (regular) or different
(irregular). A special kind of sphere packing is
the Apollonian sphere packing (Figure 1 (g)).
The works by Weller et al. (2006), focused on
constructing a data structure for proximity queries
and penetration volumes called inner sphere tree.
The inner sphere tree was constructed by using a
heuristic approach, voxelization and batch neural
gas clustering algorithm (BNG), known from
artificial intelligence (Weller & Zachmann, 2008;
Weller & Zachmann, 2009a; Weller & Zachmann,
2009b; Weller & Zachmann, 2011). In Weller and
Zachmann (2010) a prototype for sphere packing
algorithm was constructed by using a GPU
assistant.

3.7 Spherical shells

A pair of concentric spheres is computed; the
polyhedron falls into the separation between the
inner and outer spheres. Consequently, the outer
sphere should enclose the entire geometry and
then all vertices fall into the sphere. In contrast, the
entire geometry should lie outside the inner sphere
(See Figure 1 (h)). Krishnan et al., (1998a) and
Krishnan et al., (1998b) focused on exploring both:
tight fitting shells and fast overlap between both.

3.8 Swept sphere volume

The representation is straightforward: a radius
and a swept volume. The most important swept
sphere volumes are Point Swept Spheres (PSS);
Line Swept Spheres (LSS); Rectangle Swept
Sphere (RSS). The advantages of these volumes
correspond to the sphere advantages. PSS, LSS,
and RSS are invariant to translation; however,
only PSS is invariant to rotation (See Line Swept
Spheres, Figure 1 (i)). The authors introduced a
new bounding volume called core primitive shape,
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whose growth includes point, linear, and rectangular
shapes (Larsen et al., 1999). RSS were widely
explored in (Larsen et al., 2000). In contrast, the
LSS was explored to represent safe human-robot
interaction, where the spheres encapsulate the link
motions and the distance by using the size of each
sphere (Corrales et al., 2011).

3.9 Cloud of points and convex hull (CPCH)

It is based on constructing a convex hull for a
cloud of point; it is the smallest convex volume
containing the object and, hence, a hull is a tight
bounding volume (Tang et al., 2008) (Figure 1 (j)).
Clouds of points are mostly focused on surface
reconstruction and they are important for animated
three-dimensional graphics. For instance, (Klein
& Zachmann, 2004) used the cloud of point
to reconstruct a surface. In Figueiredo et al.
(2010), the authors combined voxelization and
Overlapping AABB (OAABB) construction. The
work of Pan et al. (2011) was focused on cloud of
noisy points. Finally, convex hulls were used in
(Liu et al., 2008) by using convex decomposition
ofthe scene, convex polyhedral or convex objects.
The application of the work developed by Lui et
al. (2008) focused on real-world video games.

3.10 Minimum volume bounding box (MVBB)

Given a set of N points in an m-dimensional
space, it is the minimum box where they all fall.
The box has the minimum area and volume.
Barequet and Har-Peled (1999) proposed an
efficient algorithm to calculate MVBBs in three
dimensions, whereas, Huebner et al., (2008)
worked on shape approximations by means of
MVBB decomposition to robot grasping.

3.11 Cylindrical

Itis based on the radius of bounding circumference
of the shape and a swept line. Finding the smallest
enclosing cylinder for any object is checked in
(Chan & Tan, 2004); the authors proposed an
iterative approach to determine if an object can
be enclosed in a cylindrical shape. In contrast,
(Ketchel & Larochelle, 2006) explored a line-
based cylindrical bounding volume.
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3.12 Oriented convex polyhedral

It is the tightest convex polyhedral possible called
R(S); (Bade et al., 2006a; Bade et al., 2006b)
constructed an R(S) by using intersections of half
spaces. This bounding volume is more accurate
than an Oriented Bounding Box and more flexible
than k-DOPs; however, the result of an Oriented
Convex Polyhedral can be a k-DOP.

3.13 Spheres with uniform radius

Objects are represented by spheres with uniform
radius by means of space subdivision approaches;
its approach detects collisions between moving
spheres by using three operations: collision,
entering, and leaving. The first is used to detect
collision, whereas second and third are used to
detect changes in the spaces. A sphere is entering
to a new space while, it is leaving the old one
(Kim et al., 1998).

