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BREgETH 3. 2CC, RonWAREOBEVEA2EE L CiflEs ciRitT 28
&, EHFOEELFAT X 5 K BRTHE > ORRMICREPEDOEBERIEAR L
BRETTICLHBTEDIAVE7— R RET 220, BT 5 L BBELR
YHARSTHHEVER O, 20RFTHERERKOWCRHTIBERDS. ¥k, C
SLAAvE7xa—RADRETE LI, THE2FEL, ROBFEHEKITTWL L
EHBBETH . |

KBS IC BT 2 PAREREC, BREL—FA v 27 = — X2 RT3 720,
BVEEOFOBE DRHEY, B ICEMLARMICRK IEREXES X557 41—
Fy 78 A OB EFIHE L <HIBET 3 [Iwa90, JAH 91, SEH 93, SP94] Ak
*, BEZOFOBE AHEEFIC, PHROWRENNBO IO HHEE CHEREZHT
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&5 &5 5 [FH 91, ¥t 94, SP94, BVI3, A& 95, Sny95] 2% 3.

1.3 AN OWEK

5, 3WTMBREOZBIHEERICOWT, 2L 3HTR~<5. 28TR,
b BMBIAC 2 OB L HFHOSXENTH S LEEL, Wik FiEt & En
% BB 3 KTHRBOWERY, octree » STEHARELE I\ CHIRA IR
 FOHEERRT 5. FHEE, Bk ERR KA B C 2 R, EROE

 EATROBBASEAET 3 22T, R R IC: U 3 WA R RS

FORBIC Lo TRAETC L A LGBULEL, bCHRHCEERMEEET S L
KTE B, BEOTRE LTROMLMAHOBREFL, »08 b5 bEIR AL
R FHEE, FFoctree KX 3RER L HCEELSKL N L LTRKEIK
YHABIOTE %X, R, SEKRIC X 3BREHELHAWC, F—EKEckbLonk
YR OHE QM OERFREEL BPTVICIERECE~R 5. T FEERHEOFIEEZEHL,
SEBR T B U CARBRTIEORIE LB~ 7R, octree DERE L Ptk D SEHEET D
BIRICOWCREEINA 3. 3BT, WFIFHERYHV3C &ick - TERET,
AR OES YR OBRE RIS 2 HECO TR~ 3. T LoEAT
ATYXL% X D ICERCEBVEX &3 7%, FHEORBIL®NS. RICZDERT
AMTY L% EOCERCEWVEX 32D, Tuty FEOAHIHOELHHE
5 2EEHOWFITAY XL 2REL, EREFBELTEZORMRERT 3.

R, 3RTHERBORBINHEEVERHICOWT, 4EL 5ETRRS. 4¥ETR,
BEIRYE (2fy b)), BILEERY, BEREEHOREFOLTOYkE, 2
DIEBYFIREM: % KB T 5 € & 7 < octree THBLT 2 R A RKFE O HELRR
T 3. EEYEFET octree DK black node 2HHE: LTRF v v MR HERKL,
ChZFAALCIRTBBIv Ry F OEEHCEHRLAWEK L AT 2RET 3.
W OHPDOERBREBLT, AT AZTY XAHTHFRYIC 3 KITOBIHEE
TORMHKREING C LRRT. SR, HE: WS TEROEBICK LT,
BEH AT AT Y XL EWHEHEEE AT, octree ¥ ERECELT 2 Hikico
VTR 5. T

ZLT, 3XTYWHERIOANLENHEEVERICDWT, 6ETR~3. CoECik, 3%
TR~ 3 EREFHEERHBOFEC L > CTRH AW AEEG2Avnadcdicky,
TR ROYKOBEME 2 BINICIRE L, T OECHEROIREMN A EBh % sk
LB YHEBRVE R FiBIT 2 FEEC DT R 3. RKFRER N7 4 — Py 78R
EWHEA—F v T 2HAVIBERAL, BRAZ—FL v & 72— 2384
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3. chick b, BVEEREEYEROEBRIIEZEERL, ¥ cEHCKTTS
CLHTEB. -



E2E

octree & _‘L}r@ﬁii’%ﬁ%ﬁﬁ LN =R EISRER
s

B DHEBIRFIC & OB L HEOHBBEETH D LIREL, Wik HEL & 0ES)
T BEBD 3 RTYIARI DR “H” %, octree & ZTAER % VIR ICK
HT 2 HE2RET 5. FEL, Bk e EFYEERANT 2 &L, 8o
SRR OBB A 2 FAE T 2 2 FC, EhESick U 252k & B
RIOBRBC L > TRET C L ALBULL, T LSBHCEHERTZIGET SC
LRTE B WHEOBRE LT L MEHOBRERF L, 085 b bR
Liawv. BETIFERZRO2ODOERBEC X VERERIT 2. $FE10KEC
3, YD octree BELEMWT, 2VeRRETTTEBLC 39k KELICAD
THF. B2 0ERETE, YHROSEERERLHACCT, YWEOTBHEEL T
HETERICHET 5. 51 OBETHO b e TBUKICE £ h 5 BE  NAED
HMEEDLOEREFARDL 2, REINF— 21 LCEEAREL2EPHIC
fTRoceHTES EREFELC, BEFEOFELRRS. FEIC, octree
DERE L PR OLSHEAEFHOBIRICOWTRETEINA 3.



21. B& 9
21 HE

3 RTEHARE OBERSTH LR T I8, Eee=Cal—2BBe Ry b
DORBERCERBERA 2 BN E LTELPREI N TE 2 [HA92a) 25, [HE.
b THEORHR| O - FTF7OMBEED > 7% 3R TBEYADOENE DIERX
vial—vav (2B, HEEOEES7 bAPLHERT PA2ER
LRy Iat—vay) oedicld, BEXABELLHSZEET I L
AT, 2OMHYOEDOHFEAY, & bCHEMLBRABEL RS LiL, ik
BROES WAL S &L X 5 A 3 RTEET, WEEOER Y ERICRES 3/
ik, 20HEROS X H DEEECUET 3 ¢ & HHEEETH o 7 [Pen90, Hah88].
ek 21, WEROZTHRER % H\v 32 FEGER D — BN ATREREO—DOTH Y,
W IFRECHEBOBREL BT 5 C L2 C) 3. ERCEEMEFOEFREL R
FBBbEMAFES LT, WhoERES 3 REEES 2icyy 7Y v 7L, &
B & KRB 0Pk D T RTOHE L BEoMe T LT, BEDHR
MRITRD L WOFERE b DT EBEholk [BoyT9]. LhLoFETH, &
EERHBOHERIYERORAEE L R LOh, * YkBRAEREICAK 2 Coh
THEMLTLES. S¥Crd, HENAHRERBOFEZ L OPREINT
w3, PEOBREMAKCERE LY, ¥ v 7Y v 7 & h 3REERERN ok
OBHENP/NCERENTH B C L RRET A Y, BWERECHMENA b D
#25\» [LC91, LMC94, GJK88, Qui94, CLMP95]. (BL < & 2.24ffCik~3. )

Hic, ChboSRC & CTBERET 3 HETRY Y 7Y v 7 En ik
 BAOMOWRE BT TBEAD 5. PR ELE L HHD ¥ Y F 03 % b OBH
uRy FPOBWEY S 21— a v, REHERECETIPEEEEVI=21v—V 3
vk 94 Lok T 7Y r—va vDkbiclt, BET I2YREOERE Rk
CTehl, ¥FEBRCEESEE 3ENCERCINERIT 2 C L BBEL RS,
EDXBICR, $¥ 7Yy 7E3NeDBEEC L oBNARELT T AL, B
REIN YR OB EHRE B TFRT 2 < LBABETH 28, chiclkS < oFt
BRABER D, Bl SERKE X bR OB2EE & $RIICRHIT 5 ©
LRREETH 0% COREICH LTS X &% AMSH A XN T X %2 [BoyT9, Cansb,
PR 88], BHATR LYk DES), BESCHIREZMA 2d OREL, —BH AT
RO FRE AR Z IR ICRIHTE 2 0k,

