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ABSTRACT

We present an efficient algorithm teyperform continuous collision detection for complex-
shaped models. Given two models and:their. initial and final configurations, we use linear
interpolation to calculate their in-between motion and examine if there exists collision be-
tween the two objects. Our algorithm“is composed of three stages:(1) dynamic collision
detection with bounding spheres.of models;(2) conservative advancement with upper levels
of bounding volume hierarchy; (3)conservative advancement with exact distance between
two models. Moreover, in our system, user can assign a distance threshold, and our sys-
tem will claim the collision of two objects if the distance between two objects is below the
threshold. The output of our algorithm is the time of contact and colliding feature of two
models if there exists collision. We tested our algorithm in several scenarios and compared
with the method proposed by Zhang. The performance of our algorittiis4 times
faster. Furthermore, the required memory of our algorithm is lessthan [ZLK06] by a factor
of 3 ~ 4 on a Pentium4 2.8GHz PC for complex-shaped models composkikof 70k

triangles.
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CHAPTER 1

Introduction

Collision detection(CD) is an indispensable component in numerous domains including

computer graphics, robotics ,video games, ete.- With the advancement of computer hard-
ware, more realistic dynamic simulations:can be executed in interactive rate. One of the
components to achieve this goal is callision detection. Collision Detection has been studied
for many years, but there are severalissues ,which still need to be studied, including CD
for deformable bodies, continuous CD, etc. “In this paper, we concentrate on continuous

CD for rigid bodies.

1.1 Collision Detection Algorithms

Most of collision detection algorithms can be classified into two categories: discrete col-
lision detection and continuous collision detection. Most previous collision detection al-
gorithms are discrete. These algorithms sample an object’s motion in discrete time steps
and detect whether the object interpenetrate within a time step. Because of the discrete
sampling method, collisions which occur between two discrete time steps could be missed.
This phenomenon is called "tunneling effect”. However, discrete collision detection is
much faster than continuous CD, and it is still widely used in many domains, especially in
games.

In contrast to discrete CD, continuous CD considers continuous motions of objects

and determine the first time of contact between any two objects if there exists collision
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within a time interval. Therefore, continuous CD can prevent interpenetration and tunneling
effect which could occur in discrete CD algorithm. With this improvement, a dynamic
simulation can be performed more accurately, and this is also the reason why continuous
CD draws more and more attention recently. However, the performance of most continuous
CD algorithms is too low to be executed in interactive rates. Therefore, achieving better

has become the main concern of recent researches on continuous CD.

1.2 Motivation

As computer hardware advances in recent years, physical correctness and computational
robustness of dynamic simulation for computer animation have drawn more and more at-
tentions. In order to present a realistic animation, correctly producing the collision response
between moving objects is no doubt an important issue. Therefore, providing colliding in-
formation for a physics engine is important.for producing correct collision response. How-
ever, in animation and computer:games;.collision detection systems adopt a discrete CD
algorithm due to its fast computation and easy implementation. As we stated in the above
paragraph, discrete CD algorithm has‘two vital problems, interpenetration and tunneling
effect, which could result in incarrect animation.in a dynamic simulation. In contrast to
discrete CD algorithms, continuous 'CD algorithms do not have these two problems, so it
can correctly determine if two objects collide and provide correct information for physics
engine. However, computational cost is the main problem for continuous CD algorithms,
and this is also the reason that makes continuous CD algorithm not widely adopted in
practical use. Fortunately, recent researches on continuous CD have good advance on the
performance issue. Zhang[ZLKO0G6] proposed a continuous CD algorithm based on con-
servative advancement that is first proposed by Mirtich[Mir96]. This method must apply

a sophisticated preprocession, convex decomposition[Ea01], on a model first, and Zhang
adopts the method proposed in [Ea01]. Compared with the previous methods, the method
proposed by Zhang has better performance and could attain interactive rate. However, there
are still some drawbacks in Zhang’s method. First, Zhang's method requires more memory
space than other continuous CD methods in runtime. In real-time applications, memory
is a precious resource; therefore, it is necessary for a collision detection system to keep
the usage of memory as low as possible. Second, Zhang’s method is only applicable to 2-

manifold models, which limits the application of Zhang’s method. Since most models are
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produced by 3D scanner and artists, which would not match the 2-manifold requirement
without additional processing. Due to these two drawbacks, Zhang's method is not suitable
for many applications. Although its performance can attain interactive rate. In order to
design a continuous CD algorithm that is suitable for real-time application and does not
have the same limitation as Zhang's method, we need to adopt a different preprocessing
method and apply an efficient approach on this data structure produced by preprocessing.
In the above continuous CD algorithm, conservative advancement approach is a proper
choice due to its high performance. As for the preprocessing method, in our survey , the
method proposed by Larsen[LGLM] performs better than the method[EaOl] adopted in
Zhang’s method when the motion of an object has translation and rotation at the same time.
Furthermore, the method proposedin [LGLM] is applicable for any polygonal models and
requires less memory than Zhang’'s method. However, it would not have better performance
than Zhang’'s method to only apply conservative advancement approach on the data struc-
ture produced in [LGLM]. There are still some. important issues related to performance for
us to develop on this new continuous CDalgorithm. With these improvements, we propose
a continuous CD algorithm which does not-only avoid the problem in Zhang’s method but

also has better performance than Zhang’s method on models with highly complex shape.

1.3 Organization

The rest of the thesis is organized as follows. In Chapter 2, we briefly survey discrete
collision detection methods and continuous collision detection methods. In Chapter 3, we
give an overview of our framework and then explain our method in detail. In Chapter 4, we
test the performance of our algorithm on different benchmarks and compare with Zhang’s

method. Finally, we conclude the thesis in chapter 5.



CHAPTER 2

Related Work

While collision detection is a topic that.has been extensively studied for several decades,
continuous CD algorithms are continuously proposed in recent years. The most important
thing to trigger the researches.on continuous CD is.the great advance of computer hardware
in recent years. In this chapter, we will-give a brief survey of discrete CD algorithms first

,and then introduce continuous’CD algorithms.

