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Abstract

In this thesis, we propose a new method to accelerate self-collision detection with closed
objects. Our method includes object decomposition and detector-based collision detec-
tion. In detector-based collision detection, it utilizes-a point that inside a region to check
all triangles’ orientation of this region. And this is a method that performs self-collision
detection based on triangles’ orientation of this region. On the part of object decompo-
sition, we analyze the physical property of an object by computing its charge distribution
in the preprocessing phase. The charge distribution of an object could present strength
of structure of the object. A region with less charge means that the region is concave
part at the local area. We regard the region as lower structural strength at the local area,
and it is easily deformed region of an object. On the other hand, a region with more
charge indicates that the region is convex part at the local area. We regard the region as
higher structural strength at the local area. We segment an object into several not eas-
ily deformed regions based on structural intensity of the object. In the simulation phase,

we perform detector-based self-collision detection on these segmented regions and inter-
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collision detection between each region. We use some different experiments to compare
our method with K-means decomposition method and our implementation on ICCD. The
experiment results show that our approach is more stable than K-means decomposition
method. Compared to ICCD, our method improves self-collision detection by a factor of

1.88X ~ 2.19X.

il



Acknowledgments

At first, I would like to thank my advisor, Dr. Sai-Keung Wong for his supervision
in these years. He was very careful and patient in teaching me on my research. Also, he
gave me many suggestions that helped me to complete this thesis. In addition to research,
he gave me many concepts about the attitude toward life. I would also like to thank my
thesis committee members, Dr. I-Chen Lin and Dr. Chun-Cheng Lin, who evaluated my
thesis and gave me some suggestions.

I would like to thank all my labmates. They gave me useful comments that helped me
a lot. Thanks to all my basketball teammates, we have some memories on the basketball
court. And when I was down, they pushed me back up.

Finally, I would like to give many thanks to my family and all my friends for their

supports and encouragements when I-was disappointed.

Chiao-Chin Yeh
July 2012

v



Contents

iF & i
Abstract ii
Acknowledgments iv
Table of Contents A
List of Figures viii
1 Introduction 1
1.1 Motivation . . . v, Lo o e e e 2

1.2 OVEIVIEW . . v v o e i e e e e e 2

1.3 Contribution . . . . .. v e 3

1.4 Organization . . . . . . . . . . . 4

2 Related Work 5
2.1 Collision Detection . . . . . . . . . . . . 5
2.1.1 Bounding Volume Hierarchies . . . . ... ... ......... 5

2.1.2 Normal Cone and Contour Test . . . . . . . . ... ... .... 5

2.1.3 View-Based Collision Detection . . . . . . . . . .. ... .... 6

2.1.4 Duplicate Features . . . . ... ... ... ... ......... 6

2.1.5 Elementary Test . . . . . ... ... ... ... ... ...... 7

2.1.6 GPUBase. . . . . . . . . . . . 7



6

2.2

Object Decomposition . . . . . .

221 Convex ... ... ....
2.2.2 Star Shape .. ... ...
223 RandomCuts . . ... ..

3D Mesh Segmentation

3.1 Charge Density Computation . . . . . . . .. ... .. ... .......
3.2 Surface Sources Distributed on Polygon . . . . . . ... ... ... ...
3.3 Object Decomposition . . . . . . .. ... ... ...

Detector-Based Collision Detection

4.1
4.2
4.3
4.4
4.5
4.6

Detector-Points . ...7. .« oo
Create BVHs . ... .. ... . ..
BVHs Update . . . . i . ..
OrientationnCheck . .. .o . . ..
BVHs Traversal . . ... ... . .

Duplicate Features ... . ... ...

Implementation and Results

5.1

5.2
53
54

5.1.1 Continuous Normal Cone

5.1.2  Continuous Contour Test .
K-means Decomposition . . . . .
Others . . ... ... .......

Results. . . ... ... ......

Analysis and Limitations

6.1
6.2

Analysis . . . ... ... .. ...

Limitations . . . ... ... ...

vi

10
10
12
13

18
18
18
19
19
20
21

23
23
24
25
25
26
26



7 Conclusion and Future Work 35

7.1 Conclusion . . . . . . . . . s 35
72 Future Work . . . . . . ..., 35
Bibliography 37

Vil



List of Figures

1.1

3.1
3.2

33

34

4.1
4.2
4.3

B ERREBAEARE

Charge distribution: #* B] =~ ® ~ % % 5 pawn ~ dumbbell ~ Luigi

F AR e kg o AL gray level 03 8 & 7 R R R
AT PR LTRBEARN > ARG NAT R REARE o ...

Cluster-growing 7 A2 @]z ¥ &% ¢ 3= & 25 & 4 cuttingList ¥ = &
A5 F&% F = & A5 5 growingList ¥ ¢ = &5 (a) - cluster i
cluster-growing = - #- cluster ¢} lén= 4 A;3c» growingList ® - (b)
growingList ® e = & A5 F i & = 2 ¢ - & ) EF| growing ik
£ > %4 growing > i H-growingList ¥ 9= £ 4j%c o~ cuttingList ¥ -
(e)(d)(e)(f) 5 (a)(b) B i F i¥ iteration »(f) growingList * = & )
Aa i d eff d A iR gk growing e L L L L L
Procedure step of object decomposition: (a) — B 4471 model  (b) &
A BT iR AR 0% gray level 27 o (¢) F1* E > BISHE 3 4
it R enk % > % gray level % 7 o (d) #-3id i thresholdgyser 7=
& 25T o kg % o (e) 5 iF cluster-growing fr cluster-shrinking ¢

@3l contour edges o (f) 48 Z]en % o . . . ...

