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of IEEE Int. Conference on Robotics and Automation, 3719-3726. %).
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3= WIS A ASFTH(CHOI, Y.-K., LI, X., RONG, F., WANG, W., AND CAMERON, S. 2006. Computing the
d

minimum directional distance between two convex polyhedra. HKU CS Tech Report TR-2006-01. ). Z1Lg]
U ttz+d 23 (polygon soup) Ztell MDDE <A4tsl= due]Ee A A wn gict.

=
=

o

d, (2, B

oot o2ty 0F 2o BHE TASE, AMHOR BHIAY wE g e WDE abshs WS

S—
rO
2
rlo
los}
=
=2

< BVHE 7|Rte® 3 f3d= A At fAbsi

o]} a4

4 F Jdg2 2T

T MY AAE ke Hx AS AIHT0Q] 1'E A7) 4] 68 Wb d o H8ste HEVFESTE. & 39l
EAE vlel o], BA vbE=(motion bound) pE v -n °]i, 7N ne A4S AoA }E Ak XA
S AAsg

_dy (Do, Ay) = T’HVHE}E

st 4= ). BVHOlAM ] BV % & 4zt

44 29 DD AWE ANHoR A, 47 #8478 94g aF wd Us D xole) TocE HS

37] 9al AL-ga,
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D
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=
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5
—
=
o
=
Lok
Wi

A7) 8 59 dlE 5] Isted, & FH gt FE STl @t 1¥A 4wl 1 0 (zero)ol

Ak, 22 39 FEo] WA 2 FUE vt FE Ay P 22 Ju B IS
ol A g Fesith, Bowe) duglFo] A9 HHgriHela, el o3 HF FeRFE AF5)

E49] #H5(interpenetration)ol Widt ALH AHRIE globd, &5 Wde B4 FHoBHE 5T
N .
AR

o] WFe SHol: BAS FE 33 Fuel WAs=d AgE >

)
ot _ P

o™ — o]

qQ® =q* + (ro + %)

5 ) "
g, 4= Ao 22 guon, 009 0% 24 g By zy0m, Mg Tse 4 248 =
A o] Agoltt. E 4 & dv A AolRREH T T Y JHE AAss dF EAEY. =dAE
24D wzae 12 25 9u9 Az wagw, se ae Ag 25 a9 9oz =qay

(2) v A4 Fe(Maximally Clear Configuration)

F4 Zpol7t & 39 FEE F5IA AR, o&5g FiEoly FHo] B2 ek EAo Ag FHA T
Zlo] el wig- b 5 vk, olet T2 FTH EA U FE I FEE 5] fsiA, E L
A= #o A (clearance) S Zte XY ARE Zevh. olfd S T3 EAE #F A &= 9A
o wixA Ak, A APAAS zte AHL EA o 98 HZxo] A9 (external Voronoi region)? 7 AN
o] Ao oj-gHrt.

Ho A Fele AFHez2 S5 Iy Ay FHd rbes AHY s
3 A A3 TrAo|tt. 5= Hu AW deo] B3 AoR, T 5(a)e H EY, = 5(b)E 4 t(grate) &
4, = 5(0)E da8R 93A (torus)E YERAT. ZF oA =4 P& FHo A Ué
1

T2ty wdo] tigk dwkstE WRi-o] tolojagls Hdstky] w9 o ¥A wiiEell (HOFF, K., CULVER, T.,

J., LIN, M., AND MANOCHA, D. 1999. Fast computation of generalized Voronoi diagrams using
graph1cs hardware. Proceedings of ACM SIGGRAPH 1999, 277-286. #=x), & dHore Fz3he] 3k43)
(voxelization)el 7|Wet th&3} 2 st dug|E5S Ao,

(a) 240o]x ¢+ EA9 AABB(axis-aligned bounding box)E Atstar, 18]=(grid)9} 37 AABRE 3t4 3}

(b) 2= ii-o 2+ Horhy A9 7gs At
=

(c) T 71 & A Jde a2z d& AAS.
() F9H e} vwstar, EA9 o ZAA A Fe AARY. a2la, 139 e 2xrde] Hd A &
g2 et
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1 @& FaAe | wx|ste] A}
7]9t 7 A (Sampl ing-based Search)
o}-% ZZAAM(out projection) LEFE A]FEt=

Z}o](centroid difference)9} %
(4) %29 e (Random Configuration)