2.1 Discrete Collision Detection

All collision algorithms can be roughly classified into two categories: broad phase and
narrow phase. Broad-phase algorithms is mainly used for acceleration. In other words,
broad-phase algorithms prune those object pairs which would not collide with each other;
therefore, it could prevent the occurrence of the worst d@¢e?)(n is the number of ob-
jects in a space.). After the procession of broad-phase algorithm, narrow-phase algorithm
further determine whether two objects collide or not and finally produce colliding informa-
tion of two colliding objects. In this section, we first introduce broad-phase algorithm and
then narrow-phase algorithm.

The main idea of broad-phase algorithm is spatial partition. By subdividing the space
into numerous regions and correspond the objects into the regions with their position, we
can determine which pairs of objects could not collide with each other and prevent the

further collision check of these pairs. The broad-phase algorithms include uniform grids,
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hierarchical grids, octree, quadtree, k-d tree, binary spatial partition tree and etc|[CASF94,
HKM95| IMW88, INAT90, TN87, YT93]. Besides these methods, there is still a special
method called sweep and prune[CLMP95]. This method does not partition the space but
projects the bounding volume onto the three axes and check if the intervals intersect with
each other.

The purpose of narrow-phase algorithm is to check whether the surfaces of two objects
intersect with each other. In order to avoid checking each pair of triangles of two objects,
an acceleration scheme called bounding volume hierarchy(BVH) is constructed for each
object. The elements of BVH are bounding volumes, and there are several types of bound-
ing volumes, including sphere, axis-aligned bounding box(AABB), object-oriented bound-
ing box(OBB), k-DOP(discrete-orientation polytopes), convex hull and etc[GL.M96,/He99,
Hub93/Hub95, Hub96, HDLM96, JTT01, KHM8,[KPLM98&,PG95, Quig94, Zac95]. For
further details of discrete collision detection, we refer the readers to [LIG98, L M0O3] for ex-

cellent surveys on the field.

2.2 Continuous collision Detection

In recent years, there are many.methods proposed in the field of continuous collision de-
tection. However, most of these methods'can only handle convex objects. Few of these
methods are applicable to arbitrary-shaped objects, and they can be classified into five
categories: swept volume approach, adaptive bisection approach, kinetic data structure ap-
proach and conservative advancement approach. In the following, we will introduce these

approaches.

2.2.1 Swept Volume Approach

The basic idea of swept volume approach is to compute the volume swept by an object
within a time interval and then check whether the swept volume intersects with other
objects in the environment. The method to produce a swept volume is explained in the
survey[AMBJO02]. The main computational cost of swept volume approach is producing
the swept volume , which usually cannot be performed in interactive rate. Another draw-
back of swept volume approach is that if the intersection with other objects is found, it

still needs a backtrack mechanism to search for the time of contact. In our survey, there
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d-;_(_')._f-;several SSVs[RKLMO04b].

Figure 2.1: The avatar cbmpose

e L

is no good method to execute backtrack and this make the performance of swept volume
approach worse. Redon et al. proposed a continuous CD method[RKI.M04b] based on
the swept volume method to detect whether an avatar collides with objects in a scene.
However, the avatar is only composed of several simple convex shapes like capsule which
is called sphere swept volume(SSV), as shown in figufe2.1. During runtime, the swept
volume formed by the avatar’'s movement is produced and is checked whether the swept
volume intersect with the environment, as shown in figuie2.2.

If the swept volume intersects with the objects in the environment, a backtrack mech-
anism is executed to find the time of contact. Because of the property of SSV, an efficient
backtrack method is proposed by Redon, but it is only applicable to swept volume of SSV.
For an avatar composed of several SSVs, this method can be performed in an interactive
rate. In 2004, Redon also proposed a similar method for articulated models, such as robot
arm. In this method, the swept volume of SSV is also used to check whether the articulated

model is likely to collide with other objects. Therefore, an SSV is calculated to fit each link



2.2 Continuous collision Detection 7

Final position .\
\.\ £ \\‘
- \
—
Initial position / - Interpolation /

Backtracking to
and

first time of contact

collision detection

Figure 2.3: Each link of robot arm is bounded with a SSV [RKLMO04al].

of the articulated model ( shown in figlireR.3 ). However, SSV is only the bounding vol-
ume of the articulated model. If the swept volume of SSV intersects with other objects, we
need to use another continuous method[RKCO02] to precisely check whether a link of the
articulated model collides with other objects and find the time of contact. In this method,
adaptive bisection approach[RKCO02] is adopted to execute precise collision detection. The
method runs in interactive rate if the movement of the articulated model is small, e.g., the
rotational angle of each link is less than one degree in a time interval. If the movement of
the articulated model is large, e.g. the rotational angle of each link is greater than thirty

degrees, the method can not run in interactive rate.
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2.2.2 Adaptive Bisection Approach

A few methods based on bisection were proposed, and we refer readers to an short survey
in [RKCO2]. The main idea of these method is to execute bisection test in a time inter-
val to find the time of contact. However, these methods do not guarantee that the whole
trajectory of the moving object is bounded and thus might miss a collision. In order to
avoid this drawback, Redon et al. combined the interval arithmetic method with the bisec-
tion method in his continuous collision detection method[RKIC02]. A good introduction

to interval arithmetic for computer graphics can be found in [Shy92]. In this method, an
OBB hierarchy[GLM96] is first constructed for each object. During runtime, the separat-
ing axis theorem of OBB is extended with interval arithmetic. In this way, the extent of
the movement of an OBB is bounded with a larger box produced by interval arithmetic,
and no collision would be missed. The method proposed by Redon et al. consists of two
steps: continuous OBB hierarchy test and time interval subdivision. First, the continuous
separating axis theorem is used:to recursively test the intersection of OBBs in the hierar-
chy. After finishing the continuous OBB hierarchy:test, some overlapped OBBs would be
found at current time interval. At the, second step,-a heuristic method is used to determine
whether the time interval needs.to be' subdivided or not. These two steps are continuously
executed until the time interval is less than.a'threshold. The method proposed by Redon et
al. showed good performance and was the most efficient method in the field of continuous

collision detection before Zhang’s method was proposed.