Orientationcheck © . . . . . . . . . . . .
S EAEEATRIE ©

Procedure representative triangles: vf-teste . . .. ... ... ... ..

viii



5.1

52
53
54
5.5

6.1

6.2

6.3

6.4

7.1

F]* & 3 & 2L continuous normal cones > & ) — % & Bk contin-

uous normal cone 2_ 7+ % B » & ¢ .3 3 & 2L continuous normal

cones » 2 ¢ H_' & BLocontinuous normalcone e .. oL ... . L. L. 24
Pawn e s % > E =2 F 5 ... 27
Dumbbell e S %% » B3 4o .. ... o L L 27
Luigien@se® » 5 FF o ..o oo 27
Z R %P B o F Bl 5P % Pawn ¥ B 5 Dumbbell - T B %

LUIZE © o oo e 29

Dumbbell 4 & & %

-

TSI AR R s S LS
K-means > 7 o K B ¥ sc 2 B chidd o 00 L. 31
Luigi ehAa &l % » 285 1 AP 2 s 3lad s L35
K-means > 2 f K BE¥ se 2 & enlES o o 00 oL L. 32

K-means TTCD: 1335 #¢ if* %> K-means 7§ % > TTCD 4 *en% fF o 32

4

Torus & 11 ek ekt » R g2 Lo m & Torus Bl - . ... .. 36

X



Chapter 1

Introduction

AL B B £ RS R IRR L o B TR
FAE CNZFEL GRPRC GAFT RIS E AT B s 0 g
TI7ALEE o Rip BAREBAY S AREARIE P W eE g R sty i
@2 p Pt JF PR S RS WK iR H AL AR SR
Fo PR R S FREDT F o AR DA ER S AP R R o T RS 8
hp Lpidi A R &0 S SR R o

AL R A 5 2l Mg R (DCD) foid & tmife i ) (CCD) - & DCD
C

he

» AP g+ B discrete frame cHpFRFEE P = 452 @5 A pidE o & CCD
PRI RZFAP R AR R Bl R R R B
ez Bz 4R F ¢ F AR - PRI DCD > CCD ¢ % x Reh@E Ay » 4r
CE RO RPR > SHEREARER S WAL - BT SR .

B 4 A g ® [TCYMO9] [VT94] [GSO1] [WB05] [SPO10] [TMT10a]

= g

I

u
[TMT10a] » % ¥ J2 pF ¢ £ 44 48 22 bounding volume hierarchies (BVHs) o
run time P F £ { #7 BVHs » & * % BVHs (F3f B 2 p S pidg i Rlenins - 1295
Z 4z w £ 12 = regular patches > #- Mk g A S BB RS o L BUTER
¥ - B % B o contour test 3 i 0 A A FERATE RNz £ E 0 B 4 i
1> contour test ¥_#-— & regular patch 5 B3k §2 5| - BT o » TR A+ BILPH
Brerif p pRFRF RN AE G 2 0 Bl £ 4 & o1 i i contour test 0 @

H 42§ i contour test T3P 7 ch= & )R JF M E B



B BienidE A2 0 W B - 2 bounding volume & 83 £ freh= &£ 254 5 fL % po-
tentially colliding pairs » #% 7 #-+75 3 & 3| 77 potentially colliding pairs i¥ elementary
test 5 N E T F 2 AR Pz 4o 2 AR DR .

e > 24 e detector-based FLfE 1R 2 0 Bw B JJTRFL € R 4R

* e i EHEORPE O 4

M hE B = &4 € 134502 & £ #F detector-point 3 B di G v 0 TP = £ 5

BVHs T g ¢t 45 — B4~ 48 ) ¥R en®E > 1% 5 detector-point °

# i3 $ BVH 17 B

1.1 Motivation

GALAE RIS AT R > AU S R A G e Bk A s
B A R cdp i B KRR (R (A o W B AR R
PP R R AR L s B 0 B R AR
mAT E - B SN RGE S 304 o Detector-based #fAE 1 Pl A A %
EEA g = 705w RAARE £A)2 B 5 25 7 2l o i detector-based
g R P 0 AP e L T K- B4 IR R8T L detector-point o B T &
RlFIZ & 2730 L5 S detector-point » A FuiL B R R & Bl 2 49)
Btz B € 4 R 0 B4t detector-based HELFE R K L A_B AT hF o A
AR e S AL A P ) & (T detector-based ALIE
RlenT B 0 345 515 & o0 detector-point » # 175 B H i A A = &AM G
% % #2 ¢f detector-point © $5 I| 4 M S P HF I A TP g R0 A B B
B2 x5 g2 a,% 9§ & 1% detector-based FLfE 1 Bl iH % B $iTE F B A B (T
detector-based g4 1 | it & F detector-based Fidi 18 Bl F - H éf}m:j‘}u EY

B BRI BE L R -

1.2 Overview

EAN = LA S mﬁ‘;% 1T 5 2% i ) 3R AL H 8 Jp) &9 benchmark » 2% e

i F FAE - B RGO BB U FRERERY 5B



Load animation data Update data
. b
Compute charge density of triangles Update BVHs
b h
Object decomposition ‘ Orientation check
. .
Define detector-points BVHs traversal
b .
Build BVHs for each detector-region Elementary test
Preprocessing Stage Run-time Stage

Figure 1.1: /i 4%.8)

Z A=l o A K Sl ied & 4 A S AR A Figure 1.1 o % - WA E_
preprocessing stage ° & = ¥R 4 &-run-time stage °

% preprocessingstage £8.4 + — B 45 » 2f ~ 2P g0 benchmark > 38 J P
AP OTFRROBFNPIRARRDGE REFRERY s A~ 30

F B R A PHE detector-regions & i detector-region ¥ i ¢ 4 k-

B detector-point » I ® £ ! = i detector-region -7 BVH

% run-time stage > & R B 4opF > AP AL AT G BT M0 TR
e & Bz 4370 § K F7TBVHs » 2 6% & detector-region == 4 ) 48 &
¥+3% detector-region 77 detector-point i¥ orientation check o orientation check &_f| *
- i detector-region ® ez & A5z v £ 0 - EFEREF PN E7 {‘F‘.‘K i % 3%
detector-region £ detector-point > ¥ % &  ehikfx o 1IIREU = & Ajchm » K (TR
B #§ potentially colliding pairs » & 5 #-3F Jg *7 7 potentially colliding pairs » 3

'3 € A 2 & AFR|5E P pairs ¥ elementary test e

1.3 Contribution

APENT - BERIDAH O ZAEHFIFMoRE PR R T

13 &G AT B AJLEART T 5 TR A S XSS cluster-growing



{r cluster-shrinking 3 fiv > 1% 4~ 48 & B+ cndr PP 48 (74 2] > R
4 p PRAREHFRMEOER > I 7 12 detector-based i A 7 3N 0 A 2] {8 g §Y
TR R > BB AP OR&RES > M2 B AGD E o K-means 4 Z