—7, octree {& 3 IRTTEE DOREBH AFEHE E LT—RNWAFETH D, FED
BAEEBHRNICT 7 2 TE D L5 D 5 [Sam90]. FBREBL L LT oc-
tree ZFlnkiBE, WERBOTHIE 2« DYtk % FE T octree ZHHIK 2 EB T L iC



10 ‘ 85 23 octree & ZHEEEE % W RN A HEERE

Yo TRIT 2 L RTEZDOT, ZOHEREIERIC LY 572/ — FORICHH
3% [ACB80]. octree RUMADBRIATREAREEL FBC L LK > THETE B
% FREEEABMLTLES. L LEbIAEX D octree TH, TFHHEEE
TeBREPRBIEIET 5 24 TES. L CBHRK, octree IR HIME
FRL LA IR C L a8, EMPAORTAE L LA WM A
. o & ZE3CHER BB 8T] CIX, octree HELX hfc%lt%ﬁi &, ZEEREB Ih
EBIAOBOTBEROT 5 TAT Y XARKB<OITRE. LALBLALD
Witk % BBk & B IC I [ RAIL, ThEh2RBh- B REBHRCE
23R, BBSL, L VERLCAWROEE ‘B 2ISET st nck A
.,

AETHE, HMERLC LOoMBELFTAOIBETMTHS LREL, HELE
R EUEE Y T 5 ERO 3 Rkl OBERE %, octree & BEAREHZ AT
BB ICRIN T 2 SRR RRT 5. T, Bk BBk E R c L A
$, BEOBMARTROBE RS FIET 2 22/MPC, HtERhicd: U 2EE
YA T BERZIORBIC X > TRHAT € L R BULL, & bICHRN ICERE %
WET LB TE S PhoBRe LM MEHOBREHL, »28bb
DRI L AW, P, 3 octree K X 3TBRER Y FH B4k E S8 2
LTREDCHEROTH TN, KK, SR X 3BREHEA T, F—B&
BT oh ik omE OB OBERABEE 2 FFTWICIERICHER 2. T, ¥¥FER
BIHOFIEYHH L, ERYEL CRRETEOBIEL B2, BHBIC, octree
DERZ & PR DOLEARB OBIRICOWTRET 2 INA 5.

2.2 BEERRHEOI-OHORRERE
2.2.1 ZHEISRKRE

ZERIC X 2Ptk 0RES I, Bd —ROABREEED—D>TH 5. Yk
DERE 7 TR, VEEZEFOYEDT R COE L EROMESE2TFHRLC &
Ik DIRIICTE 3. BIZ EEIEMHREOTHR, BROBEDT << OE & 5 (edge)
DEBEDLECKHLT, ThoDRb Y HFBRDIDDEDRECSZ 5, ThD
b, (1) BRoOWRASEHICT LRI 3, (2) B eE2E LY EOR
ﬁﬁ@oﬂ%mb5,GD@%&E%%UﬁE&@ﬁﬁﬁE@W%K&%,%%&5
z2ick VIRHTE 3 [Boy79]. L& LT OFETR, BEERHOER kO
BHLL hdicoh, EcPhBRasgcrsiconc¥imLcLES.
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—ic, Bithk SEHRCEE LcHE, R0 n BomkRoBRRIEOTY
BIREIERE, On?-EF) th3Cldbhd. kL, F, ER&xTENEY
o, B0k +5. 2% VERRHOFERRIEOERS kb IKoh,
¥ TR BB C A S KON CHREBRR 2RI —F—CcHIMLTLES C
Bbhs UL LHBNERABEESLTEEHARSCLRTEI LW MBS
DT, MOFETEELZ S AEPEROBREER VAL LB CENEER RS
ETH B, ‘ ,

TCRBOABRERE~DT7 7 n—F REL OTFRAISBD D, Ch bk 2.2.45i
CRRB. LALChbREHTELOEE, v 7Y v 73 iMoo
Hoe % kAR H 5. CORMBRHLTHT EIEABA2BREThCE L.
7o & 2 EBBEARE BRI, EASH LT 385 L ERSE OB (boundary)
CEMT B BT, TRENBAOHES Ty VOYBELERTEL, Th
b L BEOECT y VORI, FRTOEIMbEICOWTRIFINICH ¢ 2ic
XY, BETIEZNLEFYE A TES. BLERXEZHIFR Y KT
37cBic, FHOYKOBIEERE L koS % P88 & H 25 Y OEE
ICHIER L7 b [BoyT79], ElRLE—EHEF 23d 5EROE Y K—EDOAEE CESD)
T 3HHEEIRE L2 Y [Can86] , YA ES % 3 KRB CED T [FHE 88] & & D
BAEARON 3. WFROFS Wk OES, BHSICHRYMA L b0nE, —
ity 2 B CHIATE D TERE AR R RIRAICRIITE 3 ok R

Eichtk e 2 OEHC L > TRHANZEREE X, COREIEROTS ZHH~
2HEGHB. LAY, PEROBEIEEICT L CHEIRERRARES, K
LREREEEETCRANREETH, BELTWILEBFILIBFLDS. Thk
[EREd 5 7%2%, 4 RTZME (space and time) %EA L 7H [Cam90, Hub93] b
55, Wb FRENCE, Ptk B519k% 3 IRt ¥ 7k 4 IRSTD volume THRE,

LAdhEARbAVWE WS EED D Y, HHERBRCESIEEABSCRENTDL
. '

2.2.2 octree ¥}

octree IC X 3 & ¥ptklt, SAKZEf % root node & L, EREN% 8 FHEX hiAKT
FEH XN 5 [Sam90]. 4/ — Fid& white node & black node i€ F RAfFF &I 5.
white node [ZFERICYHRDONEDZE 2R L, black node ZSELICHHEDAERDZE
El%RT. 25 Th\vnode (PptkoWEEE NEBOFEHIC % 7245 5 22/ % /R T node)
& graynode &£ &, HOLULDORDONTE/PNOKE XICET S E T8 DD F node
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KHEEn3.  (octree IC X ZFEREROHA% 5.2.185CHRT. )

octree BB X e 2 YiAEIOTEBIX, TR EFROPEEET 2 DOREWF|IC &
FrriickoTRIHTE 3 [ACB80. %, N4 Np %, TRZhOKROFT,
D535 B node THB LT3 dL Ny Np DT sblack node DA IC
RTFHBLTwS. wFhhr—F gray node ¢, fi#¢ black % %3 gray TH 53 &
+3 2, Z0node BFRTEMETEHLT 3 TEEEAD 3 DT, ChbDOF node
225, dL, Ny NgD5bDAHAEL D EDLLI—FP white node TH 3%
&3 %L, TOnode MRTERITHBL T 2HMEEN R LYW CE B30T, F
node ZP~FICRED node %P~ 3. nHOWEMOTH LT~ HAICKE, 0@
DARZEZE DB RDHE. ZLTELEEFELES K, THBEHARS. '

ETRAAFEIC & 3 THRIMOERE, SEICK & >/ node DBICHHIT 3
DT, n{EDOPHEDTEE% octree 2o TR LB SOV ARBHERRZ, F
#9097 octree D node % K 33 &, O(Kn) TH3. Thbb, HikoRicEL
THEMEBROHEIMERE TH Y, SEREBOSHES LV IV EREFHEETH S
T Habhb. —F, FBEEOEN octree 2FIFHT % C & I X o THDEEAATIR
ERATHCLHTE SN, ChAHEBEHER REFEEL b cHEhseTLE
5. LOLEEDN B Y ALEX D octree T, THHEE TWEIRENABHZIFE
THCENRTED.

octree (& 3 IRTTZERBI DOFEBRI AREE & LT—RWAFTETH v, HEOWHZ
BI~NDT7 7 e ABPKIBRCTRZL D w5 EHBED 5. octree F— Z DHFR, £l
REDBRECELTHS 0B ATFESERIN TH Y [CHS8, Sam90], HTb
RO L BHEZIC X ) octree #FFFT BT A=Y X4 [WAST] 2, EEfETh
EEATEITATY ZLADIHERINT WD (KRR 5E) . FlRD 3 RTZEoEB
HEDKHED D L LT, REENAREHVH (B89 3PAkoEECHL T3
ELTRRINTWE Y, BETIRFERCESESD D, HEE EcE DREiA
IRARSBEL A ALY, HEADENEEED 5 L 5 A LT}, EAlE
[/ &