2.2.3 Kinetic Data Structure Approach

Kinetic data structure(KDS) is a framework for designing and analyzing algorithms for
objects(e.g. points, lines, polygons)in motion [BGH97]. The KDS framework is an event-
based algorithm which samples the state of different parts of the system as often as nec-
essary for a specific task. For example, the task can be to preserve the separation of the
moving objects, and it is called the attribute of the KDS. A KDS consists of a set of elemen-
tary conditions which are called certificates and guarantee the correctness of the attributes.
For example, if a moving object exceeds a limited extent, it could collide with other ob-
jects. Here the limited extent is the certificate of the attribute. When a certificate fails, an

event is inserted into the event queue. Its order in the queue is according to their earliest
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Figure 2.4: Project the vectors of velocity and bounding boxes of objects onto axes x and

y [CS08].

failure time. In collision detection, the'events are used to remind the system to produce
response for collisions. Several methods baesd on KDS were proposed for continuous col-
lision detection, but most of them are only applicable to convex objects or objects in 2D
space. A method which combines sweep and prune and KDS was propased in [CS06], and
it can be applied to nonconvex objects. Traditional sweep and prune method projects the
bounding box of objects onto three axises of 3D space and then check whether the three
intervals projected on three axises intersect with the intervals of other objects at the same
time. Moreover, the method is executed at discrete time step. The kinetic sweep and prune
method projects not only the bounding box of an object but also the vector of velocity of an
object onto three axises of 3D space. Therefore, it can predict when an interval of an object
will intersect with other objects and insert an event in the order of the time of intersection
into an event queue, as shown in figurg2.4.

For each of the three axes, there is an independent event queue. The system would
check the events in the three queues in the order of insertion time. An object is likely to

collide with other objects if the system finds that the three intervals of the object intersect



2.2 Continuous collision Detection 10

with the intervals of other object at the same time. However, the method is designed as
a broad-phased continuous collision detection algorithm, so a narrow-phased method is
needed to check whether a possible colliding pair intersect with each other and find out the
time of contact. There is another method based on KDS which is designed for deformable
models|[WZ06]. This method applies KDS on the AABB tree of a model and can predict
when the verices of the model will move out of the AABBs which bound them. At first,
the method checks the events from the leaf nodes of a AABB tree. If the vertices exceed
the extent of their bound AABB, the method would update the AABB tree in a bottom-up
manner. To detect collision with other objects, the method set a velocity which corresponds
to the vertices for each face of an AABB; therefore, it can predict when an AABB will
collide with other AABBs. However, there is an important requirement for the method:
the flight plan of each vertex must be known. Without flight plan, the system could not

correctly predict the time of contact. This is the limitation of the method.

2.2.4 Conservative Advancement Approach

The concept of conservative advancement(CA) approach was proposed by Mirtichl [Mir96].
As Shown in figurg2]5, the method is used to detect the collision of two convex objects and
find out the time of contact in a time interval: LBt (¢) be an upper bound on the distance
traveled by any point on body1 alodgluring the intervalty, t]. Let Dy(t) similarly bound

the distance traveled by any point on body?2 aldndf a collision occurs at time,, then
Dy (t.) + Do(t.) > d.

A lower bound on the time of contact can be found by replacing this inequality with
an equality and solving fot.. However, the method could not be applied on nonconvex
objects. In order to make CA applicable to nonconvex objects, Zhang adopted a convex
decomposition method[Ea01] in his method[ZLKO06]. In Zhang's method, an object is first
decomposed into numerous convex objects, as shown in[figlre2.6. Then, a convex hull
tree is built in a bottom-up manner. During runtime, the tree traversal routine is executed
on the two convex hull tree of two objects. When the tree traversal routine is executed,
the bounding volume traversal tree(BVTT) is implicitly constructed ( shown in figure2.7 ).
The nodes of BVTT are composed of the nodes of two convex hull tree. Furthermore, the

leaf nodes of BVTT is called front nodes which are most likely to collide with each other
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Figure 2.5: Finding a lower:bound of the time of .contact for convex objects [Mir96].

in these two convex hull tree. The concept of BVTT is first proposed in [LGLM] and is
used to estimate the performance of‘a‘tree‘traversal algorithm. Zhang exploited BVTT to
prevent the complexity ab(n?), wheren is the amount of leaf nodes in a convex hull tree.
The algorithm of Zhang's method is shown in fiquré28.andB are two nonconvex
objects.q, andq; is the configurations afl when t = 0 and t = 1. In this algorithm, the
loop is repeatedly executed until the distance between two objects is less than a threshold.
In this paper, the threshold is set to 0.001 for an object with the diameter 100. Zhang also
compared his method with the method proposed by Redon[RKCO02], and his method is
faster than Redon’s method by a factor of 1.4 45.5 depending on benchmark scenarios. At
present, Zhang’s method has the best performance for the continuous collision detection of
rigid nonconvex objects. However, Zhang's method requires more memory space to store
the convex hull tree. This drawback makes Zhang's method less practicable. Some detail

of Zhang’s method will be mentioned in Chapter 3.
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Figure 2.6: The left picture shows the leaf nodes of the convex hull tree with different

color. The right picture shows an arbitrary level of the convex hull tree. [Ea01].

A B
hy hg
Front

; 7
ht & hY B &

CHTA CHT® BVTT

Figure 2.7: Two BVHs and their BVTT during distance query. Only solid-colored nodes
are actually generated in BVTT [ZLKO06].
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Algorithm CCD using Convex Decomposition

Input: A moving polyhedron & and its initial and final con-
figurations qg, qi, a fixed polyhedron Z.

Output: Calculate 77¢c.

[—

el

10:
11:
12:

13:

. As preprocess, decompose &/ and % into convex pieces and con-
struct their convex hull trees, CHT T, CHT 5.

: Compute an interpolating motion M(z) from qq. q;.

repeat

Calculate d(<7(t).28) between &/(r) and F using
CHT..CHT% and remember the pairs of front nodes hf‘*’ .hj‘g
in the trees that were traversed to calculate d(2/(¢), £8). During
the traversal, d(h¥ . h¥) and closest direction vector n(. j) are
stored :
for each pair of (7, /%) do
Retrieve already calculated d(h¥, hj@’ ) and n(i. j).
Calculate the motion bound u (i, j) by projecting both the
translational and rotation motion of 7 onto n(, j).
d(h? n¥)

Calculate Ag; ; = M
end for
Find Az :=min(A# ;).

Advance &/ (t) by At.

until d(o7 (). 28) becomes less than a user-provided threshold
return froc

Figure 2.8: The algorithm of Zhang's methaod [ZLKO06].