(5) A=

[0100]
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A
ojp
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_50

4 SITH(LARSEN, E.,

M., AND MANOCHA, D. 2000. Fast distance queries with rectangular swept sphere

1%

Foll 4

A

] Gejolrt. Oox g, 74712 2
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T Ao T 3l

Aes = 39 JH dEdAdA ABd Ve F hUE dEste] U2 235 A& FHRE AMESt, HE

ko] K92 ZAX|(local approximation)E FAES ¢ TR A M (in-projection) &2 HE|S sjA3tt}. o]

gk 3A4s A998 4 Augro] 52 wrhx] wHEg),

(1) A= 27 A9 2 9 =AM (Contact-Space Localization and In-Projection)

A3k ol T2 A (out-projection) AL == 7Is HEl(in-contact configuration)E AA3L. A=
= s ) N .

s gue Ao Doy 42 s 3485 85 54 (contact feature) Aol d$HT. dgoz oy

3 E2 Ao AR/ (vertex/face, VF), W/A A (face/vertex, FV) T o X/ X (edge/egde, EE)Ql HZ

A 712845 ARG, o|ZRE A9 HE FIHACHE AT = dd. i WA HE A V2L AE Y7

o jig = ¢ S AF BHY BAAE A4det. AV)A, i AT € WH(row vector)o]il, ¢, iHA 3

W oA A o] A7) nlo]o] ~(scalar bias) #holth

o' A AF HHe d Ee Ay 22 FH T AAY i Ao FaE 5 Ak, oxd), U

gel oA EE VE HEF e HES HE A WA S s Yolrk W HES @% sl A T

ZHl gk FARE HE Zo] Al AeS AIZIA KEhy] wide] & vy dugEe W EE EadY A

=5 FAIST. VE AEY AFde VEolA oAE Ffste EE Wl gk ¥ Je] VF 27| JE5E A,

o5 MAAIZITE, VEE= A5 @AEA] ¢kar, wxke] VHe dagEF HE4S deslsla Aes JNdst. BE

o2 H©@9 HZF(non-primitive contact) Fgt ¥ 7| 27] HFo 2 HEs)

RE HELANS fEY AR A, A8 A2 (Jq = o) A2ES A 5 gl

okl 54 92 o, ¢l =
Euclidean distance)ell gk 2
74 9

Minimize ||q||* subject to Jgq>c

FAskr] wiel,

A7) ka9 AE ARA FAl(linear complementarity problem: LCP)$ &%
S., KHEDDAR, A., AND COQUILLART, S. 2002.

¢ = LGS= Jq=c¥ q7F LCSe] A =& bl

SETIEE R

Jq =

Gauss' least constraints

simulations.

o}elel

2=3} Al

5—) T

103} &2 B 2318 wSehs A

84 10

—2JJTA+c>0
A>0
(—1JITA+¢)TA =0
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i i
a= 37",

Lemke T+ Dantzig &a8]E3 o] LPEAIE 7] 9% ohekst o] EAH(COTILE, R., PANG, J., AND
STONE, R. 2009. The linear complementarity problem. Society for Industrial & Applied. ZZ). 18} &
o M= whestar b Al FAbE 7F9-2-Alol € (projected Gauss-Seidel) WS ©]-8-3t}(JOURDAN, F.,
ALART, P., AND JEAN, M. 1998. A Gauss-Seidel like algorithm to solve frictional contact problems.
Computer Methods in Applied Mechanics and Engineering 155, 1-2, 31-47.%%). o] WPHS #&3sld LCP &
Al obefe] 8k 113 o]l HAF A=ge s =Fahy] 913 slow desten,

44 11

JITA =4e

T3 hgo-toldl WS ofehe] 84 128} gol T,

S84 12

Mest = (D + L)~ (4c — UX,)

714, D+ L+ U=Jrelm, &4 D, L LU 27 A% B 5] mzhd, sk aztaE 9 gr 2k
Holth, kit W 515F duidth. A TAYRC W Y F &5 HU, 0 (zero)2 AR ATE. FA 7}
G-22-Abol F(PGS) arg]Fell A el FAF DAl (projection step)oll Fgt.