2.2.3 BEYNMSEEBILE

SKTEEROYEE, vy FALOBBEMAk L, BEYE & OBILYHEICTF D
DEL, &x &8k o FPREBECTE L TR OERCTE LR+ 3 5
b, FFICRESKE, octree ﬁ%ﬂ@&%ﬁiiﬁ ELTHIHE NS T &3, By
HORHFEE LTRHEI AR R k& 2 E#IEYIA% octree TEEL,
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Btk % SR Y Fl V- CRBLL 6 (B2 87] LM A L oBMi AR CEE L
7B [SHI2] 3 B % 23, VeRZEEANOBEE LBk e 2 TOKRIL, Thth
2RE o LWREBFETEL B2 MRS, —RATEE N LADEEL
e TUHADEIR ‘T RIFET 2 C L MNTEAY. ERO~=F 21— X LBBIn Ky
FPAREHBBWEL, EAEEYMIBEITS LS ABNAREYET AR, Ry
b RREEY TS0 T RTCOYMERER—OBHETER L TE BEND 3.

2.2.4 TR ERERHEOGE

SRR S N PRE OEELPTHERRBRBT 220081 0T Fu—

F%, REZFARILVEEDIEOMSEOREROTCLTHY, CORDPDLN
OBOBRRE TN TS, B, WRREOTMBECE, BRBREEE
HhONEREZ ETELL, choofoTEefE~scticky, HRLES &
((7%id, LESIKEV) PthkiRESAOTHT (¥4, BRETS) 2nwil
BERXLfEbh3. CoFECIRE2PREOTHBRIEHCHbcLHBTES
2, YHAOTRBSEMHECTH o VMITH o 1T 3 &, ROTLIEERBAL,
7R O®BRT 280 (H) *EEFET 5 e PEETH 2 L I RAHEDS.
COHELFHREEALDIDOL LT, FEENANENR%Hvcfl [Hahss] b 3 225,
HFRERESR O R Tk OBREF L IHFET 2O CFRHBE» 2S5 L I5RED D 3.
BERET 2R EDPICIEET 2D RPHEDRY 2 — 5 F — X (voxel) ZF\»7cHi [GSFI4]
bH 3, MIHAT— & & LTIEEDTDEE~DT 7 e ROREWHE+5 TR,
F— 2 IC b HERA S .

VESTEEE N Dbk 0 ZAA A ARIC 2 b ORI O BHEEE DT & 7 T o o BEkE
BEL, ThEDBLEWEHIVIPI Ao RBBCEHREALET, w5 HE
3. COHERFECERLTATY XALTH B, BVERECH MRS
#i% X [LCI1, LMC94, CLMP95] i, ko RzBkICEREL T, v 7 I v
7 E N 3RERNOHEOBBIBRARBUNCERENTH b, BiFEoW - ‘7 EELL
AR EREL, ThbOBEOBmEBRRHBICHHALE flicd, PR cE <
FHEEZ L 02P 5 5 [GIKSS, Quidd], »Ih b FARORERSBETH 5. fllcd,
P 7Y v I IEBENOYEROBEIRANMNCS 2 LIRELT, 29kt oRE
T3 EHACERIE L T3 0B 2 RE QHET 555 [Bar90] BRI NT
W3, THIRPRIVPEOBRBENTHLCLERELTVS. CRbDTAT
X ACRE, TRV ERS 2DiIcE, toPkE Mk oBEScHET 5 L
WEHERI LoD LALCHERBEAESALCTREL I &, 208k



14 B 2 FE octree & ZEHARE % F\» R0 A EEERH

BHHEME 2R LAY, EERAPERESHEL X5 2GS I L TR, EAE
PETXE5. : R

I EABRRIOT 7 2 —F %\ Dh2F 5. [BV9L] it BRep-Index &M
h3, BSPRZIBLZTF—4EELHVT 2 9B OEMT 2BRE2EFEL,
EXEHICT 7 v 2 F B HELRE L. [SFIL] 17 X X EEREL 2 THRIE
EfTT 5Bz Ny 7 7 R HAWATREHEOT A=Y X&E2FIHLTWS. [FHA)
BERE L eHER, PHROBESHIC T OROEMETY — b L, T ORES ciElk
P YR DBEEEZFERB C Lick 3. [Hub93] ik % F& ko & 23 EET 2
R IRET 37 DI L RTOBEE2E L, BIECERT 3Hor%2H~<3.
e, NIFAVY v 2 BREREAVIE, BEEPEOANEIRELRES & 5.
[Pen90] k#ntk#% #8 2 KEECRL, HRHICEREZRB LA, E¥HAVbLh3C
L DB NZERES & EBRCHIE ST 2 L 2 LB TE RN

2.3 octree ZEGFFREZAVEERERH

KRBT E T octree I TVEREM SR EHNRZ L LTREMCTHEHS, K
ICBRE & NclhoEicst LT, Slitkic X 3REEZ AL  mofse
DEREHEZ TIN5 2 BRFE T8 » BIERHIER R~ 3.

VEsZeRIrIc 13 n Otk (BIK) 2T S & L, 20%&x DL L octree
D2EBHEOURER I TFOEL DN T VB D LT 5. PEoOBREMTHMCH
FwdorT s ¥WkoEBCBIL TR, %5 T5IE-REIRERE At HoR
(-++y ticy, by by, -+ ) KB B28HAD 3 RTEEANTOME & HALBEHTH 5
¢33 T, B AL Nichiks BB 5 i e MiEAER, thEh 5
ChEntT3 hd SExbhiliElEEHDOAT A-2 X oT, SHK
& octree D RER IERZICEZE 2 EHBINB.

Fig. 2.1ic, @RERHOFNERT. LT, SNEHCEZONEEFEL fix
3. |

2.3.1 BRRIROEH

LR & octree DTTRET L, BB el & FEEEBIDO~F A —&1Ick o
THOREHBEECEAERINS. . CCCERRERRIEHARELSBICE VE
B B incEB CCTR, PETHRRBEEDONE L FEEIC X Y octree %
R CEF T 2 kR vk coT7a=) XAk, £ black node fECZEH#L T
hOBIREVERL, REBECINDE2HEAEDETLIEKD octree BB R VERK T 3.
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[ extraction of rotation and translatlon_l

1

. updating octree updating polyhedral
shape representation shape representation

pproximate interference
detection using octree

Interfering

extraction of faces
in Interfering nodes

accurate collision =~ Kt
etection using polyhedra

generation of
CG images

L

likely to collide

pairs of faces

Fig.2.1: Proposed method for colliding face detection.

ZHR ICHERR X L B octree D cube (upright cube) 1, ZDOFHDREABER I W cube
(tilted cube) DNIICH BHE, black & &b, KREFFETIH octree & ZHEEE %
& x PILICES T 50T, WEOBCHYAMBEShAELE VLS, KOKS5E
BAICES T node DBERET 5 C L L. 2 REDOFIBBIOF % Fig. 2.21C
AT BT (a) KRE W MR ICE> Wk, FARACBEHT L2335, (2) D
WHPREEIC BWT, nodea & c (&t black node TH 3. 4, Hlxi3 1/4 voxel DFEH
E~OBEISE U, 8% (3RTOHSRSHEE) oWtk (b) Mo X 5 ik
B35 LaLAaAEb, b&ddoctree ®nodeld, ThboDHWDES 1/4 voxel ¥
Bil7a & cd cube (&) DNAEDT, whiteDEETHS. b& ddDnodeld,
YA DEEH 1/2 voxel ZHEZ 7Ry, FIDThlack ithb. 2T THA L, octree ®
node DEEFEDA A & & b —EBH tilted cube DN E L R EH LK D 2HEIC, C
® node % black & F 3 &L LA Tl black node D EMINT &5 DTEHHE
ORRERRSBRL 2525, RHT 5 EWEEEAI A VADICLETH 3.
z ORIEEZ, BUERZIC octree HIR 2 BB DL EHER »» bRIEECLERT 5



16 ‘ 55 2 3 octree & SHEARE % M\~ RERE) 2 EERERH

CEBTENREFREIND.