> E A PR R o

1.4 Organization

NTFEREDERAT D F S FAPHEER R A ] T %

O BT S L L L LR
'g‘. LRREER S S AE o BT ’_‘w?‘_ﬁii:}\l ipe E"f’l,;li ffué‘ﬁ? i%Iﬁf}’;‘fr? ,;“:'ﬁ“é,;% ’

R AP ek T R R B B % o BT R S R LR B4

KerFT g > o o



Chapter 2

Related Work

2.1 Collision Detection

2.1.1 Bounding Volume Hierarchies

RohrdRpfia= 2 224 S48 @ BVHs cnfl Sl B L& > v 2.4
FELEL G MMRR DY E SRR B E TR LR s T
G HENT 0 R BB AL A B = &5 o B¥ L BVHs
¢ 3 AABBs [VDBVB98] 4~ Sphere tree [PG95] - #p & 3¢ F it % & BVHs > OBBs
[GLM96] ° fv k-DOPs [KHM"98].+* ﬁﬁ;?ﬁ % o k-DOPs £.4| % @ &K4F 1 k/2 Bh > =
Bohent f A B> o it kot kBe anze g o i’%*v?ﬁ&,?f % 1 BVHs %
WoooTRY T R HEARY £ A i ¢ 0 "F M false positve 8 S i@ 3 4

culling 5 » e v P F &L+ BenF ol $ Pl k5 BVHs en #7 -

2.1.2 Normal Cone and Contour Test

po¥ogidg P4 2 g > Volino #& ! 7 normal cone {v contour test s 4

ey

[VT94] > normal cone € 1345 = & A54r= 4 ;2 A chnormal B k& = > & & i
BVH e 87 o6 = £ 2 v Rehs kBRI L 20 mo PGB @B &- B
normal cone » #* normal cone iy #-pt & BLP P15 = £ Az e £ 8 Do JI* R

&
1% N4 B F B S 2T FF normalcone 5 A0 EFH A T - B 27 % & normal



cone  R|Jt & Bhenix - 3 & BLAT @ Aen= 4 A575 = regular patch > 3 48 £ 5 7 &)
= 7 3¥ % i& 48 regular patches » # i regular patch 7 ¢ % 2 o ¥ zidg o Grinspun #%
317 subdivision-surface [GSO1] » iz * 2 7 L R4 4 4 & A = 4F B B patches » T
LR EARY > kA - Bopatch 2 F B P - F LT R A Bk 4 3% patch
£ subpatches 4; L3 p LpdE o Tk hF S B subpatches 2 BF 5 X F w4 ALy
FI o ptifse en N3 4 Ei R a0 patches o Contour test #_#¥- regular patch i
BEEINTe o RAMAERDEZ B R #F 2 LN A I b B
Wl B2 2Rt~ 1 bounding volume & B ¥ 3 normal cone ¥ 47 iR {g w4 R
IR % o Wong [WBO05] §= Tang [TCYMO09] % # normal cone e 4 i@ Fatf 1§
] o Schvartzman # ! star-contour [SPO10] v :# contour test > I * = & ) 4p 48 cafd
%1% = self-collision test tree (SCTT) > @ SCTT & i# & 2k contour * ¢ I contour
segment 1717 ;N o B G ELY > AABB chd® P Aok T ¢ AR R & e Bhen
search line » #-&: Bk <5 contour segment £+ 8 3% % PR orientation #-if & = } {r
w T A 4 0 Tk 4 contour segment #7F if it i e search line 7% B F v b i
ezt ¥ e search line &35 i< X 8L t § > % T i enaf ¥ {o search line «78. % L B b
¥ search line ¥ fem } i F 5 = 5% B 0 ZRA-iT B & &eh contour B -

star-contour » % € #F2 A F pifg o

2.1.3 View-Based Collision Detection

View-based 742 1§ B e E %ft,z)j%{a - 'FT @rehs A gF 4 p P
$& > view-based Fifg 18 B e d R FRFS - 1F view-line & ¥ - B view-point > {1 *
view-line & view-point & B en= &£ 256 » GuplE 0 B2 £350 L G e e

#  en 8 patches £ p £ gidg i B [Chell] o

2.1.4 Duplicate Features

hz £52 FF > K3 BT A § i & £ Af h elementary tests o F]pt - i
< ;g%ﬁ 417 assign feature 0= ;= [WBO06][CTMO8] > § — B = & 3, & 2 elementary

test ¥ » X % & 7 A% assigned i feature > ¥ 4. £ 4F <7 elementary test o Tang #% I



e

7 procedure representative triangles (PR-Triangles) s 3 # & » ¥ i & run-time /4 2_
- ¥ features & 7 & #4 {7 elementary test [TCYMO9] o @ #pifen= & 52 B » 5 -

I elementary test £ 4 7 & Up|iE a0 > Tang #& 11 7 orphan set s 4 > fw B R
WAL L M- w4 AR = & 3597 7 & A elementary test 5 feature pair &% i ¥ orphan
Set > ¥ — ¥} features & 3 {7 elementary test © > & % & ¥ features § % 7 & 3 {7

elementary test o

2.1.5 Elementary Test

Elementary test 427 B = £ 8 ZF 2 AR OAAPFE > A L2a Bz 4
VEEFL AR ZERFL I X elementary tests © H ¢ & 324 =X edge-edge tests
fe = = e vertex-face tests o Elementary test 1 &A@ [FE » AL hve BRA
- BPER % (time interval) ¥ §.7 £ & TG el Rg s o %”ﬁ“ RN S
%= TG enpF gL > features 24 F B e 4 i o [Pro97] {- [BFA02]

Bz =2 45N e R3S ) features 20 B AL PF B e i o Non-penetration filter

* & % features 2. ' & m chif it 4eif 7 elementary test [TMT10a] -

2.1.6 GPU Base

BT A E G S TE Rl B 2 ken g R gk o HPCCD
[KHH*09] 4] * 3 CPUs 4- GPUs » ¢ #& * % $ .« CPUs % # {7 if Hijr culling -
2 4% GPU %k /w2 elementary tests - Tang ¥ * 3% 417 — i 4] * front-based
decomposition =% & ;2 [TMTI0b] » % j& 7 i F @ ¥ 2 B enpd AP 4p i 4 o