CHAPTER 3

Continuous Collision
Detection Based on
Conservative Advancement

3.1 Overview

In this chapter, an overview of our continuous CD algorithm is first presented. Our algo-
rithm consists of three stages, and the three stages form a pipeline shown in figure3.1. In
processing stage, a bounding volume hierarchy composed of RSS( Rectangle Swept Sphere
)ILGLM] is constructed for each model. The bounding sphere of each model is also cal-
culated in processing stage. In run time, we execute collision detection as the order of the
three stages. First, bounding spheres of two objects are checked whether they will intersect
or not in this time interval. We can make use of the properties of sphere to easily solve
the problem. After finishing first stage, we advance the moving object for a segment of the
time interval which is the maximum advancement time that does not make the two bound-
ing spheres intersect. If these two bounding spheres do not intersect during the whole time
interval, we claim that the two objects will not collide and interrupt the execution pipeline.

In second stage, we design a framework which is similar to [ZI.KO6]; however, a different
bounding volume hierarchy is adopted in our framework. In this stage, we do not traverse

to the bottom of BVH, but only traverse to the middle level of BVH. One of the reasons

14
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Is to use less execution time to filter the most cases in which two objects could not col-
lide in this time interval. Because using the middle level of BVH to represent an object is
tighter than using bounding sphere, most objects pairs which are determined as colliding
pairs with bounding spheres could be determined as non-colliding pairs in second stage. In
third stage, we make use of the traversal result of second stage and continue traversing to
the bottom of BVH. In this way, we can prevent restarting the traversal of BVH from root
node of BVTT and reduce the execution time of third stage. In third stage, we calculate
the exact distance ( the shortest distance ) between two objects and execute conservative
advancement with this distance. A distance threshold is assigned by user, in this thesis,
the threshold is 0.001. If the distance between two objects is smaller than the threshold,
we claim these two objects collide with each other. In the last two stages, an acceleration
technique called front node tracking is applied in the traversal routine of BVH and will be

introduced in the following paragraph.

3.2 Notations and Deéfinitions

In this thesis, we uskoldfacetodifferentiate arectorfrom a scalar value (e.g., the origin,
0). Let A andB be two polygonal:'models, and we assume thas a moving object under
rigid transformatiorM andB is fixed since'we can find relative rigid transformation with
respect to each other. Furthermore, the initial and final configuratiodsawé given ag
andg, at its corresponding time, t=0 and t=1(¢) is the configuration of4 under rigid
transformatiorM attime t, i.e. A(t) = M (¢).A.

3.2.1 Conservative Advancement

The concept of conservative advancement(CA) is first proposed by Miftich [Mir96]. It
is used to calculate the time of contact of two convex objects under rigid motion. The
execution of CA is repeatedly advancingby At toward B and prevents the collision of

A andB. As shown in figure3]2, to finish an iteration of CA, we need the closest distance
betweenA(t) and B and the maximum motion track o4(t) traced by some vertep on

A. In each iteration of CA, we can advangefrom time t to t + At without collision by
calculatingAt with equation3.JL. The proof of equatjonB.1 is presented in [Mir96], and we
refer the readers t0 [Mir96] for detail. Note that CA proposed in [Mir96] is only applicable



3.2 Notations and Definitions

Preprocession Stage:
Construct the BVH for
object A and B

~

First Stage:
Check the collision with the
bounding sphere of A and B.

NS

Second Stage:
Conservative Advancement with
the upper levels of BVHs of A
and B.

NS

Third Stage:
Conservative Advancement with
the distance between the
surfaces of A and B.

Figure 3.1: The flow chart of our framework.
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Figure 3.2: The concept of conservative advancement for convex objects.[ZLKO06]

to convex objects; therefore, we can not directly apply CA to nonconvex objects. In our
framework, each object has a BVH, and the components of BVH are convex polytopes.
With this property, we can apply CA to the BVH of andB. The detail of our algorithm

with CA approach will be explained in the following sections.

pt SdCA(), B)
d(A(t). B)
Lt

At < (3.1)

3.3 First Stage

In this stage, we exploit the bounding spheres of two objects to advance the moving object
for a segment of the time intervdit and filter the cases in which two objects could not
collide. One of the properties of sphere is rotation invariant. Therefore, we only need
to consider the translation of the moving object. Figure3.3 depicts the condition of two
spheres which are possible to collide with each other.

In figurg3.3,0 is the angle between the translational vectaand the line segment
formed by the centers of two bounding sphere. Two bounding spheres will collide in this
time interval if the following equation is true.

T+ T
e — G
Therefore, before we calculate the maximum advancementAiaf first stage, we can

sinf <

first calculate the anglé and check whether it is greater than the maximum afgle

7“1+7"2

0y = arcsin ———
1 — Cf|



3.4 Second Stage 18

Figure 3.3: First Stage: Calculate the time of contact of two bounding spheres.

After the simple check, we must calculate the advancement time of the moving object.
To determine whether two spheres intersect with- each other, we only need to calculate
the distance between the two'centers and.compare it with the sum of two radiuses. This

approach can be represented with-equatian3.2.
[(e1 + (1) = cal* = (r1 +73)° (3.2)
s(t)y=vxt

In equatiop3.R, we must calculate the minimum value which is the first contact time

of two spheres. In order to solve the valyeve can exploit some numerical methods ,e.g.
Newton’s method, to solve the equation. After calculating the maximum advancement time
Atin this stage, we set the moving objetto the configuratiotd(At) and start to execute

the second stage.