Fig. 2.31C 3{RTLD octree DFFOFIERT. (a) REEEIC L o THRE X ni
ik (RR—=2v % ) THY, (b)iF, ZDoctree BBITH 3. F(c) ik, (b)
D5 HEmE 5L B ICEF X7 octree RETH 5.

(a) (b)

(c) a rotated octree shape representation of (b)

Fig.2.3: The experimental space shuttle

2.3.2 octree Z W XEHBRFHRH

Ve o oYk oTE%2, &4 @ octree % root node 2 bIEICHHF]
Il z et ic k- CTRIHT 3. EHED octree D3T3 node %3 black OB, <h %
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D node TTHLTwB LEZLDNS. ZZEIC n BEOYHARFLET 254, nflD
octree ZMFiIcill b, BTFTOBECTHE2H5.
o n{HDOIET 3 node D5 b n-1 {H2 white D& %, Tdnode ZTHBLT
wihn

o n HOXMIET B nodedd bAAEL 20 blackpe %, ¥kl
S gray TER O © 1 DLl kAt black 0 & &, Zd node BTHL T3

o n DT B node DS BAHAR LD 2DMgray DL &, TDnodesn
ATZEERTB LT 3HREERES 20T, ThbDF node 2FH~5
FRTD octree WD KL B &, T LT3 node & ZDOYERNIFEINS. T
NRERIEC Y Z 5 2k 20T EREPCRLTR 3.

2.3.8 Fik cube S OEDHH

LOFIEIC X o> TFHHRED 207 node LRFEL T 2 WADOEERIT 5 (Fig.
2488 . THHEROH- T2 Hk0ZEOHBRICTH cube C D 8THR OB
BrEL, ZORBERA~S. dLOARLd—0oRMEEANE, COBFRC
LRFEL TR HRHERD B, 2T TRIC, FEELFET CXoTHbh3 C 0
WIESER S & F ORERFARS. € 5 LTTE cube 2 b SHEADE ZIHKHMH
¥3.

Fig.2.4: Identification of object faces responsible for interference detected using

octree representation.

2.3.4 ZEHGRAEZAVEFRGERRH

oA HEEOBRE2FES. 207D, YkoEgrE8hictk U 25
R HEZIOREBC > TRET 32 2HiK, 3o r0EREOTSE*
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FRBOCEEL, ERORLL KT, B[, ti] CETHR 505 ks
?ﬁbfhn&,ChBOEﬁﬁﬂtthDﬁK@%?ékﬂﬁTécaabk
(Fig. 2.521) .

BB AFIICD TR~ 3. @@LfméémAmﬁLf,C@E#%ﬁMJﬁﬂ
K%ﬁ#ﬁ(”ﬁ&bf,Atmﬁﬁ(%,%,%w) Attt TR (a5, af*,
ag*,..) OIVEVE RVemT 5 (S [Prep92] 3%). FIIC, A :oWEEFA~K
5&?5E3m0hf%,B“@Eﬁ&Bmloﬁﬁwﬂ@V§%WﬁT6.cc
©, Bt B BE A, BRsx, A%, BY 2EFCiicT 3.

KRic Vi & VE OfloFHi#~3. &4 0HLBHOMAEbECHLT, Th
LOEL YV FHEREN, RO3205 bI3FHOMEROT B &Lk ) FhriRl
+3.

L EROmEAREICH LRI 3

2. BkR L E R AU & OFEAEONEICH 5

3. B LA S U VFE L ORXREEONREICD 3

X5, FTHBE DI ok octree ® node 2~ HH Y X W A FE0OBEREE T~
priicky, WL, tia) CEETITCOEOMBRHENS. CoFkR,
ZEOERBHBEE L ko B IC ZRERE 2 2 UETDH 323, WESEEEOTHR
Hi & LT Muller-Preparata 75k (B3 [Prep92] 7 2) 2 ¥ 2 HvhiE X bick)
LICEFTT I L5 TE 5. Fig. 2.5TH, BHEMAMAL LT, 3AROHS
ERLTWS.

BLER~7ZFIHE, BREOFKECEHL CRABLHETRD 33 THE&ETEE .
LT, 5RIEHERE At BOBBIRL (-, tic, b, tiy, o) I, B0
BLHARROND L I RED D & CEHEOBERGLELMNCTE~S. 207k
W, R At Nichk s B e 2 85 E & BEAE R, Th PR TSI/ EwER
Bl TOAt OM%E DB LAERS DICE, COBOPEOBE % (2
ATEELD, @D EEZPORLLEE A¥ L) REL CHEITNCHKL, &
Vo e FEAEREL DN B.

24 EB

AETH, BRRLAEFEREEZAVLZY (21— a VBRLEDOWTR~ 3.
FTREYERE LCEREACWCERNAERERZTHEL, STk b —AEBRD
S ICH LT OERFI % R < 5.
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Fig.2.5: Collision detection between moving faces identified by octree representa-

tion as potentially colliding.

2.4.1 SHEYGEER O EHERER

JAEWAy FIL X > TEBR I NAEKRROYEER T, BEFELEL 2. 3R
LHECKH L TREESCHEARLN TV 30T, HROFMEER CIFHESTH
3. EBICHWAERD octree EH % Fig. 2.6z BC&KIKIL, root node %
LM ET 5, 4,5 level OFEEREFD octree L X o THRHEI N TS, |

polyhedra . 4-level octree 5-level octree

8 faces @

LR
168 faces KX
Y, =

- 728 faces

Fig. 2.6: Examples of experimental objects represented using polyhedra and octrees



20 55 2 B octree & ZHIATESE% M\~ A RIERE 2 EiEER H

EHEH R 5EE) 2 M- 5ER

BARE LR T 5 ERARE 5EEEOREF T, BB 2 Pikicd T 3T
LERERIM L. BFRIL Fig. 2.60 %5 1C, T 3 BWAKTL L octree K5
L hEEREhTw3. 24tk (A, BeT3) oFBIEL A, BXU¥Fch%
BRIED L5 REB N7 2A—4% X Table 2.10 X 5 IC5 X, T T CREREY
EHECT S0, RICRTAREEKC LD, —Eoii s FEOES T Zikics
Z7c. BRBENLK voxel, Thb b octree DE/I cube (level 0) DLDOEXTH Y,
BEEER X Fig. 2.12L FRTCH 5. KR TIX level 4 D octree V>, VESEZZEIX
BT level T M3 (M = 24) voxel KQEIX N 3. %7, FROERENE 3.8 (voxels)

TH5.

Table 2.1: Initial positions, directions and motions given to the objects (unit: 4-

level octree)

object | initial positions translation rotation
(vozels) | (vozels/cycle) (degrees/cycle)
A (2.5, 2.5, 2.5) (0.015, 0.0075, 0.01) (0.0, 0.25 0.0)
B (8.5, 6.5, 6.5) (-0.015, -0.0075, -0.01) (0.0, 0.25, 0.0)
C (13.5, 13.5, 6.0) | (-0.0005, -0.0005, -0.0005) | (0.05, 0.1, 0.15)
D (6.0, 2.5, 13.5) | (-0.0005, -0.0005, -0.0005) | (0.1 0.15, 0.05)
E (2.5, 13.5, 2.5) | (0.0005, -0.0005, -0.0005) | (0.15, 0.05, 0.1)
F (13.5, 8.0, 13.5) | (0.0005, -0.0005, -0.0005) | (-0.05, -0.1, -0.15)
G (13.5, 2.5, 2.5) | (0.0005, -0.0005, -0.0005) | (-0.1, -0.15, -0.05)
H (6.0, 13.5, 13.5) | (0.0005, -0.0005, -0.0005) | (-0.15, -0.05, -0.1)

BMERZNICENT, BYHAD octree & FTEARB R E»BEFH I Nicth, LVE¥
ZZEANToctree EHEZAVWCTTHB LT w3k KEHPCERT 3. 3 LTHBLT
V3 node BEOH» 3% &, ZEEERHAWTTESLPEESEZE T 3802 EHIC
ET 5. UTOSRTE, SRICE 3 MEICET 25 ERE (CPU B %
7—27 A7 —% a v (Silicon Graphics Onyx) YHWCEHEIL .