2.2  Object Decomposition

PRSP R P hE M- BAARARE DA XF I FEORE S B
2R}

B B R A e el 0 @ A R A v A T 2



2.2.1 Convex

- A FEES MR G s s B4 48 4 2 convex regions © Convex
decomposition ¥ 12 4~ % exact convex decomposition (ECD) = approximate convex
decomposition (ACD) » ie £ ACD » ¢ &g € & ¢ features > @ ¥ {= § 4p $+ > chp
@ o Liu [LLL10] +2 93 Morse theory > 3* & 3% % 7 Morse functions » @ # i Morse
function %41 * Reeb graph % 3} ¥} Mutex Set {- Candidate Cut Set > & % Cut Set
Aot Cut j% X Mutex pair #7i% 2 > 35 11 concave F3¥% 4 > B {845 41 ehE B Cut
RHpPFUEHERAE &5 > 4 2 dcost o Lien [LA07] 1 * SL-concavity ]
£ 17 ¥ e7 concavity © % — B 47 8 <57 concavity = *t 7 ?— & JR A 45 47 R85 knots {v
pocket cut » I j& _pocket cut ¥ 35 I Eif & A B4 M S B ocuts 0 B ML S 4F BB
concavity %-|- > 7 £ regions ° Katz [KTO3] 14 4= i > cnBVH > #4548 4 = k
B 47 4> patches » & 1% i@ patch ¥ & fod 2 B chiedro ] 5 2 N o e
B & E > vR— B patch » @ —#fuzzy g B ] % minimum cuts =1~ 2 kAT
R~ i patch » T 12 jterative £ ;835 diE fénpatch &3 > 28 4 7 - Bk

£ 4f 4 3| 7 Fe chipatches ¥ I % 0 ¥ B fuopatches (g B BFA € A 4 Ak o

2.2.2 Star Shape

Fie- BrAWY H I - BEER GG WA G Ty g AP
pL P~ k8 §_star-shape o 4o % - 1 2k & jZ —g— ISR TG BE s & R4S T - 4 BRI
g Py 02 @ Hd - & Star-shape components #7 i = o Star-shape
decomposition (Pa;E € 13454 M X A § 73 > B4 Botsch 4% 41 41 * point
set data & ¥+ 4= §8 ¥ & &| [Lie07] > ¥4~ %8 %7 7 Bk & P& sphere coordinate 7+ i
LR FRR . B )% sweep ho i A U AEA BRA SR > 282 &
2. L F ¥ i 4kdp L o Ben-Moshe # 11 4] * 3 %8 & polygons k 14 & 17 & |
[BMKMO5] » i & 1/ terrain % 1.5D ehz B ¢ > #-terrain 5 = & i subterrain » - d
subterrain 2_ ff c78:4 & % subterrain F 7 % & guard > 45 J1 &> F guards @ it g

E 1B terrain o



2.2.3 Random Cuts

e R - B s nglﬁzrf” MR NER S o B 2 F
% components > |4 > K-means [STKO02] > i & paper £ 4] * K-means =73 ;% -
% Ip i 48 A 2] X 45 A B patchs » ¥ AR e chde B 4S04 R 9 patch #-4 B
%2} ; hierarchical clustering [GWHO01] [KT03] > Garland 4| * dual graph 2 * face
clustering » * B node % — 1 cluster > 47 45~ ¢7% B node 5 — B o > F & foo 4p
A% B 4p ¥ eh node ¥2 node 2 F’“ﬁ* 4 edge * 41 * Dual Quadric = ;% » & 15
edge contrast #7 % =1 cost > T | * greedy method 7= ;% » ¥ B -] cost 77 edge ¥
4e 1% contrast » @ A& merge = — ¥ node 7% B w > %{* i #7¢0 face cluster >
i iterative =& ¥ » & ) & (¢ 0 face clustering - Golovinskiy [GF08] 4] * random
segmentation 17 j #-3~ §*7 2 2F % components » & # partition function - % I} &

® component i§ B o *ﬁ' i i % ¥ A 4 7 Je eh component © # ¥ | * partition

function v* g wRit B i NI R A E o Mgl B F R B ik gy o



Chapter 3

3D Mesh Segmentation
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3.2 Surface Sources Distributed on Polygon
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PU=|(p" = p)dl, (3.13)
=fpt=pl= W/ (PO 5 (1%)% (3.14)
+ +7
. pE—p) —IF1
po_ | Pg : (3.15)
B 3] vy SRR R RY 0 K r B vy @ By BEaEEdE R
RYENNRY) + @2 RE = /(P % &, (3.16)
Pl- Bdo$t- Bz &M PR EE forr ™ 2583 b
ds’ - 1 PO 07~
/_ = P PO T g (an? i — tan™! 21%
s B 5 R +1; (RY)" + |d| R (RY)" + |d| k7
(3.17)

R |r—r'|>r" % r ¥ enB > 2P f 5 source point °

3.3 Object Decomposition

R

AP REAERREIFRASFMLS Y APLFES N B2 24 T
PR fr X2 PR o Lighkme? > AP T R4Sk - B2 L0 B

- Bl AT U AR Lo
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y=A AN sk

Figure 3.2: Charge distribution: ¢* B] = ~ £ ~ 4 %] % pawn ~ dumbbell ~ Luigi

| & 4
e

=
v

» &% AU gray level 97 3V e on
AR 1

e B o ARE ik &
A AT R REARE o

A
Bty

NE B2k T R RS > AP R R B2 A0
TR R ITE > B [LT81] e icE 5 N @ @F Bz £3597F a0
AR RSN E RS AR DR RS e AL — B CDF
AfZ 42 s CDF0] 3 R4F % AR &% 0= 4378 2
Bl &g hz & P i=0

2 CDFli] 3 2/

41
255 CDF[255) = IV » 1 g fd » 20 B 4
£F 52 A FRRLOT AR RBHEIATOT FRAE
chargeDensity,e,|t] = CDF[i]/N. (3.18)
A E R - B A (thresholdgyster) » #4975 =07 & & 0] 3% thresholdgyster 5
Z e ARgeAe R o AP AR Re = &35 0F cluster » F AR h= £ G -
cluster °
i ig g B cluster ek Br 0 % — B cluster 7 3 iE#s AR A v H o K 4 A 1)
A BRI R 0 2 PFIE- B ocluster BTSN S B RM O PFL - 12
£ fF 2 B B 1B thresholdgyster * ERIZF ¥

- wér%%‘*” 7 2] o
vV S S G2 42 2 4 B8 clusters TFR]ER 0 ¥ A — B cluster ¥ = & A5 #cE
T EAZB thresholdgoping * thresholdgowng 5 — B = & 2558 % 1