3.4 Second Stage

The algorithm of this stage is shown in algorifhn3.1. In the first iteration of the stage, we
first traverse to half of the depth of BVH. For example, the depth of BVH is h, and half of
the height isg. In other words, we treat the nodes of deéths leaf nodes when the tree

traversal routine is executed. During the tree traversal, BVTT is implicitly constructed, and
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the leaf nodes of BVTT are called front nodes. For each front node, we store the closest
distance and normal vector in it and then make use of the information to calculate the
advancement timét for each iteration. For each front node, we can use the information in

it to solve equatidn3]1 to calculate an advancement time. After calculating the advancement
times of all front nodes, the minimum advancement time is determined as the advancement
time of the iteration. We use the minimum time to advance the whole object. In this way, we
can ensure that any two objects will not collide after the advancement. In second iteration,
we treat the nodes of the dep§h+ 1 as leaf nodes and execute the same computation as
first iteration. If the shortest distance of second iteration is less than the shortest distance
of first iteration, we will continue to traverse the BVH down for one more level in third
iteration, else we still traverse to the same level in third iteration. Therefore, as the distance
becomes shorter, we will traverse to the deeper level of BVH. In this way, the exact distance
between two objects would become shorter. We can roughly estimate the upper bound of
the exact distance by calculating the 'sum-of the shortest distance of the front node and
the maximum radiuses of two BVs,in the'front node. However, when we traverse deeper,
the computational cost of traversal routine-also'becomes higher. In our experiment, it has
the best performance result for the. overall continuous CD process to limit the maximum
traversal depth of BVH téf. After'we. traverse to.the depﬂﬁ in some iteration of second

stage, we finish the second stage and start to execute the third stage.

3.4.1 Motion Bound Calculation

In conservative advancement approach, to calculate a tight motion upper p@imapor-
tant, because it would effect the advancement time in each iteration. If the advancement
time of each iteration is more accurate, the number of iterations could be reduced and the
performance would be better. Therefore, we must estimate an upper bound as tight as pos-
sible to have a greater advancement time for each iteration. The method to estimate the
upper bound of motion for an convex polytope is first proposed_ in [Mir96]; however, the
equation is not efficient to calculate in run time. To make the calculation of motion bound
more efficient, Zhang reduces the equation of motion bound and increase the efficiency of
calculation in run time[ZLKOB].

Given the interpolating motioM (¢) , a moving convex objectl and a fixed objecB ,

we want to calculate the motion upper bound4fM (t) is the result of interpolating the
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Algorithm 3.1: Execution Loop of Second Stage

Input: A, B andqy, q;
Output: troc
Initially, set the terminal level of the traversal routineitp

while d(A(t), B) < the thresholddo
Traverse the BVHs of A and B to gét.A(t), B);

The pairs of front nodgs;*, n%) are stored during tree traversdl(x;*, n%) and

n(i, j) are also stored.;

foreach pair of d(n;!, n% ydo
Calculateu with equation3ij;
/i
CalculateAt;; = d(’—’JB);
w
end
AdvanceA(t) by At;

if d(A(t), B) < d(A(t), B)of previous iteratiorthen
| Increase the terminal level.;
end

end

return the total advancement time of second stageg.,
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initial and final configuration of the moving objegt. Assumep; is a vertex on4, and

p; Will trace out a trajectory,(¢) when. A undergoedM. We can calculate the velocity of
p, with the equatiorp, = v + w x r;(t). v is linear velocity ,andv is rotational velocity.
We can extract these two vectors frdvh and they are constant during the time interval of

[0, 1]. The undirected motion bound, of .4 can be calculated by the equation:

1
po = masc [ B, (3.9
t 0
{1, 1S the motion upper bound which can be used to calculate the advancement time, but

we can still make the upper bound tighter by projeciing) onton, which is the closest

distance vector frord to B. The equation of the new upper bound of motion is as follows:

1
= max [ B, -t
t o Jo
1
gmaX/ V- n+wser; - nl|dt
v Jo
i
§V-n—|—max/ o x r; nl|dt
ot
1
gv-n+/ max-{jw-x _rq= n||dt
0 7

i
gv-n+/ max [N X w - r;||dt
0 (2

<V-Nn+|n x w|max ||r;||dt (3.4)

In equatior{ 3.4n is stored in each front node amgdcan be precomputed and stored

with each BV during the preprocessing stage.

3.5 Third Stage

In this stage, we will execute conservative advancement with the exact distance between
two complex-shaped objects and finish the stage when the exact distance is below a thresh-
old. In order to calculate the exact distance, we must traverse to the leaf nodes of BVH
and calculate the distance between triangles. If we execute the traversal routine from the
root node of BVH in each iteration, the computational cost of this stage is too expensive.

Therefore, we keep track of the front nodes computed in the last iteration of second stage
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and start our traversal routine from these front nodes. In this stage, we apply conservative
advancement on the whole object which is not convex, so the algorithm in second stage can
not be directly applied on this stage. For two convex objects, we can project motion upper
bound onto the normal vector to calculate a tighter motion upper bound and guarantee the
correctness of conservative advancement. However, for two nonconvex objects, we cannot
guarantee the correctness of motion bound projection. To apply conservative advancement
approach to nonconvex objects, we compute the length of the curve of motion upper bound
and use the length to compute advancement time. This concept is also used in robotics to
compute a conservative moving distance for a robot arm. In our observation, two complex-
shaped objects will not intersect as long as the length of maximum motion trajectory of the
moving object is equal to the exact distance. We can prove this observation and develop a

lemma as follows.

Lemma 1. If the length of maximum motion trajectory of the moving object is equal to the
exact(shortest) distance between'two objects with complex shape, these two objects will not

intersect in this advancement.

Proof: Assume that these two 0bjects intersect under in this advancement. Therefore, we
must reduce the motion trajectory and make:it less than the shortest distance . This means
the motion trajectory of all vertices on the moving object is less than the shortest distance.
In this way, we can obtain a distance which is even shorter than the shortest distance from
the motion trajectory of some vertex on the moving object, so the assumption contradicts

with the base condition.

With this lemma, we can calculate an advancement tixhén each iteration of third
stage and develop a new motion bound equation , as shown in eguation 3.5. In equation
[3.5, r is the maximum radius of the moving objedt that is, the radius of the bounding

sphere ofA.

1
/ vl 47 - fwldt
0
1
= vl + / r - lolldt

0
= Ay - ——
IVl + 27 o—
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=|[v[[+7r-0=p (3.5)

As long as the distance between two objects is positive, there must be a positive ad-
vancement time to make the moving object forward. Therefore, we can develop our algo-

rithm base on lemmdl.. The algorithm of this stage is shown as follows.

