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Abstract:    For accurate and stable haptic rendering, collision detection for interactive haptic applications has to be done by filling 
in or covering target objects as tightly as possible with bounding volumes (spheres, axis-aligned bounding boxes, oriented boun-
ding boxes, or polytopes). In this paper, we propose a method for creating bounding spheres with respect to the contact levels of 
details (CLOD), which can fit objects while maintaining the balance between high speed and precision of collision detection. Our 
method is composed mainly of two parts: bounding sphere formation and two-level collision detection. To specify further, 
bounding sphere formation can be divided into two steps: creating spheres and clustering spheres. Two-level collision detection 
has two stages as well: fast detection of spheres and precise detection in spheres. First, bounding spheres are created for initial fast 
probing to detect collisions of spheres. Once a collision is probed, a more precise detection is executed by examining the distance 
between a haptic pointer and each mesh inside the colliding boundaries. To achieve this refined level of detection, a special data 
structure of a bounding volume needs to be defined to include all mesh information in the sphere. After performing a number of 
experiments to examine the usefulness and performance of our method, we have concluded that our algorithm is fast and precise 
enough for haptic simulations. The high speed detection is achieved through the clustering of spheres, while detection precision is 
realized by voxel-based direct collision detection. Our method retains its originality through the CLOD by distance-based clus-
tering. 
 
Key words:  Collision detection; Haptic rendering; Bounding sphere; Clustering; Contact levels of details (CLOD) 
http://dx.doi.org/10.1631/FITEE.1500498                                        CLC number:  TP391 
 
 
1  Introduction 
 

Collision detection is a crucial issue that arises 
whenever we interact with virtual objects. If there is 
no collision detection, virtual objects penetrate each 
other and we will not be able to move them. Many 
algorithms have been proposed in decades to accel-
erate collision detection. However, there are still 
some open challenges such as the extremely high 
updating frequencies required for haptic rendering. 

The core technology of the haptic virtual reality 
system is haptic rendering. By rendering, we refer to 

the process in which the desired sensory stimuli are 
imposed on the user to convey information about a 
virtual haptic object (Salisbury et al., 2004). The 
precise sensory feedback necessitates precise colli-
sion detection between a haptic device and a virtual 
haptic object. In addition, an ideal haptic rendering 
requires an update rate of 1000 Hz. 

Recently, haptic rendering technology has been 
rapidly developing, and many experimental systems 
are being created. The main challenge is to construct a 
bounding volume that can fit (enclose or pack) the 
underlying geometry as tightly as possible. 

Among many collision detection methods, we 
are interested in methods based on bounding spheres. 
They are often used to accelerate the computations in 
computer graphics, haptics, robotics, and computa-
tional geometry, because they are effective in  
collision detection. Consequently, making efficient  
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computations to form boundaries of virtual objects 
has become a very significant topic. 

Collision detection involves identifying the in-
terpenetration of objects, which can be classified into 
three cases in haptic simulations: (1) collisions of 
objects, (2) haptic probing between an object and a 
haptic interface, and (3) self-detection of collision 
such as cloth-folding.  

In this study, we are interested only in the second 
case, and the objective of this study is to develop an 
efficient collision detection method for haptic probing 
between an object and a haptic interface. The method 
that we present is to effectively construct optimal 
bounding spheres through clustering, which can fit 
the target virtual object as tightly as possible. This 
work also aims to fulfill the following criteria (Weller, 
2013): (1) tight fit of the underlying geometry; (2) 
provision of fast collision tests; (3) no use of too 
much memory; (4) possibility of being built 
automatically; (5) provision of fast enough collision 
enough for haptic rendering. 

 
 

2  Related works 
 

Collision detection refers to the computational 
aspect of determining whether two objects have col-
lided; collision response refers to the simulation of 
what happens when a collision is detected. So far, 
many important methods have been developed for 
collision detection (Moore and Wilhelms, 1988; 
Quinlan, 1994; Hubbard, 1995; 1996; Gottschalk et 
al., 1996; Ruspini et al., 1997; van den Bergen, 1997; 
Klosowski et al., 1998; Larsson and Akenine-Möller, 
2001; Bridson et al., 2002; Bradshaw and O’Sullivan, 
2004; James and Pai, 2004; Teschner et al., 2005; 
Barbič and James, 2008; Weller and Zachmann, 
2009; Zeng and Zheng, 2012; Vlasov et al., 2013). 