Woen—
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B % #ic> % cluster ¥ g2 & )5~ 3 threshold g owing * 7% 7~ R ¥4 cluster
i® cluster-growing °

Cluster-growing 73 = ¥ — 1 iterative ¢4 4% » Figure 3.3 » 7 L ¥— & cluster
vt = & A5 ~ cuttingList ¢ > I 45 d1 e gt cluster 4p AR eATF = & A5~
growingList o 2% i 41 * growingList > X #& & — B cluster _% i I cluster-growing
eik > K- growinglist ¥ eh= & A4 o F AP AR - Mo BN A A 2 - HEo
] #- GrowingList » ¢7= & A5 4c » cuttingList ¥ > %4 iterative ¢1if 42 > & it #-
growingList ¥ 1= &£2354 =& 3 > & 57 P growingList ¥ 1= &35 54 K4 4
LA B R O F]pt ¥ dterative (G AR o

i R focuttingList ¥ 0 I * cluster-shrinking €97 2 45 0 Fr 27 A &) e33R
> o i Bi_cuttingList #7735 = chig Br o 0 P od cuttingList s = & A5 ¢ 5 {rdh Brip a8
eh= & A5 45— — 1% shrinking > #* i i® shrinking ek $5 ¥ > £ - B = & 3;:f
¢ 77 A ik b RRend o 3Vt = & 27 % cutting triangle > cutting triangle 7
it # shrinking ; 7 B2V i* #-= 4 A5 & cuttingList @ # Foa XL ATHR Ko B3
cuttingList # &7 = & 23R4 d cutting triangles H =

B & cluster-shrinking {& #73) > &7 iF #5 Rt 7' @ H T it EHERE R )
s BR g (TS 7 R B R o
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d ch- Ja > &

check growin

RO K R .
D
P o .
3 P
D " & o

check growing check growing
condition condition condition

D

EEEEREEN stop iteration
growingList

Figure 3.3: Cluster-growing /= #2. B]: ¥ % ¢ ¢h= & A5 % & cuttingList » ¢= & 3) >
i d enz &35 % growingList ¥ 1= 435 5 (a) - cluster i® cluster-growing @ 0 #-
cluster *t Fl=h= % A53c » growingList » - (b) growingList ® 1= & 3} 2 iy & = %=

F| growing iE % > #4 growing » I #- growingList ¥ #1= & A5 4¢
» cuttingList # > (c)(d)(e)(f) & (a)(b) & i ¥ 3 i¥ iteration - (f) growingList ¥ =
b A55 a A ir d 'frﬁg § @ 3 > iz )b growing °
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Figure 3.4: Procedure step of object decomposition: (a) — B 4= model - (b) &
B OGBS R S

Bw T A * gray level & 7 c () fI* E

o

* gray level % 77 o (d) #-i & threshold yser ¥N= & A5 18 2 3 el & o () 518

cluster-growing v cluster-shrinking & ¥ 31| 5 contour edges ° (f) 4~ %8 » & cn% %
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Chapter 4

Detector-Based Collision Detection

T B & A 13t detector-based spRdE i B 0 A B P2 1 0 F B2
% 3 T L - B detector=region > # i A # B detector-region ® 15 - B if ¥ @ IF

% detector-point > # ¥ detector-point ¥ 3 & p &7 detector-region -

4.1 Detector-Points

B g fl e ) ts > AR JE B & B detector-region * 35 d14f & ¢ Detector-point
L f#RiE A2 o detector-point % detector-region ¥ afx B¢ B 2 5| detector-based
FLAE P s o F 35 0 R b detector-point H_— B £ & 3% 4L o Detector-
point (P> ¥ A HHEAT L& § REZ £3)5 v - i BiehpF I {o potentially
colliding pair éh#c® > & @ B BT K Bl @R OpFF o BN PR Y D
detector-point % #+ @ detector-region e1E & > A PP % > TV F RS S FH

detector-region ¥ 1975 = & AR ¥ AR o

4.2 Create BVHs

& detector-based =gt 4 1 | # o 2 P 4+E B detector-region 4 %|iE > BVH >
T E - B AAOT RS D # B ¥ & gL bounding volume & ¥ - B = 475 -
fie A A @ * 9 BVHs #_k-DOPs » k-DOPs &_41 # TE W k2 B ah kA7)

= bounding volume sh{h & 8 k B o iz e £ > AP R d P a T V- B
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detector-region £ = BVH o — B 413 & 81 BV ¢ #-J5 i detector-region & @ > #-
detector-region ® = & Aje¥ 7 BRI R F| k/2 B b > B 1142 & 2L bounding volume
f k2 B dheng x Efod] B o T & k/2 B #h¢ £ bounding volume ed £ fih T
B A ghen? i o #t bounding volume P A3 = & A e E R FIBE B B
FE2 2 FEEfrF S8 T TR PE )Y ESZ £ % 25 &8
#1 bounding volume #-i&4* = &35 ¢ A 5 @ + + & 2L bounding volume B #-H 4

il\.ﬁﬁ%éf_@i"\v _:E. V‘lulﬁmm’r}i___’i_rl/g II ’—Q-IEFET‘,‘!Z,ll_J'ULm—g ’\*{f’r’ E

T|# B & gZLihbounding volume ¥ K 3 - B = 43 ¢

4.3 BVHs Update

SO LERERR 5 S BaCE S S el RS S
gt JEH BVHs TR 2T SVEE I B A3 N d Fa P AT & BE &g
e bounding volume % Jf & - M= &5 b = BERAC) = £ 3557 B
= BB > & B} 3R & 2t (internal node) =7 bounding volume R F & A H 3 3 &

gL{r+ + & g bounding volume » & I { A7 & i3 BVHs °

4.4 Orientation Check

{ #7 % % B detector-region ¥ BVH » s * ¢ {] * & - B detector-region
detector-point (dp) # % detector-region ® *773 = & A} orientation type [Chell] =
figure4.1 5 6] > =2 475 ¢ A FRRF 0, Atj:xRB =g a2 &2,T()d =2 B
Bhpo (8) ~pu(t) ~p2(t) le= o 7 (1) &= £z v & o jgd = £7) 12 - Bfrdp 7
N g B pPFT UFENARERER [0, At] 0 & B = &35 orientation

type o T 7| 4238 12 figure 4.1 E b ¢

7 (t) = (p1(t) —po (t)) x (p2 (t) —po (1)), 4.1)

orientationValue (t) = (po (t) — dp) - 7i (t) . 4.2)
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detector-point dp