Algorithm 3.2: Execution Loop of Third Stage
Input: A, B andq, q;

Output: troc

while Distance between two object is greater than the thresbold
lroc = 0;

Stepl:Calculate the shortest distance betwéemd’.;

{During this step, we also calculate the maximum effective ragius.
Step2:Calculate the undirected motion boundAowith equatior 3.5.;
Step3:Calculate the advancement titewith equatiop3.]L.;
Step4:Advanced by At.;

troc = troc + At

A= A(tTOC);
end

return the time of contactoc

At the first step of algorithm3] 2, we calculate the shortest distance between two objects
with the front nodes computed in second stage. The detail of the traversal algorithm will
be explained in Section 3.5.1 . At the second step, we calculate the motion bouhd of
with equation3.b, and then the advancement time of the iteration is calculated. Fihally,

Is advanced with'\¢. We finish the execution loop when the shortest distance is less than
the threshold.

3.5.1 First Step of Third Stage: Distance Query

The first step of algorithm3].2, distance query, is to calculate the shortest distance between
two objects. In order to prevent redundant BV tests during BVH traversal, we exploit the
front nodes which is the result of BVH traversal computed in the last iteration of second
stage. Because these front nodes are the internal nodes which depths are I%Sintham

BVH, we must further traverse to the leaf nodes of the BVH which contain the triangles
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of the model. In this step, reducing the BV tests is a key factor which would improve the

performance of traversal routine. The algorithm of a distance query routine is as follows.

Algorithm 3.3: The Routine of Distance Query in Third Stage
Input: A queue with front nodes inside

Output: The shortest distancg

Traversal from the front nodg, in which the shortest distance of the previous
iteration exists .;

After the traversal off,, we getd,.

foreach front nodef; in the queualo

if d(f;.BV1, f;.BV2) < d,then
Traversef; and get the distancg;

if d; <d,then

ds = d;;
fs=Ti
end
end
end
returnd,;

At first, we input an initial distance value as upper bound and exploit the upper bound
to reduce the BV tests. Therefore, we must assign a distance upper bound as small as
possible to efficiently execute the distance query routine. At the beginning of this step, we
will start traversal from the front node in which the shortest distance exists. After the first
traversal, we obtain an initial distance upper bound and then traverse other front nodes with
this distance upper bound. If we find a distance result of other front node is smaller than
the initial upper bound, we will replace the upper bound with this result and continue to
traverse other front nodes. After finishing all the traversals of front nodes, we obtain a front
node with the shortest distance and then make use of this front node to calculate distance
upper bound in the next iteration. In our distance query routine, each front node computed
in second stage will implicitly construct a BVTT, and the leaf nodes of the smaller BVTT
are the front nodes of third stage. In the first few iterations of third stage, we calculate the
difference of front nodes of third stage between two successive iterations. If the difference
is small enough, we will keep track of all front nodes of third stage and start our traversal

from these front nodes in the next iteration. The reason is that the advancement time is
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©

Figure 3.4: Moving distance of two_vertices with different radiuses after the rotation.

smaller as the distance between two objects become shorter; therefore, the position of the
moving object only change a:little bit. In other words, the traversal results of the two
successive iterations would not change too much, so there exists high coherence between
the two iterations. The coherence is called temporal coherence. With this coherence, we
can further improve the performance by starting our traversal from the front nodes of third
stage. In our experiments, the performance would have a remarkable improvement when

the difference is less th&0%.

3.5.2 Maximum Effective Radius Query

In equation3.5, the linear velocityis constant for all vertices on a model while the rotation
speed is a variable for each vertex. In order to estimate a tiger upper powelhave to
calculate a radius valueas small as possible. Consider the case shown in figlire3.4, two
verticesa andb rotate around the center After rotate with an anglé, the values of
moving distance of andb are d1 and d2, and the ratio of rl1 to d1 is equal to the ratio
of r2 to d2. For two BVs of the moving object, we can use the property from figyre3.4 to
determine whether it will collide with the other object after the rotation of afigl&iven

two BVs, B1 and B2,from the moving objegt and their shortest distance, d1 and d2, to

the other object3, we assume that the radius of B1, r1, is smaller than the radius of B2,
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r2. To avoid intersection with objed, we have to consider the shortest distance of BV1
and BV2. The safe moving distance of BV1 is its shortest distance to oBjextd so is

BV2. If we rotate BV1 with some angle and make the moving distance equal to d1, the
moving distance of BV2 can be calculated with the property from fijgure3.4. The angle
isd2' = dl x % If d2’ is greater than d2, it is possible that the vertices in BV2 could
intersect withA. Therefore, the radius rl is not a good candidate for the calculation of
the motion upper bound, so we choose the radius of BV2, r2. If d2’ is less than d2, BV2
could not intersection with objed, and the radius of BV1, rl, is a good candidate. In
order to determine the best radius to calculate the motion upper bound, we must examine
the moving object4 thoroughly. However, it is not a good idea to check all verticesl pf

and the cost is too expensive. In our observation, the front nodes produced from distance
query is the parts which are most likely to collide between two objects, and the quantity
of front nodes is far less than the leaf nodes of two objects. Therefore, we can determine
a best radius among these front nodes. ‘In our experiments, with this improvement we can

reduce about0% of iterations in.third stage:



CHAPTER 4

Results

We have implemented our method by, using C++ and OpenGL on a PC equipped with
Intel P4 2.8GHz CPU and 512MB mam, memOfy In our program, we adopt the library
PQPILGLM] to calculate the d;stance thWeen nonconvex models. We compared the per-
formance of our method with: FA6] Fortunately, the program FAST[ZLKO06]

could be downloaded from thelr_:_yyebérte. Therg_fore, we can compare the two methods in

the same environment. ) |

¥ede

Figure 4.1: Models used in our benchmark.

27
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4.1 Performance Comparison with 2-manifold Models

In order to measure the performance of our method and compare with FAST, we bench-
marked our method with 2-manifold models which contain different numbers of poly-
gons and different shapes, as shown in figufe4.1. We adopt the benchmark scenario from
[ZLKO6] to compare the performance of our method with the performance of FAST. In the
benchmark scenario, an object is shot from a random configurggioctine red object ) to
another random configuratiag ( the blue object ). The rotation angle between the two
configurationsqo andq;, is 7 around a random axis. We want to detect whether the mov-
ing object will collide with the fixed object( the yellow object ) and find the time of contact.
The inbetween configuration of the moving object is calculated with linear interpolation.
In the benchmark scenarios, we test the performance of our method for 200 frames, and
the orientation of the yellow object is changed with the frame number. The green object
Is the inbetween configuration found!by our-method, and its distance to the yellow torus
is less than the user-defined threshold which is-set to 0.001. Moreover, the models are
scaled so that their diameter are 100 units in OpenGL. The attributes of the models used
in our benchmark and the comparison-of-performance and memory usage are described as

follows.