2.1  Bounding volumes 

To quickly detect collision between an object 
and a haptic pointer, a bounding volume of the object 
is necessary. In computational geometry and com-
puter graphics, a bounding volume for a set of objects 
is a closed volume that can completely contain the 
union of objects in the set. Since simpler volumes 
normally permit simpler ways to test for overlap, the 
method of using easier figures is used to improve the 

efficiency of geometrical operations. 
To obtain bounding volumes of complex objects, 

a common way is to break the objects down using 
bounding volume hierarchies (BVHs). Bounding 
volumes for building hierarchies include bounding 
spheres (BSs) (Quinlan, 1994; Hubbard, 1995), axis- 
aligned bounding boxes (AABBs) (van den Bergen, 
1997), oriented bounding boxes (OBBs) (Gottschalk 
et al., 1996), and discrete orientation polytopes 
(k-DOPs) (Klosowski et al., 1998). The basic idea 
behind these hierarchies is to organize a complex 
object in a tree-like structure where the root com-
prises the whole object and each leaf contains a 
smaller subpart. Collision detection is then carried out 
corresponding to the hierarchies of the bounding 
volumes. 

Wrapping objects in bounding volumes and 
performing collision tests on them before testing the 
target geometry itself simplify the tests and can sig-
nificantly improve performance. By arranging the 
bounding volumes into a hierarchy, the time com-
plexity (the number of tests performed) can be re-
duced to logarithms of the number of objects. With 
such a structure in bounding volumes, children in the 
hierarchy do not have to be examined for collisions if 
their parent volumes have not collided. Bounding 
volumes are typically based on space decomposition 
by tree data structures, such as binary space partition 
(BSP) trees (Thibalt and Naylor, 1987), k-d trees 
(Bentley, 1975), octrees (Samet, 1984), R*-trees 
(Beckmann et al., 1990), and grids (Garcia-Alonso et 
al., 1994).  

Octrees are often used to partition a 3D space 
into eight octants via recursive subdivision. However, 
a major limitation of such an approach is that the leaf 
objects cannot usually be tightly enclosed because the 
number of leaf nodes is always fixed to eight. One 
method to resolve this problem is to divide the space 
using the medial axis (topological skeleton). The 
motivation for this approach is from Blum’s medial 
axis (Blum, 1967), which can be interpreted as a 
‘skeleton’ of a 2D object. The medial axis or Voronoi 
skeleton of a polygon is the set of two or more 
neighboring points on the polygon’s boundary 
(Fig. 1a). A more technical definition involves the 
locus of points equidistant from two sides of the ob-
ject. The 3D version is called the medial axis surface. 
This structure contains surfaces rather than lines, but  
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it remains analogous to a skeleton (Hubbard, 1996). 
Our study is based on this medial axis concept. 

2.2  Bounding spheres 

There are several fast and simple algorithms for 
constructing a bounding sphere volume with high 
practical value in real-time computer graphics appli-
cations. Since a sphere can be represented with its 
center and radius, it can be tested for collision with 
each other very quickly by simple checks on the radii. 
As two spheres intersect, the distance between their 
centers should not exceed the sum of their radii. This 
property makes bounding spheres applicable to ob-
jects in any dimension. 

Ruspini et al. (1997) generated hierarchical 
bounding spheres using a balanced binary tree and a 
multilevel approach. In their study, ‘high-level de-
tection’ corresponds to the ‘fast detection’ in our 
proposed method, while ‘low-level detection’ corre-
sponds to ‘precise detection’ in ours. The experiments 
in Ruspini et al. (1997) were conducted with a top- 
down algorithm, whereas ours were conducted with a 
bottom-up algorithm for sphere formation. The  
bottom-up approach can generate more precise and 
tighter bounding spheres because it starts from the 
terminal polygons. 

Alternatively, Weller and Zachmann (2009) 
proposed a top-down approach, whereas ours is a 
bottom-up one. Their study uses a voxel-based algo-
rithm and generates inner spheres, whereas ours 
generates outer spheres. The approach of wrapping 
with inner spheres often fails to envelop all the 
boundary polygons, but our outer spheres approach 
can do so successfully. 

Most of these methods can be directly applied to 
deformable objects. However, the major drawback of 
hierarchical collision detection algorithms is that the 
hierarchy has to be updated after every deformation. 
Consequently, much attention in the field has  
been devoted to developing hierarchies for easy  
computations. 
 
 
3  Methods 

3.1  Overview 

Our work uses the bounding spheres model be-
cause of its simplicity and speed for intersection de-
tection. There are two different strategies to build 
bounding volumes: top-down node-split approach 
(Roussopoulos and Leifker, 1985; Ruspini et al., 1997; 
Weller and Zachmann, 2009) and bottom-up node- 
grouping scheme (Goldsmith and Salmon, 1987). The 
top-down construction is to recursively split a set of 
object primitives until a threshold is reached. The user 
can split the objects in his/her own way that can 
produce adequate bounding volume hierarchies. The 
bottom-up approach starts with primitives that rep-
resent the objects and then fits a bounding volume to 
the given number of primitives. It groups primitives 
and bounding volumes recursively and stops when 
there is a single bounding volume at the hierarchy 
level. 