24, 48, 80, 168, 528, 728 D k#FFOESR) 2 PkICKTT 2R % Fig. 2.7ic
3. HEH168 D 2 o@ﬁﬁ;ﬁ@@%@%ﬁ, Rzt = 5 (cycle) ¥Ci octree node
FOTBHEREINTwAW. Bt =6 b t =49 ORI, octree DT node
BROP>Tw3H, ThboroPlkoEEHHEhA DT, T i CcostEnR
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R HEAE . BiZl ¢ = 50 KBV TTFH node NIKEH O & A UVRRAETN S &,
ChbDEREFARD DL ) BRVEHERREE» 22 L5k, FElt = 116
F¥ClE, T node AKFEXRRRINE D OD, ThbBRERERL AW BRECEZ
t =116 CBHWT, THHLOHEROERISIRHEENERSKTT 5. COERRHO
EBbEClE, A8 32 T8 octree node 22 b 15 MOBER T 5HERHFT 50K,
951(ms) OEElA P oTVS. CTT, octree THOHM o T 3T node fBIC,
ZOHRICE N ZEEOERE T .

¥/, EEREIU L HEE 168 D 2 DDEREDERICOWT, TEHEDH - % octree
node ¥, ¥ XUF node » b X i HoogRlcsktT 32LoBF2 £
hZh, Fig. 2.8, Fig. 2.9iICGRT. AF T, BAohkTE node b
HXnZBR—oH2BEZBE L THADT T I AFEOEERERIEZE, ch
bOEEICHFIL T3 C & 5b3.

computation time (ms)

600 { (728 faces
550 i
. 1528 faces
500
450
400
350
300
250 . |168 faces
200 . /} _80 faces
150 T II F1rr48 faces
\ .'N. .’ .’"" ~
100 ‘ — A
50 24 faces
Ririetiila
0

: }
0 20 40 60 80 100 120
« t (cycle)

Fig.2.7: Computation time for each processing cycle of collision detection for two
identical objects having 24, 48, 80, 168, 528 and 728 faces.

—HHB DY, octree IC L 3REFRIC L 3R E M2 FIc, ZEERHO A
YHWCH 168 © 2 DDIREOEREFHA L TH, HEAELTREIT 201307
DEER Lo 7e. ZEREREOALH WS HETR, LEBEORZIECHEOSEE
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number of
interfering nodes

30

o

0 20 40 60 80 100 120
t (cycles)

Fig.2.8: The number of interfering nodes for each processing cycle of collision

detection for two identical objects having 168 faces.

TICE-> THELZFARD 0, BEHERESEBEE 3. e w5 d2PkickE
Wi, 2ZROFPDERERE & LFEOME BT 55K, oI 2 VY v 2 hFE
BERERETIHEL LTELDON DY, TOX S5 AHERMOMPEME AR
DPHEICH L T—RICHV DN E R EHETRAVDT, CCTCREDLS AT
BRAwTw .

Fig. 2.71%, 24, 48, 80, 168, 528, 728 DiE*i%> 6 BIHDEHE 2 Wytkickt
TOIRMEEZRLTCWES, MEREOR Y — L ERAE 5 D OONERE O#B %3
377 70B3E-Tw3. 757 oMBMERERERAlOREL, THARA
5L B3YEBROBP LB DD, ZBLOEBHR LN, I 728 D
kT, 589(ms) DREICEEE R GECE T3, 2rcFig. 2.100CH, #£%
L e ERRH O RRKERFE R b HERE A » 5 28ECO 1 ¥4 7 BT 28
RE %, SIRPEOER B EBSCHAL KR ERT. CoBRiE
BEENL CHRORAEEREC A ->TH, REFER, SEEWED octree FH
EXZOEBICH o THEHBEF T LS — N~y F2ELEREDL D, T4k
BTHBCLERLTWS.
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number of extracted faces
from ipterfering nodes

250

20

150

100 : S

50

Llr

0 20 40 60

80 100 120
t (cycles)
Fig.2.9: The number of extracted faces for each processing cycle of collision detec-

tion for two identical objects having 168 faces.

HEOESIMEIZN T SEER

BE OB YRR FET 220 C, YHEOEREBHL 2 ERICHW ik

BEHRD 168 DE 2 FFDOERT, level 4 @ octree KX > THEHE I TS, ¥k
(A, B, C,...) DEBIZK&x—EDMELEELLAYD, ZD5 bYtkA L Boi
DEET S L5, Table 210k 5 CEEIRTI A—2 2547k XL CHIHioLS

IC, BOIEEHIOFERLEHEIL .

B mgkBicE LCTER L AR R Fig. 2.11kRd. coEcr, #ELL
BB ORKERE R b S EER 20 2 BECOMEICE T 23 EREE, X
KPR OR BB E BB CEHRIL iR 2R T

AERCTH, ER{EGEHOLHLCT B%D, EEOYWEDOHND 2 D DYkD B3
BWRT2XOICEHAST A—2 252 T3 LrLEAFETE, SEEESCH
2 THIMRMEIC octree KELRFFo T3 0T, EBHCo T h 2 EBRESHT 55HE
Be, Bfidhkoctree %K 2% > CTHB2RAETIHERR, YlkoBICHH
LcH#md 3. (Chboffid 0(n)) FEEROHHERRER Coftic, T node 2»
bEZHH L CE biIcth b DEREFARZEFE LMD 32, < OBBE Lo X
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computation time (ms)

700

25 2 2 octree & AR % R\ /e Xh=RM A BETEH

600

500

400
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600
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1000

number of faces

Fig.2.10: Computation time of collision detection between two identical objects

against the number of object faces.

computation time (ms)

I
240 py
220 222
°

200 »
180

2 6 8

number of objects

Fig.2.11: Computation time of collision detection among multiple moving objects

having 168 faces against the number of objects.

5 BEBIND A — 2 2 B LG, BEBHROBCEFEET K—E L k5. Fig.
2.11CRTIERZ COBFERLTWAS.
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2.4.2 —EHEESURBEICNT55ER

RE LAERRHOFE:, EEL—RikE:&UEENAEECIEA L. Fig.
230k5k, £tk QAR yF) KXo TREINATRSB DRR—Z ¥
b (K (a) &, 3R [HER 94] I X B HEECHERR E It octree (D (b)) ZFw
T, n(n=234,5) EOMAEOTES L ERELRELZ. FAM(c) &, (b) it
B D y #h[H b 1 45(degree) DEEER 52 7S D octree RELTH 5. B ICH]
ALxEE oYk (A »b E) ofifiiRkiE%: Fig. 2.12icR7. ERFEHEZHL
MCTFB7%D, ThbDd b ALBOLBERTSLS, &xPkEBIC—EONHE
LEBED AT A —E % B2 . TTTH, level 5 @ octree #fH\nr. '

Fig. 2.13ICERIERTRT. P, a, b, c, d REx AR 2, 3, 4, 5 DHEE
THB. ERREREY I 7 0EERT. Bl t = 70 (cycles) Tk & oYtk
KA TBREOPLAWDT, HExX FREEAH/NE W LEL, REIt=T1 K
FH LTS octree node ZE-OH»H 3 &, CD node oMEEZHHEL, EbicTh
bOBIOEREFARIZDICL VLS O EABBEE LS. BFl t =123 ¥<i)ik, T
% node BEON 2%, ChbCHFENIEROBERIRB I N R . BRATICEH]
t =123 KT, HEEOEESEHEH, Fig. 2.140 %k 5 CERoOFET (351
BRI CER T ) CEREKT I 5. ok, Fig. 2.12:FTHAD
LD D DTH 5. EHERHOEKEM T, 62 DT octree node 2 b 14 {HD
BRTIEERFET H5DIC, 461(ms) BBETH - .