3.14 Zonotopes

Zonotopes are the generalization of a polytope
in any dimension. They are usually studied by
means of Voronoi diagrams, Minkowski sums,
or Vectors. Zonotopes are symmetric convex
polyhedral, invariant to 180° rotation. They were
proposed as bounding volumes, not only because
of their efficiency for collision tests but also
because of their optimal constructions (Guibas
et al., 2003).

3.15 QuOSPO

Quantized Orientation Slabs with Primary
Orientations. Its bounding data structure combines
and extends the advantages of OBB and k-DOPs
(He, 1999).

4. Bounding volumes requirements

Several authors have written about the bounding
volumes, including the importance, minimal
requirements, construction cost, test cost, and
evaluation, among others. Because of their
importance, several authors have studied their
impact and cost of computing, and have developed

strategies to decrease the cost (Terdiman, 2001;
Yoon & Manocha, 2006). Comparisons, techniques
and most significant bounding volumes can be found
in the literature (Mu & Oslejsek, 2000; Andersen &
Bay, 2006; Koziara & Bicanic¢, 2005). Requirements
for bounding volumes should include:

Tight fitting to approximated objects: Tighter
fitting bounding volumes are computationally
more expensive.

Efficient creation: The complexity of the bounding volume
is related to the complexity of its creation; however, more
complex volumes should be tighter fitting.

Efficient updating: Bounding volumes invariant
to rotation and translation do not require updates.

Efficient overlap tests: Smaller computational
costs are associated to simpler bounding volumes
(as spheres and boxes).

Low memory usage: Simpler bounding volumes
are lower memory use and smaller computational
costs; nevertheless, they are less tight fitting.

Suitable for hierarchy construction: A bounding
volumes tree helps to decrease the number of
overlapping tests.

All requirements are important; however,
there is not a bounding volume that fall into
everyone and they depend on the application.
Nevertheless,  efficiency in  bounding
volumes is equally important to the following
requirements of bounding volumes hierarchies
(Bradshaw, 2002):

Volume  Approximation:  children  nodes
representing a tighter fit than its parent,

Covered Area: children nodes should cover the
same parts of the object covered by the parent node,

Automatic Creation: hierarchy construction does
not use human interaction, and

High Degree of Accuracy: the bounding volumes
should fit the original model as tightly as possible.
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5. Bounding volumes performance

Performance of bounding volumes can be evaluated
using equation (1) (Gottschalk et al., 1996; van den
Bergen, 1997; Klosowski et al., 1998).

T=Nu*Cu+ Nv*Cv )

Where T is the total cost function for detecting
interference between a pair of objects depicted by
a bounding volume hierarchy; Nu is the number of
primitives, i.e. bounding volumes, that are updated
during the traversal of the hierarchies; Cu is the cost
of updating a primitive due to motion; Nv is the
number of overlapping tests performed, and Cv is
the cost of performing an overlapping test between
a pair of primitives nodes from the hierarchy.

However, (Krishnan et al. 1998; Larsson &
Akenine-Moller, 2008) used an extended version
of equation (1). It separate bounding volumes and
primitives (see equation 2).

T=Nu*Cu+Nv*Cv+Np*Cp 2)

Where Nu is the number bounding volumes
updated due to motion; Cu is the cost of updating
the bounding volume; Np is the number primitives
tested for interference, and Cp is the cost of testing
the primitives for interference.

If the bounding volume is not enough to detecting
a collision, the faces of the objects have to be
compared by a face-face test or a triangle-triangles
test (Arcila, 2008). Because of the comparison
is computationally expensive, they cannot be
considered in real-time collision detection. For
instance, equation (1) ignores the difference
between primitives and bounding volumes, while
equation (2) establishes the difference by using
Cp for primitives and Cu for bounding volumes.

6. Results and discussion

To develop the experiment we use the next set of
recognized libraries for collision detection: PQP
and RAPID use hierarchical OBB trees (Larsen et
al., 1999; Gottschalk et al., 1996), whereas SOLID
uses hierarchical AABB trees (Van den Bergen,
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1997). QUICKCD and I-COLLIDE use hierarchical
k-DOPs (Klosowski, 1998) and convex polyhedral
(Cohen et al., 1995), respectively.

We compare results obtained by Arcila (2011)
by using bounding and containing volumes for
Spheres and binary boxes. Conditions were:
boolean proximity query, 10.000 iterations per
experiment, polygonal objects and spherical
volume for simulations with 75%, 50% and 25%
of probability of collision. Objects were Eneagon
(18 vertices, 36 edges and 20 faces) and Cube (8
vertices, 12 edges and 6 faces).