The top-down strategy is used mostly for colli-
sion detection, but it has limitations on automatic 
construction of bounding volumes. Therefore, we use 
the bottom-up approach with some complementary 
measures, which are the clustering of spheres and 
voxel-based direct collision detection. Thanks to the 
recent advancement of computer technologies such as 
general-purpose graphics processing units (GPGPU) 
and multicore processing, some voxel-based detec-
tion techniques are now partially possible in common 
computing environments (McNeely et al., 1999; 
Aragón and Molinari, 2014). 

Before describing our method, some terms are to 
be defined: ‘centroid’ is the center of gravity of a 
triangle mesh; ‘central axis’ is a set of midpoints of 
the line that connects the opposite centroids of the 
triangles (similar to the medial axis); ‘center (of the 
sphere)’ is the center of a bounding sphere; ‘clustering 
cube’ is a cube whose side length is the clustering 

Fig. 1  Medial axis (surface) in two (three) dimensions 
and a skeletal representation of a simple geometrical 3D 
structure: (a) a curve (dashed), some medial balls (dot-
ted), and the medial axis (solid) in 2D space; (b) an ex-
ample of a medial axis surface in 3D space (Dey and 
Zhao, 2004) 

p

(a) (b) 
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distance in three dimensions. 
Our fast and precise collision detection consists 

of two methodologies: 
1. Bounding spheres formation 
First, spheres are created according to the 

following three steps: 
(1) Find centroids of all triangular polygons of 

the target object. 
(2) Generate the central axis (skeleton) of the 

target object by generating the midpoints of all the 
connecting lines between the centroids of opposite 
meshes (the set of all midpoints forms a skeletal 
structure and becomes the central axis of an object). 

(3) After bisecting the connecting lines with the 
midpoints, repeat the bisecting process on the 
right-hand and left-hand segments of the lines. Then 
generate two new centers of spheres at the right and 
left midpoints (i.e., one-fourth and three-fourths 
points of the original connecting line).  

Second, the created spheres are clustered 
according to the following two steps:  

(4) Discard meaningless centers that contribute 
not much to skeleton formation.  

(5) Cluster centers with contact levels of details 
(CLOD) through single-link clustering with variable 
distance (measured with the side length of a clustering 
cube whose volume is defined according to the 
CLOD). 

2. Two-level collision detection 
First, sphere are fast detected: 
(1) Calculate the distance vector between the 

centers of two spheres. 
(2) Check for the overlap condition between the 

haptic pointer (considered as a very small sphere) and 
each bounding sphere. 

Then, the spheres are detected precisely: 
(3) Project the haptic pointer onto the mesh. 
(4) Take the outer (cross) and inner (dot) prod-

ucts of vectors (one is the projection of the haptic 
pointer and the other is the normal vector of the mesh) 
to check if they are on the same triangular mesh plane. 

(5) Check the distance between the haptic 
pointer (considered as a very small sphere) and each 
bounding sphere. 

3.2  Bounding spheres formation 

A bounding sphere volume is constructed by two 
steps: creating spheres and clustering spheres. Before 

creating spheres, preprocessing with the medial axis 
is necessary to represent an object in skeletal form. 
The medial axis guides the optimization process for 
matching the spheres to the object shape. 

3.2.1  Creating spheres 

Among the four types of triangle centers 
(centroid, circumcenter, orthocenter, and incenter), 
we use the centroid (center of gravity) of a triangular 
polygon to represent its center. The centroid of a 
triangle is the intersection of the lines connecting the 
midpoints of each side of the triangle to the opposite 
vertices. The line segments created to find the 
centroid are called the medians, which are shown in 
Fig. 2 with dotted lines. Note that regardless of the 
shape of the triangle, the centroid will always be in-
side the triangle. 
 
 

 
 
 

 
 

 
 
Initially, the centroid of each polygon mesh is 

generated. Then the ray tracing method is applied to 
find the opposite mesh based on the fact that the angle 
between the normal vectors of the opposite and target 
meshes is π. The inner product (cosine product) of the 
two vectors should give −1 (recall that cos π=−1), so 
the opposite mesh can be obtained by finding whose 
normal vector gives the smallest inner product value 
(≈−1) with that of the originally selected mesh. The 
threshold for the initial search is set to −0.99. If no 
opposite mesh is found, repeat the process with the 
threshold increased by 0.01 (i.e., −0.98), and so forth. 