—FHBEDR®D, octree KX B3WRBHIC X 2HREMLTIC, SEHEEERDH
AT 2 OB YT~ L £ 5, WEEERHT 5 01C 260 B ORI #5
ol FRFUFETS 2OYKEIOEREZBRHET 2 20k, 2,684 BasBET
Hole. THICHL, Tx DERFETH 577(ms) CEREEZRITE 7.

2.5 # it

octree TRPAILIROFMATERE, B level OREHWCEET B & 8T
585, CHhRHREEHEELZHEMEEsFERCAS. HICE level @ octree ZFHn
NiE, DhvF—FRCOHBT S C L BTE ZHZOWREMAN TS Y, PKA
CEZPHHLELACHODOEREFARD C ERTE ARV, D% Y ERK CEE O
REFRD DI, SEHRERICT U CTHIAEE @ octree 23 ¢ & BNEHE
THBRC LB S COBREDSAHDLELIFHARTHS.

B\ level @ octree 2FHVWAES, B TFED node ‘(voxel) BhE A3 B



26 £ 9 % octree & SHKEEE ek BEERH,

(a) octree (b) polyhedra

Fig.2.12: Experimental space including five objects (space shuttles) at initial po-

sitions.

LW BESERRBOEORE & X ) b/ ETIE, EFEOEPD node TRI—0
ERFER I N5 FIREENE % 3. HICE\- level @ octree ¥V HE, BTE
® node (voxel) A ARE L %2325, b LINBLERREOEDOKREXILVDKREY
E, 120 node CAENZEOBMAEL 3. WFHOPE bERELH %
TREbAVCHOEMHINT 30T, HEOKREZEA SRR RS Liks
‘T, octree DR TED node (voxel) BLHEEEROEOKE X ICIZIEELVWE)S
%, YA level @ octree VA RERD B C L b 5.

ek ziE, L® OKE X DERZEEHMNH B L L, octree d level % 1, LHEAEE
DHEDKREE R w L35, ChboBRE, w=1L/2 tAh3. EkMicE, L
= 1,024 (mm), w = 32 (mm) DD octree D level (1) ik DEIFRH»H 5 &
A5,

COBREERICX > TR THhA. Fig. 2.6CBz2IT X 5 2Lk (F—
FREDOEK) 1wt LTlevel 3, 4, 5,6 @ 4 FBIHD octree FH* FAZL, 2.4.18i0ER
LRICEET, 2 00F—-EOHKERA o7 level D octree %W TEEX €.
Plrioseh & Flkg, EREERHT 2 BB o b S ERE 252 2 BT oL
BIcET 38 HERE% 7 — 2 X7 —v 3 v (Silicon Graphics Crimson) % Fi\»C&t
BlL7. 7e7L, 23.18iClR~7% X 5 I octree & SEARBEOMBETNABLEL,
¥ 2 RICER L TEEE BECH<3EORSSOET 5. coTlr, £5L
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Fig.2.13: Computation time for each processing cycle of collision detection among

objects (space shuttle)

Fig.2.14: A snapshot of experiment when colliding faces are detected.

EREGDOEBEZER LT, F—0PkolHeatc XL 5HEYEZ %60 DEA- %
BEINTF A -2k 5L CHEREE, TOFH%E L o% Fig. 2.15TH, HEH 48,
360, 960 DF—E 2 KB OFERICHF LT, TOFHELERFEEL IR LTY
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computation time (s) -
3.5

3.0—=

2.5

2‘e ---------- .uun.unu- 960 faces

o  asapsanssensses PUPPTTLLL L)
X el
{1

octree levels

Fig.2.15: Computation time (average of 60 collisions with standard deviation) of
collision detection between two identical objects against the level of octree shape

representations.

3. ERERICINE, 960 mOWHALX level 5 D octree ZFHVWAEEIC, R HEER
BTH D, 360 HOPHAM level 4 @ octree &\ 7B S ICE: b R ICESRE 2 4¢
EBLTWBC eabh 5.

octree @ level (BRX) A 1EBHEMT 3 &, HFFED node (voxel) ® 1 ADE X
B1/2ick 3. —F, ERCHANCEREITRTCELWERTH 50T, SHEEEE
TREHAEEZ BICONTIARBRPEC RS (ChbOEREELEORIBEL
s, BFLBIEIHHTRE) . EH 48, 360, 960 DBRT, FHEHOBRELOF
B LoTHB L, £x0.88 (level 3.octree voxel ® 1 WDEX = 1), 0.73 (level
4 octree voxel ® 1 ADERE = 1), 0.91 (level 5 octree voxel ® 1 DEFEX = 1)
THok. TTTRYEEERT 2EARELE3IHFBICEL, H—KSH X &2k
THWTEREZT A7, PROKE L R2ZELATCEOKE & 2B EL X
3L RHETH 5. Fig. 2.15RBERBMI AR CORRTD 325, SHEEES
i UCHEYI AR E O octree EHVABEIC, BOPRNCHEBOBREFASS C
EBRTETWE L Bbr3.
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2.6 2FEDELEH

PlEARZECR, Wit EEEE2E&tEE Y T 2850 3 RKTER OEEE %, oc-
tree & SHEERER AW CTHRGICBRHT 3 HFEEZRE L . FHER, #i-diks
EBEEEZR AT 3 ¢ & AL, EROEEL —RIVROBE RS TS 5 22/-H
T, ESEREETICH U 2 ERIAE R OREIC X o> TRET T 2 & (EY
2L, XbICERHCEHRE ‘T 2HETECLB8TER TCT, PEOBREL
TR MBS OHREFL, 2o nTFhoBRbRENARLER K 2BEE LA
WO S C LR TCE . EFF octree IC Xk 3TRER 2 H T2k dR
ELTREDPICYEEOTBRHRSN, Ric, ZERC X ZBREBEZAVC 1K
TR b etk o O B OBR AR % FPTYICIEREICH <. RETH, otk
M & BEEOEE % T 5 MW ARECES AT Lk, ERCX>TRLA. %
TRRAICERE R IGET D edicit, HBHERWIEED octree ZHWNET5T
»23, O VRRHYCEEIOBGREFR S 2D IcE, SEEERICHT LCEHYAE
& D octree ZAVB T LHERTH S T L 2R L . ‘

Yk DBENC L - T octree 2 EBH T 2Bic, LEERER L OFTEOMNBEOTN
BELZEWSEEREL 35, ThREELEY A 7 AR, YD octree EHL %
2 DSEHREEH bERCHIRTENIT, WRTBCeRTES. EChICLY,
EEIP e T 2ERGOEREERET 2 C LA5HREE 2 5. AT WFEHE
BEcAY YAV L, AbCERCBEXE3c2ick Y, 3SRTEEEC B
3 EREERERE 2RE T LA TE 5. ER, 2.3 iCR e —EOERER
HoFEoFC, 2340FRICET IEHERZMOFIHICH~SE L RKEL, Thb
DB DOEFILBEEONERE 2 EE LTS ELbRS. LHLCOFIHIE
KB EM A LB OME LTH Z0T, F—EBFTATY XA L LCHENES
CEHRMETHIACGER L, BEERBOMNFIMLEIC X 2EREEE% C LT
%3, CORACOWTHE, SETRZ. ¥ci¥¥ AFHrERFCRET 3BH)
vRy VARYOFEEEA ECICHT 3 2, REALCOWTRMET 545
BRH5. ChbolRASBOTERETD 5.
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B FHE A 1 RSB E R

ABC, WHEEEEA ST LIC > CERBEIC, HHEATROEBIAE D
WEE RT3 HECOWTR~<3. ¥ F BEESROBNERE CREANEL
b ORI OWEE ¥ BkT ¢ 2, ERICHENEE 3 EICHRNICEET
BEATALY XACDONCTHIT 2. TR, WROBRICHEERI 5 &%
BEERRBOH2EFAL, MOKSERREIE L i\, ARILTRE COER
TATY AR ECERCBWEX €570, 2EEOUFIT A=) X AR ERT 3.
127 ey JEOEFIHEBHCTS bOTH Y, hE, AFE AW
Ty FICBIMICEREE DM TE bOTHS. HH A% &b OWFE 10 BEOYE
- FIETEEEAWSERIC XY, 4,000 FEREE OUHAREOEEE % 80 (ms) TREITE
z. .
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3.1 &