Figure 4.1: Orientation check °

¥ & orientationValue(t) éa § & . #2842 &35 dorientation type ° > E 4o

-
stgn-= sign (orientationValue (t)) . (4.3)

FOLMFRRR[0, Atlsign>0- B T () € ST & &Pl F & [0, At] sign<0> B
T@)eS » &R >T()e S

h- BRERREY A PR Z 4B UL LS VS {050, St E =4
A5 orientation type & positive-oriented 7= 1 &£ ST & _= 4 7 orientation type 3

negative-oriented *7= h 8 & - SO H_= & A orientation type 3 zero *7 & el & o

4.5 BVHs Traversal

4o % b - B detector-region ¥ 7§ iz & A E o S AL ST g
detector-region ;2 3 p ¥ gifE o F B > 345 Jordan Curve Theorem > — & positive-
oriented 1= & A)fr— 1 negative-oriented 1= & A%t Vi g F 4 p LA o T
pro SV AR (ST, ST) A ez £ A3 2 (SO, U) A ehz & A R
B 45 & potentially colliding pairs °

BVH = i & B3t g 7 = B flag > & %A positive flag ~ negative flag {= zero

flag - flags 3z e BEA T ¢ PRI £ 0 dofe o AT 0 AP K
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#d BVH i gy & (ST, 87)ehz &34z (SO U) iz £ 258> i2- H 354
potentially colliding pairs °

A X BVH gl & B BVHs (R & 2LF 4otk 4 > & 4 5 B & 240 bounding
volume ¥ % & 4 > é‘é’fl P FRE SR AT MG P PRER S
T ERLAEI BEBROr BIELISKRE EFNESBRLIL A RES
L R AR R K%ﬁﬁ“‘]ﬁgﬂ%ﬁksbﬁ | potentially
colliding pairs °

AP A A BVH B FE L B (ST, S7) shz £ A%, A
¢ £ A5 B BVHs & 2L flags > 4o% — B 5 positive — 1 5 negative » B 44
¥ 4 3 B & 2 bounding volume £ 2 € 47 5 % E R A g e o ek - B &
BL i+ rrqéi’fiq‘posmve "F‘]“F"H\negatlve ) T»% e bW F B oY - B E g
bounding volume ¥_ % £ #p > B ¥ 5+ &2k o

e 45 0 (SO U) sh= 4254 > Ak 4 - B BVH &.8Lenflag & F 5 zero

ZE¥% A Y- B BVH & 2honflag £ # A > 2 H ¢ — B & 2o flag 4 zero o
P4 & & B & 8 bounding volume £ F & 40 0 7 P55 & if Bice

4.6 Duplicate Features

Bl BVHs ehif gifé 24 #-38 f s potentially colliding pairs #% 5 » PCP
Queue # > PCP Queue ¥ h potentially colliding pairs 38 8_ % iz B pF 7 % B 5 7 i &
SRR LM AP R HARRELZ LRI DL g E A
£ e

Figure 4.2: = & A, enE 45 pl3E -
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£ % e feature ¥ i € i = F A4F Bl3E 0 4o Figure 4.2 > B b ko B AP
1 PCP Queue ¥ 7 (Ty, Ty) » (T4, T») i& % B potentially colliding pairs > (vo, f2) 2
(To, T) B # — %+ feature pair » £_(T), T») 1 feature pair > % f& elementary test p¥ >
¢ €4 ¥ 1o features (FR1FE o 40 F iR > (v1, fo) fr (eo, €1) ~ (eo, €2) ~ (eo, €3)
+ FR A% A 4 potentially colliding pairs #7 % I #7} = feature pairs > iz &t 7 A& chip]
WA F &

F i 41 * procedure representative triangles [TCYMO09] % f# ;- feature & 4§ ip| 3
SRTAE o L B RJEPE 0 ¢ LKA B RETip ARz & A48 ¥ » 3% B4 oneRingList

® » 4r Figure 4.3 - — ‘% potentially colliding pairs (71, T5) & t v f-test > v > T} >

T, T,

Figuré 4.3: Procedure representative triangles: v f-test o

f > Ty > v choneRingList ¥z &£ 35¢ > 25 & - = & 2,8 5 4 assigned v
it feature » #7143\ i & fa o f-test ® R Ak & T 2% 4 v e oneRingList ®
Hik - B E A {jﬁ;l T & 1% vf-test o A iz v 7 oneRingList =8 B §_F 2 &0 o
ce-test # HAF i > fo— iEif e Ap AR B G 0 R f B Y - Bk assigned e i
i£ ¥ > - X potentially colliding pair (77, T5) & & ee-test > e; 3t Ty 0 eq o3+ Ty o

>

# 11 24k assigned e & T5 iX 7 A% assigned ey » 2 i fr%% fad2 3% ke feature pair e
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Chapter 5

Implementation and Results

BT B R & AP RRF Bhm S TAGE o AT A PR £ O s
> 7% : ICCD ™ %2 4] * K-means ~ %] 4~ £ i¥ detector-based w42 i iB| e /& 4zift

F i BT kit & LS

\\\?{»

Heenfm & 00 o b fs BT I AP iF e
P E R ERNESE .

i ¢ % Microsoft Visual Studio 2008 C++ # 8 2 ek %> H (TR B 5
Intel(R) Core (TM)2.Quad CPU Q9400 @ 2.66GHz » 4GB 77 RAM > 32-bit Windows 7

(A’ | [ WA
i ¥ ki o

AN

5.1 ICCD

F » orphanset I #3482 > BVH - &8 7 & > 1 * continuous normal cone
-4 K8 4w 4 = 4F A B regular patches o A if BieniE 4% 0 * B regular patch (i
continuous contour test % j&- % — B regularpatch £ % % 4 p Lk » % 2 AAEP]
¥+ regular patch #7% i sub-patches 44 /¥ continuous contour test » 1£.3% &3 il
2.2 345 4! potentially colliding pairs ; % — i regular patch i i continuous contour
test » % 7% i& 1 regular patch ;2 § p ¥ s 2 5 % & i Hio T | * procedure

representative triangles & 32 % 4B #% £ potentially colliding pairs » orphan set P 32
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#p #% £ potentially colliding pairs - Tang & A Aigh#h ° 71 & F /I% % 1 continuous