In the Euclidean space, the inner product (or dot 
product) of two vectors a and b is defined as 
 

|| |||| || cos ,θ⋅ =a b a b  
 
where θ is the angle between vectors a and b within 
the plane containing them (i.e., 0≤θ≤π), and ||a|| and 
||b|| are the magnitudes of vectors a and b, respectively. 
In addition, the outer product (or cross product) is 
defined by 

Fig. 2  Centroids of different types of triangles: (a) acute 
triangle; (b) obtuse triangle; (c) right triangle 

Centroid Centroid Centroid

(c)(b)(a)
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|| |||| || sin ,θ× =a b a b n  
 
where n is a unit normal vector orthogonal to the 
plane containing a and b. 

Afterward, the midpoints of the line segments 
connecting the centroids of opposite meshes are 
generated. The set of these midpoints forms the cen-
tral axis of the object. Then, two new centers of 
bounding spheres are created at the middle of the right 
and left segments of the initial connecting line seg-
ment between centroids, respectively (i.e., repeat the 
generating process by bisecting the remaining halves 
of the line). The reason of bisecting once again is to 
avoid generating an excessively large sphere,  
which can get partially out of the underlying model 
(Fig. 3). 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Once the two centers of bounding spheres are 

positioned on each line segment, the bounding 
spheres can be determined by calculating their radii. 
The distance between the center of a sphere and the 
furthest vertex of the nearest polygon (indicated by 
dotted lines in Fig. 4) becomes the radius of the 
sphere. Fig. 4 illustrates an example of the determi-
nation of the radius. 

3.2.2  Clustering spheres 

Grouping nearby points helps the extraction of 
meaningful centers. We use the single-link cluster 
(nearest-neighbor) method (Sibson, 1973), which is 
one among the simple and efficient methods of ag-
glomerative hierarchical clustering. 

 
 
 
 
 
 
 
 
 
 
 
 

The generated centers belong to each bounding 
sphere. To avoid unnecessary calculations, we group 
all centers of spheres whose distances are less than the 
chosen cubic distance (e.g., 0.02) (Fig. 5). In other 
words, we find the centers of spheres lying within a 
cube, whose side length is the clustering distance in 
three dimensions. 

 
 
 
 
 
 
 
 

 
 

 
 
 
Discarding, which removes some meaningless 

points on the model, had been used at the initial stages 
of the computation. However, we avoid this process 
in this study because of the calculation overhead. 

Figs. 6a and 6b compare the results of bounding 
spheres with or without ‘discarding’, respectively. 
‘Discarding’ induces some errors that cannot be ig-
nored. As shown in Fig. 6a, some segments are pol-
ygons, which are not correctly included in bounding 
spheres. In addition, the additional computation time 
for ‘discarding’ is relatively high, whereas the time 
needed for sphere generation without ‘discarding’ is 
trivial. For example, for the tooth model without 
clustering in Fig. 6b, the computation time for ‘dis-
carding’ was 4600 ms and the time needed for sphere 
generation was 130 ms with ‘discarding’, while it was 

Fig. 4  Determination of the radius: a line segment be-
tween the center of the sphere and the most distant vertex 
of the nearest polygon (indicated by dotted lines) 

Fig. 5  Grouping centers within a clustering cube 

Fig. 3  Example of generating two bounding spheres by 
bisecting the line segment between centroids twice: (a) an 
excessively large bounding sphere generated from the 
initial midpoint between two opposite meshes; (b) two 
bounding spheres generated from the two newly placed 
centers on the bisected central axis, fitting the model 
more tightly; (c) simultaneous representation of (a) and 
(b) (References to color refer to the online version of this 
figure) 

(c) (b) (a) 

http://en.wikipedia.org/wiki/Hierarchical_clustering
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170 ms without ‘discarding’. For these reasons, 
‘discarding’ is omitted in our study. 

Mathematically, the distance D(X, Y) between 
clusters X and Y with single-link clustering is 
 

( , ) min ( , ),  ,  ,D X Y d x y x X y Y= ∈ ∈  
 
where X and Y are any pair of sets that include ele-
ments identified as clusters, and d(x, y) denotes the 
distance between elements x and y (x∈X, y∈Y). 

In the beginning of the clustering process, each 
polygonal element is in a cluster of its own. The 
clusters are then sequentially combined into larger 
clusters until all elements end up being in the same 
cluster. At each clustering step, the two nearest clus-
ters are combined. In single-link clustering, the link 
between two clusters is determined by a single closest 
pair of elements contained in two different clusters. 
The shortest of these links combines small clusters in 
which the pair is included into a larger cluster. An 
example of clustering of nearby centers of spheres is 
shown in Fig. 7. 

Fig. 8 presents an example of bounding spheres 
formation for a tooth model. Fig. 8a marks the se-
lected centers in red points; Fig. 8b shows the clus-
tered centers (clustering distance=0.02) in red points; 
Fig. 8c presents the spheres transparently; Fig. 8d 
demonstrates the spheres in opaque. Algorithm 1 
outlines the construction of bounding spheres. 