Table 1 shows three experiments: Eneagon-Eneagon,
Cube-Eneagon and Cube-Cube. The comparison
between a pair of Eneagons shows that RAPID
reports four of the lowest times algorithm whereas
QUICKCD and BinaryBox record only one. RAPID
is superior in this test because it uses OBB, which
has a perfect adjustment for flatten and elongated
polyhedron; on the other hand, the adjustment for
Binary boxes and K-DOPs is good enough. In
contrast, BinaryBox is the winner in the comparison
between Cube-Eneagon, which has the lowest times
for all and Cube-Cube with five. The reason of the
results for Cube-Eneagon and Cube-Cube is because
there are similarities between the representation and
the objects; thus, the proposed algorithm and the
representation take advantage of that.

Sphere algorithm has the higher values for Eneagon-
Eneagon whereas, it take the second place in the
comparison between cubes; which is uncommon
because of the representation; however, it is
important to highlight the contribution of containing
spheres to the result; the comparison between internal
spheres makes the algorithm faster (Arcila, 2011).
It happens because the spheres perfectly enclose in
the cube, while Eneagons produces different kind of
elongated polyhedral on borders. Finally, results of
SOLID depend on the orientation of the polyhedral,
because they work with AABB.

7. Conclusions
Firstly, we have contextualized the bounding

volumes on Collision Detection. Although
bounding volumes are not limited to collision
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Table 1. The comparison between Eneagon-Eneagon (a); the comparison between Cube-Eneagon (b) and the comparison
between Cube-Cube (c). The comparisons have been done in spaces with 75%, 50% and 25% of probability of collision.

Eneagon V Eneagon
Probability 75% 50% 25%

Intersect(us)  No intersect(us) — Intersect(us)  No intersect(us)  Intersect(us)  No intersect(us)
PQP 92.80 24.56 54.33 43.74 69.42 64.08
RAPID 54.92 7.86 42.39 41.62 54.23 46.30
SOLID 105.09 61.67 78.76 117.86 93.42 180.08
I-COLLIDE 129.29 76.06 93.28 135.24 90.05 166.93
QUICKCD 51.28 37.86 56.68 59.21 57.22 132.80
Spheres 164.26 82.48 156.74 180.25 151.60 320.17
BinaryBox 51.54 30.70 49.07 67.06 43.79 125.60
(b) Cube V Eneagon
Probability 75% 50% 25%
Intersect(us)  No intersect(us)  Intersect(us)  No intersect(us) Intersect(us)  No intersect(s)
PQP 48.70 5.31 37.04 17.51 29.56 19.55
RAPID 27.01 5.30 36.95 17.23 28.74 19.55
SOLID 51.02 22.81 47.63 29.01 50.81 99.17
I-COLLIDE 73.12 45.60 56.36 86.27 60.09 100.09
QUICKCD 23.83 12.03 29.74 20.17 37.67 43.44
Spheres 43,01 18,69 41,90 39,28 38,46 76,79
BinaryBox 5,61 2,39 551 4,16 4,80 8,48
(¢) Cube V Cube
Probability 75% 50% 25%
Intersect(us)  No intersect(us)  Intersect(us)  No intersect(us)  Intersect(us)  No intersect(us)
PQP 48.97 5.64 57.61 6.04 33.32 4.28
RAPID 27.54 5.60 22.35 2.06 19.63 0.42
SOLID 21.68 19.36 29.37 14.31 32.88 12.52
I-COLLIDE 41.56 42.16 50.88 66.85 23.84 48.78
QUICKCD 31.08 9.43 23.24 7.91 20.66 21.89
Spheres 7,75 2,96 7.25 6.10 6,22 11,23
BinaryBox 2.71 0.93 2.85 0.71 2.80 0.75

detection, they are widely used in this field; it is
widely used to determine the interference between
objects. Secondly, we have explored 15 bounding
volume hierarchies; for each, we discussed some
important features and showed applications and
improvements. Spheres and Bounding Boxes are
popular, the former due to simplicity and invariance
to rotations and translations; however, they are a
poor representation for elongated objects. The latter
are invariant to rotation (OBB) or not (AABB);
however, their calculation is straightforward. Finally,
we explored the most important requirements and

the most common methods to evaluate bounding
volumes. Requirements are important to selecting
the best bounding volume for applications; in
contrast, evaluations and comparisons are important
to understand the complexity of applications and
make implementations improvements.
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