Jold SPD(symmetric positive definite) JHLS o] &3l 7FF2-Atol2 WHE(GOLUB, G. H. AND VAN LOAN,
C. F. 1996. Matrix computations (3rded.). Johns Hopkins University Press, Baltimore, MD, USA. #%)&

sRRg EA Q. JUE fFelEA xx = U Tx = 11X = 0 (x € R) o]7] wl&o] positive
semidefinite ©]t}. ¥ WA= Jo BHQ3d IS5 A A5 e semidefinite® Al positive definite®

e, o4 xJJx = Jx)Tx = 1Tx 1 >0 (RE 00] o}y #Eel x € R') ojt}, zejmz B uujo] 7o

2-aboldl A QA ALY g

(b) A& T35 339 I8 AE WHE AHEste] 5 39 I8 ¢ & A== 8(h)).

() BHl o8 222 Agetn, O ges Agsel, 4% o oF A58 9% ob% Zzaa

= 8(c)).

o

=
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(b) Ql% d ©F °]E3sto] Ql(d)ﬂ A sfar, 2L)l(d)fﬂr B Atole] Z+zkel AFE io] Ui HEF: =2
(contact normal) n;& <14Hstc},

(c) Zr nioll tiste] dE FAMsle] X934 AFE Zo] 4, & 534, =, di = (d -n)n ot

2 ol X973 ZAFE Zolo gk Feol= FH tE AT Aol B dHe] A9gd HE o= &
W o] do HE Zlo] duFe AbEolgta & 4 k. B U mE X9y AE zlo] Ao mE
W dE 0(zero)o] HA olx, d7} noll W8] = (normal)o]gtdA HAFE Zo]7} 0(zero)o] & % Ut}

5) EneTY BHE

e dudgE2 A F R SR FAEG. ofx ZRAMAI Ql Z2AMe] ofd FEEtt. &
of dargFelA ofx ZRAMHL ofF (D2 TAHAH. o (D9 A4t HF == BVHE ol &3 7] Atk
FrARstE. 2 EW e ol (D= BVH ko] H2: olF A ODD)ol W-s-57] wZolth. Larsen®] =i w=w

A8 dake] vl = T = Ny X Gy + N, X G2 A H(LARSEN, E., GOTTSCHALK, S., LIN, M., AND

MANOCHA, D. 2000. Fast distance queries with rectangular swept sphere volumes. Proc. of IEEE Int.
Conference on Robotics and Automation, 3719-3726. #%). o]7]4] Ny== BV(bounding volume) ¥ TZ#¢] 3=

o]aL, Cui= BV el tigh Ag] ¢A4ke] wlgola, Ny 7] & Azke] Slgolal, (= 7] A g A o
Ak Blgolt.

olF (b= A W s e ok, Gt G 7242 BVSE Z7IgeEiol oigh MDD ARk Wl

2 o} 2
Btk AT DD ALS SAste] BHEAQ JMe AFgHI, 7 UEL BVSH A2 4 o) RIS Az
Ad Aare B doh A D Aol B BFA W A5 4o grgelth dan, 4743

40kl AFSE B A9 17e] AT, olAL oF (DF A4 ulgel ©A 1.7we] WEe FaAgh e
wolet,

o ZRAMS B F& A4 NS Pr] £84 119 §F F= otk ko x 0 BPola, ne ok
meAy v WEHE 45 549 AFelr] wEd, 48 Axde B AE EEsHE AL 007t A8
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S, oAbl E R S N7b b9 Abol 9 uke) S5 1 0 NS BAEE ket

9% e A el
oA 2 R gAAe] FrE BUe B owgel s J1Ed A 9RE BEE dehn e A
g 4 abgel W9l MelA BAA gelsA HFE 5 9
]

=
of E¥str, & I WA % =
T WG ook AR AAelE B
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Out-Projection

Selecta free
configuration, q

¢=q¢ q=o0

q,=CCD(q".q")

i=i+1

q, = Project(o)
onto LCS
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®o ™
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(a) Local contact space and the origin (b) Collision-free configuration gq

Out-Projection

Pl
/X.ﬁ -
LC , LCS
oo &0 e
(¢) Out-projection from qf to o to (d) Construction of an LCS around
obtain qq

q0

‘ t

< P 1

|n-PI’OJECfI0n1 P LCS ]
'

LCS
o \

& ™
(e) In-projection on to the LCS to ob- (f) Out-projection from qp to g1 to
tain q1

obtain g2

t t
i K Lcs In—ProjectionV/,’ Lcs
&0 L o g,
(g) LCS around g2 (h) In-projection on to the LCS to ob-
tain qs
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(¢c) In-projection to obtain g5
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