Uitk BB % D 3REREEC Yy v 7Y v 7L, FHERECSHEEKRR L
A OERELTH 2 HRBBL BT 2 200E 10T 7u—F, XEZHRN
ZBERD L ELHEOMETOREEb T LTH 3. HE, HRRHEOWMEKRFE
ck, PHETERENEE SR NERAE ECERL, chbolloTEEHE<SC
LIe X, WELES R (Field, LE5ICAW) PhERE BoTHT ($k
i, BETS) LwiHEREL EDLRS. COFER2RBBXELbDLLT, B
B e N % F 751 [Hah88] #°, octree % voxel 7% & DIEEER & w7 fild
»3. [GSFY4] RRYEDSTIARE L & b IC voxel F— X #EZ, & voxel L XD
Wit 2 UM BICHIEE 2R v 2 CiEATEBL. Z2LTETTFHLTVS
voxel # B0 78I, D voxel »bHEICIB O R v & %ill- CTHEZRT 5 H[RE
Hod 3HEEBUEHRT. chid, octree ZHWNIEERICEFEEDRBICT 7 X3
BCERBRHICRD D, XbICHRICAECE 3. 28T, ZYHKD octree K
HEFHEL, WEOEBNC L » THEE X R octree BB E AT EFFHLT
% octree ® node Z HoHIL, IRIKZED node KEEEI NS ZEFcEEh 2HEE D
BRPFEADICEICLY, WiEe FIEYE1EEE T 2 8B O 3 KoovkRE R
W%, RGICRHT 3 HERRE L. fliicd octree % voxel % &% v 7H
[MWS88, Tur89, ZPOM93, SH92, Hay86] i \a33, A% — X HiE % v\
Bicw, EEEERTEAIES Lo eMERD 5. & kEAIKICE bR,
B & & B ICTRRAZ LT 2 & 5 AMkiCIBRCE R o, X bIC 2BEDOHED,
RS IO R AR D BIRE R R C & Fe s, EREICRIIT 3 ciBEbRbo
. : ‘

BE G HFEHEEARMCFCAS XS5 ch D, ZoFHCELAEHE-TE
461 92). B HOY — 27 27—V aveh, HTHEEEOEED vty +%
B L, WHIMLE AN ICET 2 BB & HICHAE X MIE)D T\ 3 55 [Bar92], S
HRHIC O WTHFT A= Y X ABHE X Bk 2.

ARE-CU, WHEHEEEE V5 C & ick o CEEEC, HHEATBROIERIEDE
BYEEOBWRE LR 2 HECO WIS, ¥, BEEEOBHRRECH
HAPE R b oY OBEEE % Bk ¢ & AL, ERCEREIE Y 3 EHillcR=
RICHEET DEART AT Y ZALDWTEHHAT 5. RICCDBRTATY XLk &
LICERICBWEX 2 %®, Tuty VEOAMIROELHEREAL S 2BHEONW
F7r=) XARRRL, ERLELTCROMELERT 3.
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3.2 EHEEOHKRH

SEKRIC X 2PEDORERERZ, FavCa—275374 v 7 22T
Y r—vavn¥t, b—RNWEABREHEDO—OTH 3. EFCoOBKRERE
AT BREZETHELC-3EZRET 3 EARANEHERCOWTRNS.
T ZRARERIICTT A 5 HEECD TR~ 5.

8.2.1 @%@ﬁ&waxmmﬁ&tﬁﬁl‘

| SEREER X N ORI OREE 23T LT\ 5 ERICRIT 280
WEATIEL, 2.21MCh BRI LB Y, BtkoEE % B 5 RERRES Licy Y T
V7L, BEEERLC & cVEEZBPoPko T RCOmE L BROM eI L
T, REOHEZFARLELn53DTH3 [Boy’). LALTITIr—vavicks
Tk, PEEOTHBERHT IOoTEAL, ERCERAES 2McERcch?E
RHEFT2CeBBELAS. FIAE, 2RTERIRTOBE I veRy F OBIES
T2v—vaviTS58E8, vy FODIREELC L OME & HE O R BEE
TH 5 LRETHE, BECHSCHEDEB 2T HE, RCEHTCHNELZH
T3 ECoMcfiou Ry PEEBHLERIT IS HEEHF LATREADA
v F R REHERERFA L CREDER L EERET 2L oy Iab—va
vt kBnTd, FROCLBELD. ChbDicHicld, v 7Y vrrX
Nicd REERE L OB AREL T cid Ak, BEEEREN oYk oES) % FHlk
P FHIT 2 EBBRETCHS. £ CTYHROTERx DERADHE L v Y OBl
EHEZHXTEL, b tYRoOEPTy VORAE, TRCOHEEETLDONT
IR T ik ), BRI IRMLBPI LB c e TE 5. HLHXEMH
PR E ZfBICT 5 DI, FHOYKROBIEZKE L Thitko BB % FTBE)
&P HEHE D OEERICHIBR L 2 b [Boy79], SREIFEENE 23d 3EHOHE I 0%
FAREEBNZRE L b [Cand6) , PptkoiESh%* 3 REIFCET [ 88] & & i
ks Rbh 3.

Ytk 2 0EBICK o> TRPANZEEEE X, COR5IPEEOTE X
55Eb 5. EiICKEEL &0 4 RITZEEEZEA L %2H [Cam90] 3 H 52, »
ThH FEEMNC MK L 7{5 19K % 3 IRTTE ik 4 IRTTD volume TEH L AT HiE
AbRVWEWSHIEG DY, HEROHAS D, WHRTRCERAEM RS ICI
FnsHn. |
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3.2.2 FEREEREHRE

SHERRR L NP OBRCTB L HERS BT 2 D0HEE LT B
JBHY e M EEB0TE % F 751 [Hah88] #2, octree % voxel % & DI AT RFEE %
F\ 7 [GSFO4] b B 32, R53AT— XHEE b OBEARD 5 e HEHREERS
BAREXEB Lo fBIERD 5.

Wkic HHCHEEREB R L, ToYWKRo D SRERRZIC & o E & HEoD &
REEITH 5 L Lkt T, BERLORE CHEOERNZBIEOFCEL 2H
BloERY Bk c & R RT3 HEE LT, HARREAN KSR 75 4k
BFBLCTwhE, ChbOEREET S LENT 5 HEEEL 5. LiL, B
LIRS A EVER L) ch b OBoTHBE2RET 5 0K DFHERSBER
e, BHERSHERER S W YRR OERE © HRFECRINT 5 ¢ L RERE#TH -
7e. L2LCOBRE, HEBMBEAFTEOBELTH 54D, ToOIE2EIRY
ATATY XL2BATIAELT P3BEOERLEEHZCLEATES. La
L, BHEARDARERE S FET 3 X5 2B U CERECUE 2 3 5 Ic kRS
BHb kS hEROF— L CE—0EERTO L5 ANER, 74
WHT A=Y X b LCHEBNAS ICERILE 5 T LB TE 5.

—RCBBH e Xy P EE, v HEROMERFEZ & ICHTIE e D B BB
O CHEOBENE L FAREET 3. ¥ REEEE R LKk R
EEEET 2 12t —va v IR 9 2 0Bad, FRCHEOMESHEO
F—2 3 HHEREEERC L cES NS il BERLEEAWCEHAITS
2o, EE MBECET V- AET 3 & LCERRE~TEERE OIS TEET
BV, EBEOTTIr—va volB, HAOEYFE LTEEICH DR
52 lDEVER YV TR, BLEEPDETEROAE2TAS CEBTES. K
e, EEMWIAOME & Hr 2 ED-FERERET 5 LIREL, < OB
(100 ms) HOBWEE RLICKRHIT 3 ¢ & ¥ ERBLEOER T 5. COfER, A
EORRIHEICEET 2B ME G Y vy I OFMRHE) [CMN83) 2 E1LL, @&
EEBRHER Y IV a -5 74 v 2 22BN 74— PRy 20k 22—
FAVEZ72—20—Fe LTICALAZBS K, ABCERAEBEISZ*52 5L
Ebh 2 EEHNLETD 3.