2

normal cone ~ continuous contour test §= orphant set » 7 #% ¢ e % 5L 5 fp ARz &
AR H 4B AR 0 T B F % Y A # orphan set (R 0 AL R H

continuous normal cone fv continuous contour test 4cit F 1€ > ;% chlm & o

5.1.1 Continuous Normal Cone

Normal cone eFp 4 H: - B i e S N L S tiz-gehze € 0 &
B -BeREVRE(N-V)>00 R lf“i*i&—S’ = — i regular patch -
¥ 3 &— B normalcone > @ + ¥ V B i i& B normal cone 7 - Continuous normal
cone W 1B F 2 - BERERF 0L > APflrd Ta g su

- B4 W BVH & 4 27 4

4_7 #_% continuous normal cone F % > &
£

/»
=1

H

FTRN

%i'i!z\_hﬁ‘:frﬁk\’-— = ﬁ»."l;g"ﬁjé’; t =

F_*

L g~ Bt = At BFaE e
AN ng e npy R R 0 AP

S 0
nat? T BRERRRFE S A5k e g
moTNA 7 % 5 & 2k continuous normal cone b o @ #eng frna, & & - L5
# continuous normal cone 1% & o M BE BN NG 8 o AP 5 B a2k

£ continuous normal.cones * & 77} & L0 continuous normal cone °

axis
axts, 1 axis,

Figure 5.1: 4] * & 3 & 2k<h continuous normal cones > & I} — # & 2L continuous
normal cone 2_ 7+ %, B] » % ¢ &3 {3+ & 2L continuous normal cones » 2. ¢ F_yt &

,‘%Ll’f” continuous normal cone °

A B Figure 5.1 » & 3 & ZkL&hcontinuous normal cones b4 %] 5 axisy ~ axis, °

dhk oo bW R op > ap 0 NP & 2L continuous normal cone Hdh & 5

axis = normalize(axisy + axisy), (5.1)
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@ ¢+ continuous normal cone T & :
a = /2 +maz(ag, aq), (5.2)

B & axisy v axis; 7% & [Pro97] -
AP e EFBEBTLE- BFHE TR - BERALF T cone F chigtk
FooBEBD Q@ T AR B cone i b0 EHEFFE - B E BT

cone i i’ FE & BTG eh= & AJR4RAR 5 — 1 regular patch o

5.1.2 Continuous Contour Test

AP A B R JRRE € AR BE BRI A G B AR Y linklist 7 A& BRY 0 A
BipF > - B & 873 cone g i & - J i continuous contour test - Continuous
contour test 7 L & L Hpt GUBL O BRI - TG o @t TG o e & L cone Pk
Voo X8 & PR B R e ep LRI E planar-EE Test > 5 i b - B
FPRRFRFARE > 7R - € g h- BRFIEL g @ - Bfed - if
B R FR o F) Lt planar-EE Test ® > Vi 7 02 B2 i@ ik 2w X B e dopi g
iR|3# planar-VE Teste 3w = &0 planar-VE Test 3Rl 3 % 2 pigi > % 7 1% planar-EE
Test ip|3& e i% I =R A Rl b SRR ROl AR U S DA
A EFL P LR

Ay {995 Tang * 4 Aigh ¥ ¥ W I b d 2 2 HA P F (T ICCD iF
deik o AR G R e linklist A 2 B B BE A fr FEEE R anf o (SR
ARG e SRS RL T i BT R F - BERSOR R T E
continuous contour test > B|#* & BEF F & H13 foX @B E § ooy Brif (TR e
planar-EE Test o & planar-EE Test 3% 4 » = %5 i @ 7§ 2 bounding volume >
F @ i # Brif o0 bounding volume F £ fp > AP A 0t B i3 1% planar-EE Test o

5.2 K-means Decomposition

R RR e %ﬁ‘fa’ﬁ Hd F e e fores > AP At 5 nodes RE A I K

# nodes § ¥ i & initial means » @ H & nodes /¥4i% K T means ¥ 35 1) & iT 9
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mean (¥ 2 dominate mean > 25 = K B clusters » ¥ ¥ #.i& K B clusters ¥ & p £ #7

- BEEiT € whinode 7 5 #7emean » 51 iterative FuG A2 0 FIEiE K B
B F|F =P e K B means {ﬂzm{mﬁ & & iterative s A2 0 N L i K BEL A
2 % e detector-points o #t 3~ 48 ch# B o 4 W ¥ iz K B detector-points 3+ & 2
B e | edge BciT 2 HEpd » ¥ 7 EH - BEEM P & 5 iT 0 detector-point » @ —

% detector-point 37 & ¥ )]* iz B detector-point £ detector-region o

5.3 Others

BVHs: ¢ i i@ #* k-DOPs ¥ 5 24 if* e BVHs » fp#*t AABB » T # culling 7
LIk MA@ AP H cnk-DOPs 4. 14DOPs » 1A e B > T Al
F#1fe culling 2 ¥ B~ 17 7 g dF e T {7 o

Parameters: ? 3 & 3.3 J 3> AP * thresholdeyste, R -2 - 1 = & 358

= N\ 2

T € = % cluster P 0 A eAT AN - thresholdeysier 3K % 0.1 > 48§ *7— B4 48
EEEIVERA

e E S B o AEE 10% T AR RS ] s 435
thresholdgeowing = TotalTriangles/400. (5.3)

Orientation Checks #\.i* t#1 detector-point 7 P& BF e BF.[0, At] &2 " F P

erer g m AT oo

5.4 Results

B ORREEA S 2 s AP T 2 B R Sk

Pawn: 2B 7 5% 4 - T KB /Z T A2 %D p LRLR DB LR
s 7 3454 B 24 5130 # % ° Figure 5.5 * -

Dumbbell: * § %% 2 - B3 08 F BT - B - EH T kaugfz o
P fe 7 1249 B 24e 1710 B w o Figure 5.5 ¢ o

Luigi: B F &% 5 AP A BT 0 fork g 4 5 & auife > e 7 2433
i 2L4- 4014 B & - Figure 5.5 7 -
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MPRE R 3O F IR APHELPRTFAF T i R