3.3  Two-level collision detection 

Our two-level collision detection contains two 
steps: fast detection of spheres and precise detection 
in spheres. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3.1  Fast detection of spheres 

Note that the haptic pointer can be considered as 
a very small sphere. Therefore, collision detection 
between the pointer and the bounding sphere is 
equivalent to detecting the collision of two spheres. 

To detect the collision, we use a simple calcula-
tion for detecting the overlap between two spheres, 
which takes the sum of the radii, and compare them 
with the distance between the centers of the two 
spheres. If the distance is smaller than the sum, a 
collision is detected. 

3.3.2  Precise detection in spheres 

A more refined collision detection scheme is 
required because the constructed structure of the 

Fig. 6  Sphere generation with discarding with polygons 
(2510 spheres) (a) and sphere generation without dis-
carding (3072 spheres) (b) 

Fig. 7  Clustering of two neighboring centers of spheres 

Fig. 8  Example of clustered centers for a tooth model: (a) 
selected centers in red points; (b) clustered centers 
(clustering distance=0.02) in red points; (c) transparent 
spheres; (d) spheres in opaque (References to color refer 
to the online version of this figure) 

(a) (b) 

(d) (c) 

(b) (a) 
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bounding spheres is not the exact shape of the object. 
Once a collision between the haptic pointer and a 
bounding sphere is detected, precise detection in 
spheres is performed between the pointer and each 
polygon mesh point inside the colliding sphere.  

Our spheres are represented in the following data 
structure: 
 

typedef struct axisInfo { 
      vector3D axispoint; 
      float dist; 
      int index[MAX_NUM_POINTS];}; 

 
Our bounding spheres are generated to wrap all 

polygon meshes of the base geometry, so that the data 
structure includes an integer array, whose elements 
correspond to each polygon mesh point in the sphere. 

In Fig. 9, the large circle in blue indicates the 
bounding sphere, and the small circle in gray repre-
sents the haptic pointer. The red circle corresponds to 
the center of the blue circle. The refined mesh detec-
tion within the sphere is carried out in the following 
steps: 

1. Projection: the haptic pointer is projected onto 
one of the meshes in the sphere, and a mesh detection 
process is conducted on every mesh for discerning 
which one contains the projected point. To exclude 
possible errors, the projected point is checked as to 
whether it is inside the mesh or not. It is always pos-
sible that the pointer can be projected to a point out-
side the mesh, which is not a collision. 

2. Vector products: the inclusion can be exam-
ined by taking the product of vectors. If two vectors 
are on the same triangular mesh plane, the results of 
both the outer product and inner product of the two 
vectors are positive. Fig. 10 explains this with an 
example. Among the three vectors in the figure, at is a 
vector that starts from a vertex of a triangle (A) to the 
projected point of the haptic pointer (T). ab and ac are 
vectors from vertex A to the other two vertices (B and 
C). Recall that the sum of the angles within a triangle 
is 180°. Then for a given vertex A, we can take two 
different cross products (ab×at and at×ac) with each 
vector, and these results will be positive if the pair is 
on the same triangle. If all four points are on the same 
triangle, then the inner product will also be positive. 

3. Distance check: if the projected mesh is found, 
it is probable that the haptic pointer collides with that 
mesh. In this case, the calculation for determining the 
overlap condition between the sphere and the pointer 
is simply done by checking whether the distance 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Algorithm 1  Constructing bounding spheres 
1 
2 

 
 
 
 
 
 

3 
4 
5 

 
6 

 
7 

 
8 
9 

10 
11 
12 
13 

 
14 

 
15 
16 
17 
18 
19 

 
 

20 

for each trianglei do 
GPU:  // calculate the centroid of trianglej 
trianglej.centroid.x=(trianglej.vertex0.x 

+trianglej.vertex1.x+trianglej.vertex2.x)/3 
trianglej.centroid.y=(trianglej.vertex0.y 

+trianglej.vertex1.y+trianglej.vertex2.y)/3 
trianglej.centroid.z=(trianglej.vertex0.z 

+trianglej.vertex1.z+trianglej.vertex2.z)/3 
end for 
for each trianglei do 

GPU: compute the distance between the centroids of 
trianglei and trianglej 

GPU: compute the cosine of the angles between the 
normal vectors of trianglei and trianglej 

GPU: find the opposite trianglej (whose cosine value 
is closest to −1) 

Calculate the central axis and the double central axis 
Create two centers of bounding spheres 

end for 
for each trianglei do 

for each trianglej do 
if the distance from centeri to centerj is smaller 

than the clustering distance then 
Generate clustered_centeri using single- 
link clustering 

end if 
end for 

end for 
for each clustered_centeri do 

Create spherei for each clustered_centeri with radiusi 
equal to the distance from clustered_centeri to the 
most distant vertex of the nearest trianglei 

end for 
 

Fig. 9  Example of precise collision detection in a sphere 
(References to color refer to the online version of this 
figure) 



Choi et al. / Front Inform Technol Electron Eng   2017 18(8):1117-1130 1124 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
between the center and the pointer is smaller than the 
radius. Our two-level collision detection method is 
summarized in Algorithm 2. 