1. torusknot vs torusknot ( Figyre4.3 ): Each torusknot consists of 35000 triangles. The
performance result of our method is shown in fi§urp4.3. The average time to detect
the collision with our method is 5.09ms, and the time of the worst case is 13.19ms.
The average time of FAST is 10.13ms, and the time of the worst cast is 103ms. In
average, the performance of our method is 2 times better than FAST. In our method,
to store a torusknot in main memory needs 11.5MB. In FAST, it needs 39MB for a

torusknot, and it is about 3 times more than our method.

2. armadillo vs armadillo ( Figure4.4 ): The model, armadillo, consists of 43000 triangles.
The performance result is shown in figurg4.4. The average time to detect the collision
in our method is 6.6 ms, and the time of the worst case is 30.8ms. The average time
of FAST is 14.46ms, and the time of the worst cast is 102.8ms. In average, the
performance of our method is 2.19 times better than FAST. As for the memory issue,
our method needs 14.5MB for an armadillo while FAST needs 50MB.
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Test Model Torusknot| Armadillo Bunny Golf
Our method Avg. 5.09 6.6 5.56 4.25
Our method Worst  13.19 30.8 15.7 8

FAST Avg. 10.13 14.46 21.4 10.6

FAST Worst 103.3 102.8 296.4 300

(a)The average time and the time of the worst case (in ms).

Test Model | Torusknot| Armadillo Bunny Golf
Our method 115 14.5 225 3.3
FAST 39 50 86 19

(b)The memory space for each model (in MB).

Table 4.1: The comparison between our method and FAST.

3. bunny vs bunny ( Figure4.5 ): A bunny consists of 70000 triangles. The performance
result is shown in figufe4].5. The average time to detect the collision in our method
Is 5.56ms, and the time of the:worst case is 15.7ms. The average time of FAST is
21.4 ms, and the time of the worSt/cast is 296.4ms. In average, the performance of
our method is 3.8 times better than FAST. The memory space to store a bunny in our
method is 22.5MB while it needs 86MB.in FAST.

4. golf vs golf ( Figure4.J6 ): The model; golf, consists of 10000 triangles. The perfor-
mance result is shown in figlire.6. The average time to detect the collision of our
method is 4.25 ms, and the time of the worst case is 8 ms. The average time of FAST
Is 10.6 ms, and the time of the worst cast is 300 ms. In average, the performance of

our method is 2.5 times better than FAST.

The comparison of the performance between our method and FAST is shown in ta-
blé4.1(a), and the comparison of the memory space needed for each model in our method
and FAST is shown in takle4.1(b).

4.2 Performance Tests with Non-Manifold Models

In this section, we benchmark our method with some non-manifold models. Because FAST
is not applicable to non-manifold models, we do not compare the performance in this sec-

tion. We use the same benchmark scenario as sdctitmmeasure the performance of our
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method for non-manifold models. The attributes of models and the performance of each

test are described as follows.

1. teapot vs teapot ( Figyre#.7 ): A teapot consists of 32000 triangles. The average time

to detect the collision in our method is 5.4ms, and the time of the worst case is 16ms.

2. dragon vs dragon ( Figure4.8 ): A dragon consists of 47000 triangles. The average
time to detect the collision in our method is 5.4 ms, and the time of the worst case is
17ms.

3. car vs car ( Figufe4.9 ): A bunny consists of 57000 triangles. The average time to

detect the collision in our method is 7.5ms, and the time of the worst case is 26ms.

4.3 Performance Comparison under Dynamic Simulation

In this section, we integrate our method with, a physics engine, ODE, to detect the colli-
sions in a dynamic environment. We. also.compare the performance of our method with
the performance of FAST in dynamic simulations: The benchmark scenario is shown in
figurg4.2. In the figure, we drop a red object to collide with a yellow object and use ODE

to deal with the response after callision. In our.benchmark, we change the orientation of
the yellow object and then drop the red object for 200 times. The attributes of the models

used in our benchmark and the comparison of performance are described as follows.

1. Dynamic torusknot ( Figure4.2(a) ): A torusknot consists of 35000 triangles. The
performance result of our method is shown in figureft.10. The average time to detect
the collision in our method is 8.13ms, and the time of the worst case is 28.6ms. The
average time of FAST is 17.88ms, and the time of the worst cast is 363.23ms. In

average, the performance of our method is 2.2 times faster than FAST.

2. Dynamic bunny ( Figufe4.2(b) ): A bunny consists of 26000 triangles. The performance
result is shown in figufe4.11. The average time to detect the collision in our method
is 7.6ms, and the time of the worst case is 39.4ms. The average time of FAST is 20.8
ms, and the time of the worst cast is 299.76ms. In average, the performance of our
method is 2.7 times faster than FAST.

The comparison of the performance between our method and FAST is also shown in
tablé4.2.
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Test Model Torusknot| Bunny
Our method Avg. 8.13 7.6
Our method Worst  28.6 39.4

FAST Avg. 17.88 363.23

FAST Worst 20.8 299.76

Table 4.2: The comparison between our method and FAST.

(a) (b)
Figure 4.2: (a) A dropping torusknot collides with a torusknot; (b) A dropping bunny

collides with a bunny.
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Test Model | Torusknot| Armadillo | Bunny | Golf
Triangles 35000 43000 70000 | 10000
Convex hulls 4888 10278 16673 | 4117

Table 4.3: The number of convex hulls for each model.