ORIENTED | CNC & CT #PCPs | TTCD
0.9 X 1.1 1.8 8.3

=k

3.0 ) . . 2281 .
3.0 0.8 X 1.5 1.5 1925 8.4
3.0 0.8 X 1.0 1.3 1580 7.6
3.0 0.8 X 1.3 1.4 1725 8.1
3.0 0.8 X 1.6 1.6 1892 8.6
K=5 3.0 0.8 X 1.6 1.7 1956 8.6
3.1 X 73 32 2.7 3089 17.1

Figure 5.2: Pawn 0@ S s % > H =5 T 4) o

ORIENTED | CNC & CT #PCPs
1.0 0.3 X 0.2 0.3 339 2.3
0.1 0.1 132 2.3

K=1 1.1 0.3 X
= 1.0 0.3 X 0.2 0.3 296 24
1.1 0.3 X 0.4 0.4 374 2.8
1.1 0.3 X 0.5 0.5 427 29
09 X 23 0.5 0.5 473 4.5

Figure 5.3: Dumbbell sn§ sk % » B = 53 £ 4) -

| _method | BVHUP |ORIENTED|CNC & CT| TRA | Contact | #PCPs | TTCD
2.3 0.6 X 0.9 0.7 766 5.9
1.0 0.8 800 6.0

K=3 2.3 0.6 X

K=4 23 0.6 X 1.1 0.8 806 6.1

K=5 24 0.6 X 1.1 0.8 824 6.2

K=6 2.4 0.6 X 1.1 0.8 810 6.3

K=17 24 0.6 X 1.1 0.9 845 6.3

ICCD 24 X 6.5 1.9 1.5 1432 12.9

Figure 5.4: Luigi enf S % » =5 T 4) -

Figure 5.2~ 5.47% :

BVHUP #_BVH { #7ehL 35pr i o

ORIENTED #_i% orientation check L apF fFF

CNC & CT 4_i¥ Continuous normal cone = contour test ei7-L 35pF [FF o

TRA Hif HighT sops i o

CT &_elementary test =T 35pF [ o
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« TTCD & - B #4417 % Faifi i ploricenT 3aps o

i eh % fe K-means <97 ;2 ¢ J2 5 (¥ continuous normal cone = contour test

@ ICCD ¥ ;275 orientation check » &% ¢ ™ X & 77 ©
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Figure 5.5: = B 2 S chigP>- @ - + Bl 5 7 % Pawn > 7 B 5 Dumbbell - & B 3

Luigi °
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Chapter 6

Analysis and Limitations

BB RE > APAP ARSI F I R 2 PR LD R NARUZ

— NS R ] o

6.1 Analysis

d *% K-means — B 4571 (8L SE M e > BB AR T iF & =0 dterative B A2 0 14
P K BB Bl S R RANG R I E T e AP AT P S
AT P RS T8, FA P 2 5 B 8 2= n B detector-regions >
A e SR K B R 5 ikl nk2 fon (BB SR T AR s g
K-means fr ICCD ¥4 47 :

K-means: £ § % #¥3 ¢ > Figure 5.3 ~ Figure 5.4 > 2 P # gz d o “,/T‘. K
pawn 77 % ¢ > K-means 77 ;2 &3 & K B E R L I9pF A et 2P endE 0y
oo B B R A S ok AR R o 2 d 3t Kemeans # T g %
PEABRAEET AEFEBFHRY  OHIROKE APL vaj%*rsi’m I X g &
Figure 6.4 # » NP7 St F 5% ¢ R THOEF Lok Sfrdk L iRz ko
AR T - B B enBIR € v A P e E Aokl b RdE > B_F] 5 K-means 607 i3
PR G - T S o i (T iRGF ene 3 0 (e % K-means ¢ L anfin - 4o T
iai—p » A en= 2t K-means B4 dv R4 o

i f-r eh> & > Figure 6.1 ~ Figure 6.3 © & 2 :F el 5 A P en= 2 27 3
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ours K’= 4 i K =05

Figure 6.1: Pawn e 2] %% » 2 8 2 1 * A P 2 o3 hd % > L 5

K-means > 7 ¢ K ¥ 5 & 2] D enig &k o

. )¢ -

ours =3

i

Figure 6.2: Dumbbell 4 25 % » 2B 5 J1* A pen= 2 o 3end % > L+ B 35

K-means > 7 ¢ K &7 iy &~ & e & o
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ours

Figure 6.3: Luigi h 4 & & % > 2 F 5 1% Afpens 2 2 2 &> 4+ #35

=

K-means » 7 ¢ K BV sg A T Il end % o

% > Hepen i K-means F170% f 2 K g o SV A BIRESE S BT AL A
S % o APt K-means 072 0 AU G0 3 a2 S B2 Blen S gRAp oo AT
R il FE RS JF o A PSSR Kemeans A Bl 1V i g A4 3A
detector-region 4% ¥ ~ & detector-region = i eai-7) 5 B EIT € H 4 i HiEF 0 7
F =1 detector-region 2. £ potentially colliding pairs» & ™ sz iy o K-means # & i

Bt chh i K B2 dpk o hA Pind 2T 02 A F S h i K @R 3 o

Dumbbell

igi
8.3~8.4 2.1~2.4 X

7.5~7.8 2.2~2.5 X

8.0~8.1 2.5~3.1 5.8~6.0
5= T35 6.1~6.2
8.4~9.1 X 5.8~6.5
X X 5.9~6.6
X X 6.2~6.5

Figure 6.4: K-means TTCD: {343 2% if* $4> K-means 7§ %% > TTCD 4 >t e /¥ o

ICCD: 2 i e j£ fr ICCD A & £ ®] 432 g0 j2 & * orientation check %
H= 23505 » (TR ¥z £2593456 » (T4 3 5 @ ICCD B E.41* continuous

normal cone k #-= 4 A4 = % B regular patches > & 4] * continuous contour test %F
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% 1B regular patch e Br (Tip| 8 o A 3wengtsi b s Bk 4% A e 2 4o ICCD
e R A B - IR T 3 o SV et xSV 5y - detector-point 45 B3k 88
s 38 F LR T ¢ hg P 4 detector-point " H - Rk AT RBIREE
BERAPLSLZR - 5 2R 2T €34 i ICCD R € 1945 BVH 1%
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Chapter 7

Conclusion and Future Work

7.1 Conclusion
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7.2 Future Work
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