 
 

4  Implementation 
 
Phantom Desktop 3.0 (Fig. 11a) was used as a 

haptic device. It provides three-degree-of-freedom 
force feedback on the directions of x, y, and z and six- 
degree-of-freedom position and perception, which are 
three positions in x, y, and z coordinates and three 
rotational inertias (pitch, roll, and yaw with ±3% 
linearity potentiometers, Fig. 11b). The computing 
environment for our experiments is shown in Table 1. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Computing environment for experiments 

Component Specification 
Operating  
system 

Windows 7 ultimate 32-bit 

CPU Intel Xeon 5160 Dual Core 3.0 GHz 
RAM 3 GB 
GPU Nvidia GeForce GT 520 
Haptic device Phantom Desktop 3.0 

• Force feedback: x, y, and z directions 
• Position: x, y, and z 
• Perception: pitch, roll, and yaw (±3% 
linearity potentiometers) 

 

Algorithm 2  Two-level collision detection 
1 
2 
3 
4 
5 
6 
7 
8 
9 

 
10 
11 

 
 
 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

 
31 
32 
33 

GPU: for each spherei do 
difference=hapticCursor.pos−spherei.pos 
distance=difference.length 
sumOfRadius=hapticCursor.radius+spherei.radius 
if distance<sumOfRadius then 

collision detected 
end if 

end for 
T=the coordinates of the center point of the haptic cursor 

projected to trianglei in the sphere 
index=−1  // index of trianglei in the sphere 
isPositive=false  // variable for checking whether all three  
// vertices of trianglei are on the same mesh plane or not. 
// vertexa, vertexb, and vertexc indicate three vertices of  
// trianglei  
for each trianglei do 

for each trianglej do 
isPositive=true 
vector1=(vertexa, vertexb) 
vector2=(vertexa, vertexc) 
vector3=(vertexa, T) 
crossResult1=vector1×vector3  
crossResult2=vector3×vector2 
if (crossResult1 · crossResult2)<0 then 

isPositive=false 
break 

end if 
end for 
if isPositive then 

index=i 
break 

end if 
end for 
distance=the distance between T and the center of the 
haptic cursor 
if distance<the radius of the cursor then 

Colliding to trianglei occurs 
end if 

 

Fig. 10  Illustration of vector products: (a) the cross 
product lies on the same triangular plane if the projected 
point of haptic pointer is inside of the triangular mesh; (b) 
the cross product lies on a different plane if the projected 
point is outside of the triangular mesh 
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The algorithm is implemented using a GPGPU. 
GPUs are data stream processors that can run one 
kernel function in parallel on a set of data streams, 
and our GPU model can be summarized as follows: 

1. GPU stream processors are made of 32 blocks. 
Each block consists of 512 threads at maximum.  

2. A block is assigned to process each sphere and 
operates in parallel. A maximum of 30 blocks can be 
executed in parallel. 

3. The 511th thread of a block (Fig. 12) is used to 
examine whether the haptic pointer is inside the as-
signed sphere or not. All other threads in the block 
also conduct checks in parallel on all of the polygon 
mesh points of that sphere. 

4. Finally, precise detection in spheres is per-
formed on the polygon meshes where the projection 
vector of the haptic pointer is included. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

5  Results 
 
Experiments were conducted to examine the 

usefulness of our method on three different graphic 
models (i.e., tooth, clover, and hat models). The per-
formance was analyzed by investigating how many 
spheres can be reduced while maintaining the tight-
ness of the boundary for each model. 

To validate our algorithm, we introduce two 
performance criteria: 
Criterion 1    The bounding sphere reduction ratio is 
the ratio of the number of bounding spheres after 
clustering the spheres to that before clustering. 
Criterion 2    The collision detection time is the total 
time taken for checking the distances between the 
haptic pointer and all the spheres. 

The update rate should be higher than 1000 Hz 
under various contact scenarios (i.e., either a single 
contact or a multi-point contact case). Real-time 
graphics applications have display update frequency 
requirements somewhere between 20 and 30 frames/s. 
On the other hand, the update rate of haptic simula-
tions must be as high as 1000 updates/s to maintain a 
stable system. This rate varies with the spatial fre-
quency and stiffness of displayed forces and with the 
speed of motion of the user. In addition, because 
human tactile sensation is sensitive to vibrations with 
frequencies higher than 500 Hz, changes in force at 
even relatively high frequencies are also detectable. 
This value is important to decide the optimal value of 
distance for clustering. (Colgate and Brown, 1994; 
Gregory et al., 2005). 