4.4 Analysis

Tabl¢4.3 shows the convex pieces for each model which is produced with/ [Ea01]. These
convex pieces are the leaf nodes of the convex hull tree of each model created in FAST.
Comparing the convex pieces with the number of triangles of each model, we can find that
the number of triangles is onlyy~ 7 times more than the number of convex pieces. More-
over, the computational cost of distance query for convex hulls is much higher than the BV
used in our method. Therefore, our method is more efficient in the distance calculation for
the models in the benchmarks. The.detail 6f the algorithm to compute the distance between
two convex hulls is explained in [Ea00]. /A technique called front nodes tracking is used
in FAST to reduce the number of distance query of convex hulls; however, in some cases
of the benchmarks, the coherenceroffront.nodes-is not good enough. In the performance
results of different models, we can find that there exist some spikes for all the benchmarks
of FAST, and the values of these spikes are much higher than the average time. Another
factor to cause the phenomenon might be the effect of cache miss of CPU. FAST needs a
large amount of memory space for each model in these benchmarks. If the cache memory
of CPU is not enough to store the data for the computation, there could be a large amount
of cache misses and context switches. In contrast to FAST, our method require relatively
low memory space ,and the computational cost to refresh the cached front nodes is lower
than FAST. Therefore, we can prevent the phenomenon which happens in the benchmarks
of FAST.
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Figure 4.4: Armadillo vs Armadillo. The test results of our method and FAST.



4.4 Analysis

35

Ot method

17 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 103 109 115 121 127 133 139 145 151 157 163 169 175 181 187 193 199

Frame Number

350
300
250

g 200

|

£ 150
100

50

0

FAST

I
|

|
i
| —
ot ettt el i nd, st il W rmtitoers ot

L7 1319 25 31 37 43 49 55 61 67 73 79 85 9l 97 102 109 115121 127 133 139 145 151 157 163 169 175 181 187 192 199

Frame Number

Figure 4.5: Bunny vs Bunny. The test results of our method and FAST.



4.4 Analysis

36

FAST
3350
300 ﬂ
50 }1\‘ ﬂ
£ | [
" i 'y
| rf\ |
50
N | . AN
1 7 13 19 25 31 37 43 49 S5 &1 &7 73 79 B3 91 97 103109 115 121 127 133139 145 151 157 163 189 175 181 18T 193 199
Frame Mumber
Our Method
E
E
3]

1

T 13 19 %5 31 3T 43 49 335 41 &7 T3 79 BR 91 97 103 109115 121 127 133 139 145 151 157 143 149 175 181 187 193 199

Fratne Number

Figure 4.6: Golf vs Golf. The test results of our method and FAST.



37

4.4 Analysis

SEsEEE T,
s o { —]
G ) =
W e~ ﬁu‘
“l = . B
;!ﬂlxuo = =] —r .,
[t ~ o =
——1 (v | I ——
S = e
ERE 2 K
o o i - +
= = o T
— — .=
™ “ = 3
—— = Y— ]
cnﬂ;.Ju‘Mu. = o) - \Qu}L.\&
ﬁ]uuﬂb = N e ol
=" | Ly = 2 o &HM“&
” “ w . MUFQ
r = = = |
ﬁv . - T_“”.vu
- o (%2} P == g
ld = . () e
1 = == fnful..u.
= | ==
T IS8 z m e
[~
- 1ﬂw.|ﬂ 5 5 = .m
.m m. [ m +— M ch
7] - =] (@] & |
= [ Z =
= e T & o o uu.
5 = © S o]
|| e, @ ) Yn|]llv.0
ad o N =
J“N\T&t - 7)) oiﬂv‘ﬂ.rll;_u..o
] -
KV' [ W Nv
Mﬂv S o 4.._uﬂ|[““n
wl, ~ o &T]llluﬂ;
5 e s 9] [ =
JANER ) RS
1 | - TR
NE=7n A - - &
Ean ™~ et
?MW& = 4 Tt
L s 0 =3
L 3" o =
X = S m.
% - o -
v =
.w. LL ..nHlll]mv
., 1= ) —— "
] S
.ﬂ“ - RHQ
TIwi: =1
= - B
=1 | o
— _ P |
ZE D oE = wooe FE TS e o
(s sy, {mmjaun ]

Frame Mumber
Figure 4.8: Dragon vs Dragon. The test results of our method.

17 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 103 109 115 121 127 133 139 145 151 157 163 169 175 181 187 193 199




4.4 Analysis

38

Cur Method

i

1 B 15 %2 79 3§ 43 30 57 &4 Y1 YR OET 92 99 104 113 170 17T 134 141 148 153 167 189 174 183 190 197

Frame Mumber

Figure 4.9: Car vs Car. The test results of our method.
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Figure 4.10: The performance result of dynamic torusknot.
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Conclusion

In this Chapter, we give a summary of the thesis and propose the directions for further

research of our method.

5.1 Summary

In this thesis, we present a highly interactive continuous collision detection algorithm for
complex models. Our method is based on conservative advancement approadh[Mir96] and
an efficient distance query method[LGI.M]. Given two models and their initial and final
configurations, we use linear interpolation to calculate their in-between motion and exam-
ine if there exists collision between the two objects in a time interval. Our algorithm is
composed of three stages, and the three stages form a pipeline. For each stage, we use dif-
ferent resolutions of a model to detect the collision in a time interval. In our system, user
can assign a distance threshold. If the distance between two objects is below the threshold,
our system claims that the two objects collide with each other. The contributions of our

method are:

1. Efficient for highly nonconvex models: As shown in chapter 4, our method is more

efficient than FAST[ZLKO®B] for highly nonconvex models.

2. Memory efficient: Due to the data structure which we adopt, our method uses less

memory space and could achieve good performance.

41
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3. No limitation on the topology of triangle mesh: In contrast to FAST, our method could

be applied on polygon soups, not only 2-manifold models.

5.2 Future Work

Our method is to solve the problem of continuous collision detection for a pair of rigid
bodies. Therefore, in order to apply our method to various kinds of dynamic simulations,
there still needs some efforts to enhance our method. First, we would like to enhance
our method to solve the problem of continuous collision detection for articulated bodies.
Although Each link of an articulated body is a rigid body, it needs an broad-phased collision
pruning algorithm to avoid the collision checks of these pairs of links which could not
collide. In the field of discrete collision detection, the problem has been extensively studied.
However, there still exists some issues for us to study in the field of continuous collision
detection. Second, we would like to,extend our method to multi-body collision detection.
This problem has been also extensively;studiedin the field of discrete collision detection,
but it is a more complex problemsin the field of continuous collision detection. Because
an object could collide with several.objects during-a time interval, the simulation could be
incorrect if we only detect the first collision of the object. There are some other issues
for this enhancement to study. Finally,' we'would like to study whether our method could
be extended to deformable body. To efficiently solve this problem, we have to update our
BVH in an efficient way. To produce the inbetween motion of a deformable body is also

another important issue.
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