5.1  Contact levels of details 

For single-link clustering, variable distances 
(d=0–0.08) are applied for the CLOD (Otaduy and 
Lin, 2003) and the selection of the distance depends 
on the complexity of base geometry. Taking the tooth 
model as an example, Fig. 13 presents the constructed 
bounding spheres corresponding to each level of 
CLOD, and Table 2 shows an example of CLOD with 
variable distances (0–0.08). 

5.2  Optimum clustering distance 

The optimum distance can be determined ac-
cording to numerous criteria, e.g., the characteristics 
of models, application requirements, and computing 
power. The analyses of the reduction ratios of cen-
troids with different clustering distances are presented 
in Table 2 and Fig. 14 for the tooth model, Table 3 
and Fig. 15 for the clover model, and Table 4 and 
Fig. 16 for the hat model. The optimum clustering 
distance can be determined by considering perfor-
mance criterion 2 concerning the collision detection 
time; i.e., the update rate should be higher than 
1000 Hz. 

5.3  Comparison with other algorithms 

The octree and Hubbard (Hubbard, 1995; 1996) 
algorithms, along with the sphere tree construction 
toolkit (Bradshaw, 2003), were chosen to be com-
pared with our algorithm. Figs. 17–19 show the re-
sults for the tooth, clover, and hat models, respec-
tively. As shown, the octree method shows a very  

Fig. 12  Thread model for a GPU block 

Block

Thread0 Thread1 Thread2 Thread3 Thread511...
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Table 2  Analysis of single-link clustering with different clustering distances for the tooth model 

Clustering 
distance 

Number of 
centers 

Step reduction 
ratio of centers 

Total reduction 
ratio of centers 

Collision detection time (ms) 
Update rate  (Hz) 

Fast detection Precise detection Total 
0 3072   0%   0% 2.037 0.118 2.155      491 

0.01 2231 27% 27% 1.521 0.123 1.644      631 
0.02 1047 53% 66% 0.677 0.133 0.810    1476 
0.03   548 48% 82% 0.336 0.160 0.496    2789 
0.04   320 42% 90% 0.213 0.169 0.382    4887 
0.05   220 31% 93% 0.139 0.227 0.366    7097 
0.06   145 34% 95% 0.102 0.247 0.349    9762 
0.07   104 28% 97% 0.071 0.378 0.449 14 509 
0.08     83 20% 97% 0.062 0.425 0.487 16 483 

 

Table 3  Analysis of single-link clustering with different clustering distances for the clover model 

Clustering 
distance 

Number of 
centers 

Step reduction 
ratio of centers 

Total reduction 
ratio of centers 

Collision detection time (ms) 
Update rate  (Hz) 

Fast detection Precise detection Total 
0 5288   0%   0% 3.320 0.122 3.442      340 

0.01 2176 59% 59% 1.412 0.131 1.543      757 
0.02   858 61% 84% 0.510 0.151 0.661    1732 
0.03   514 40% 90% 0.326 0.155 0.481    2880 
0.04   384 25% 93% 0.240 0.205 0.445    4325 
0.05   224 42% 96% 0.142 0.220 0.362    6850 
0.06   153 32% 97% 0.097 0.259 0.356    9463 
0.07   113 26% 98% 0.075 0.414 0.489 14 237 
0.08     84 26% 98% 0.058 0.609 0.667 17 325 

 

Fig. 13  Contact levels of details controlled by variable distances (d=0–0.08) of single-link clustering, where d indicates the 
side length of the clustering cube, and the figures in the parentheses denote the numbers of spheres 

d=0 (3072) d=0.01 (2231) d=0.02 (1047) d=0.03 (548) d=0.04 (320) d=0.05 (220) 

d=0.06 (145) d=0.07 (104) d=0.08 (83) 
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limited performance, while the Hubbard method and 
our method present better tightness for the same 
number of bounding spheres. However, the Hubbard 
method fails to entirely wrap all the polygons of the 
model, leaving the lines of polygons, as shown by the 
blue lines in Figs. 17d, 18d, and 19d. Our method 
successfully includes all polygon meshes of the 
model within the generated bounding spheres. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.4  Results depending on the number of polygons 

From the experiments, we find some interesting 
results regarding the relationship between the 
bounding sphere reduction ratio and the number of 
polygons. As shown in Table 5, the results with a 
clustering distance of 0.02 demonstrate that, after 
center clustering, the bounding sphere reduction ratio 
increases dramatically due to the increase of the 
number of model polygons (66% for 3072 polygons, 
84% for 5288 polygons, and 91% for 20 164  
polygons). 

The collision detection speed reduction ratio also 
dramatically increases as the original number of 
polygons increases (such as 62% for 3072 polygons, 
81% for 5288 polygons, and 89% for 20 164 poly-
gons). Fig. 20a compares the number of spheres 
without and with clustering, and Fig. 20b compares 
the collision detection time taken without and with 
clustering. 

Fig. 14  Depiction of a tooth: (a) model; (b) polygons; (c) 
bounding spheres without clustering; (d) bounding 
spheres with the optimal clustering distance of 0.02 

(d) (a) (b) (c) 

Table 4  Analysis of single-link clustering with different clustering distances for the hat model 

Clustering 
distance 

Number of 
centers 

Step reduction 
ratio of centers 

Total reduction 
ratio of centers 

Collision detection time (ms) 
Update rate  (Hz) 

Fast detection Precise detection Total 
0 20 164   0%   0% 12.908 0.118 13.026     76 

0.01   5322 74% 74%   3.365 0.200   3.565   295 
0.02   1790 66% 91%   1.146 0.273   1.419 1031 
0.03   1078 40% 95%   0.609 0.322   0.931 1637 
0.04     641 41% 97%   0.420 0.432   0.852 2439 
0.05     421 34% 98%   0.280 0.539   0.819 3671 
0.06     297 29% 98%   0.202 0.612   0.814 5245 
0.07     226 24% 99%   0.150 0.799   0.949 6754 
0.08     185 18% 99%   0.120 0.937   1.057 8216 

 

Fig. 15  Depiction of a clover: (a) model; (b) polygons;  
(c) bounding spheres without clustering; (d) bounding 
spheres with the optimal clustering distance of 0.02 

(a) 

(c) 

(b) 

(d) 

Fig. 16  Depiction of a hat: (a) model; (b) polygons;  
(c) bounding spheres without clustering; (d) bounding 
spheres with the optimal clustering distance of 0.02 

(d) (c) 

(a) (b) 
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6  Discussion and conclusions 

 
Collision detection is a fundamental issue in 

many fields of computer science, especially in com-
puter graphics and haptic rendering. A fast and pre-
cise algorithm for bounding sphere formation, which 
can generate object boundaries that can fill up 3D 
models as tightly as possible, has been proposed to 
accommodate stable haptic collision detection. In 
addition, our method allows easy control of contact 
levels of details (CLOD). A number of experiments 
demonstrate that CLOD can be done through single- 
link clustering with variable distances (e.g., 0–0.08). 
The selection of the clustering distance depends on 
the update rate and the complexity of the base geom-
etry. Through this CLOD with distance-based clus-
tering, our research holds its originality. 

Our algorithm reduced the average radius of 
spheres to enable a more precise detection of the 
object by implementing the centroid of a triangle, 
instead of its circumcenter for calculating the center  

Fig. 20  Performance comparison: (a) number of spheres 
without or with clustering (clustering distance=0.02); (b) 
collision detection time without or with clustering (clus-
tering distance=0.02) 
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Fig. 17  Comparison with other methods for a tooth:  
(a) model; (b) octree level 3 (512 spheres); (c) octree level 
4 (4096 spheres); (d) Hubbard (1047 spheres); (e) our 
method (1047 spheres) 

(a) (b) (c) 

(d) (e) 
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Fig. 18  Comparison with other methods for a clover:  
(a) model; (b) octree level 3 (512 spheres); (c) octree level 
4 (4096 spheres); (d) Hubbard (858 spheres); (e) our 
method (858 spheres) 

(a) (b) (c) 

(b) (c) 

Fig. 19  Comparison with other methods for a hat:  
(a) model; (b) octree level 3 (512 spheres); (c) octree level 
4 (4096 spheres); (d) Hubbard (1790 spheres); (e) our 
method (1790 spheres) 

(a) (b) (c) 
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of a sphere. The accuracy and speed of collision de-
tection were examined through numerous experi-
ments, and the results demonstrated that the algorithm 
is fast indeed and precise enough to be applied to 
haptic simulations.  

This work may contribute to basic studies in the 
field of haptic simulations. The advantages of our 
method based on clustered bounding spheres can be 
summarized as follows: (1) fast enough for haptic 
rendering, using spherical structure for bounding 
volume; (2) precise enough to the voxel level; (3) 
variable clustering distances for controllable CLOD; 
(4) less overhead for maintaining bounding sphere 
hierarchy; (5) smaller radii of bounding spheres using 
centroids of triangular polygons. 

In future work, we will focus on improving our 
algorithm, applying our method to deformable objects 
effectively, and optimizing the usage of GPGPU in 
our system. 
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