34 532 WHISHEE R B A SRS A SR Y
3.3 ERERHOZELTLTYXL

KEITR, BRERHOZDORELINERLRTATY XL LCOWTRRS.
ThE D LICLWHFT A=Y X AIDWTIRRETCIR~N 5.

3.3.1 HEEH

AECRRBERBHOTAT Y XATRE, W O2»OREEE BV VX
B OYHAR T RCEERCER I hTE ), PROBRICTEBREAL, ™
MELLTHEnET 5 PhREEELEEREEUEHZLCEY, ELBROE
BbETdIDET 5. LT, HEEEEIEREALC & OREER (-, tizy, i, tips, -
DEPUEDONE & HF, FRBERDIHFCRELEOEAMNBERBETH S LT
3. EBERRREINOE (X7HR) OBERE, 3.3.28iCR~5FIH (step3)
CEFF 5 octree DB FED node DIrFitk (voxel) DAE X X Y d+i/hX
E3 3. 0%, VEREEILHEE 1 TBOKAKE X L OILHIK, [Hoctree DFEX % [,
22§ BHOYHEDORZIt KB T SMERT P AR Pobject; (1) & LA L &, ThbD
DEERIREXTE 4L b 5.

|ﬁobjectj (ti) - ﬁobjectj (ti—-l)l <K L/ZI

O XS RGBT CEERENOTRToPh g LT, RT3 THl oM
BEEFET .

3.3.2 WEFIF
B

Fig. 3.1k, BERREOFENEZRT. SERCERERET S EMCChZRIHT
57, SHEHREZIG OFBINT A — 2 2T 1 BRSO E & HAd e
L, BT3RO D 3EOMSEERIT 5. CORMND LD, FIEORKE
BCRERLOEHRZEERRILERD 55, ChiRHEROZWBETH 3.
HoT, CCCHERIEFERBEHOBREGRE IR VALY, BENAGELH
3. ¥FFPRONBEEFEREATREPCTFELC-2HEERET 3. K
NEEHEROE AR VR L RET 2EEHHT 2. ¢ oo X h T oBEE6E
2RO 2EHOFIRCH~S. ¥F, chboEir&EORMELET 20FH
%, &4 DM octree IC X 3ZBESEIC X W RKEHIICTH=B. RICH octree 5 TFE L
TYWHEOHEEC L KX OBEEABEE X FHE LTS, 5 LTERBEONES



3.3. ERERHOBELT A=Y X4 35

HERCHEIGDED T LI LY, RKEBOAEROCEBRRECEM GHER) %
TELZRGBOT IS5 L. BT, £FHEEFHLLHAT .

I extraction of rotation and translation J

interference test using bounding boxes

interfering ?

determination of faces

intersecting overlap regions

any faces ?

man sz ansanennes mnna

Iinterference test using face octrees

face pair interference test

generation of
pairs of faces CG images

I

Fig.3.1: Control flow of collision detection.

SHEETHFERVEXED BT BRI (step 1)

BRZNC I T, VRSB O ZHHAICH LT HFBERR o B IC £ 0 2
ENEEHEREERL, chbooEARRELSHG b THBET I 2 IC
£oT, thbicEA Y EE (overlap region) 23 50 ¢ 5 2%~ 5 (Fig. 3.2&
B) . B2V ERAE2»EZ0WEL Y X b L, RORT vy Fickl. A

HEEHRCER V) ARO» bR T EEERHAEZET L, KRORZIONEETT
5.
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object 1

— overlap region

object 2

Fig.3.2: The bounding boxes and overlap region

B YA & T SEDME (step 2)

LtDORFy FCEEVBEEEROP - ZPERICH LT, ZOWEkEERT 5T
RCOEEEAR VFER L ORERHN, TOREAVFEBRCEEN I ERTET
HE KT 5 (Fig. 3.32/) . coCcHX Al (BREELFEEC &icT3)
REMEY 2 VicEL 5. BEEN 2 oM oYtk b E W ARS, RORF v

TTCCNODEREFARS. Z5ThiniE, MEEZKTL, ROBEZOEREEHE
~ 3. '

X

Fig.3.3: Faces intersecting the overlap region
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& octree (=& 3Z2f)5El (step 3)

Lol h e BEHAEEOBREL ERCHR 5/, EFThdbomEBZEFIc
HEFBEDIE Do TnERE S RkERCHERS. ¥, BEHEEY X FHbE
HE%Z 1 08, ChiHFREFERCTEET2EM%E, H3EARERE D octree T
£¥. TRk octree FERC LICT 3. BIAMICK, VERZESHkY 1oAY
X L oxrhtke L, th#%rootnode & LT, JEHKEN% 8 JEL A RTEET 5.
& node B ¢ B KIAfFFEhd £ HEERXELARWER%Z white node &
L, 25 Thwvnode ([ &&ET 32/l %RT node) lE\vo A gray node &3
3. 2L T8 2DFnode CEILHHEL, HOoHLORDONLERE | IKET B L,
Z®node % black &3 3. £ T, octree D& FED node (voxel) DK E X i,
A 1 BEEREINCBEI T 2B X VI TR REVD D LT 5.

FEEMIc, FBEGESICC 5 LAHEoctree ZVER L, ThbDOAR%EIHFIC root
node 2 LIEIC 2 & T, BHOARDFE UHET (Fl—DZEE% 7R3 node) 25 black node
THBCLREOTNE, chbOEoctree ZTHLTED. b LOHRAEET 3
TREESE W L HIMCE 5. LA LABETH, COoFEERD XS KREEIELT
R R SRR RE T s L L ic L e

£, THoctree Vifk & T R E M- L THBRIMOBEELFHET, FRHCITRS.
Hic, BERAEEZECLET 20clkEL, TXTCOEMEFARCR—OREHnT
WEF 5. D% Y 2 OBLEOYHH b ORBENE ENTRHHEICEY, 20 node
%8 D0F node CHHIL, BHEEOXELE~3. ZLT, RVEOL<LLH
WTH L 82D Fnode BT RTRMA LEZELTNWTYH, ThbHbREDEXICLT
BL GBE®Doctree KX B3REBE TR CDEE, 8 DD Fnode #HELTED
#H node % black node kX E3) . 253 5% &, Hoctree D FEIC node (voxel)
ﬁﬁﬁinw,covmdmaﬁﬁmwwhbwﬁﬁ%inacamté.10;5
%4 voxel IKH LT, F—o voxel & ENB, BE 29k bOHEOMESE T EE
BARVWESICGEFRHL, HEXTREY X cFEEAL.

Di.l:@&&ﬂrciav&c, SERRIC octree ZVERR T 5 B FE I AL, EcTh kil 3
FeBIC AR Y RE D BCA D (allocate), KLY (deallocate) 3 5 REE % .
Hic, HREBEEROBEMICETAIZd 21 ToRX L/2* (A =0,1,2,---,) D
THbkE, BRI ORELRELENSZGTH 5. o THEREERLE
AT 5 C ez l, RERLENTRETD 3.

{BEATE & SR EBEER O BRI T AE : b DN HROTER, EROILHK L
SZHEEROBCERCHEL T3, SEEKONEEGERL, ILHERONERAR L%



38 53 3 WA % F v e ERSREREAR H

RGBSR HET 301 [MTS3] 355, STL AR b a3
EOEHBHEINT B 7eDh 2 o CEHHEBRBHEINT 50T, CTTREFALTARY.

ERTRIOERLEREH (step 4)

ECHERERATRTREY 2 F OAE T EOBEY ERICH<3. T07%D,
ko BB ICH: U 3 BE R M OREIC X o TR 3 20i1C, 2.3.48
TRREFECLY, b2GEEORLOLOEEOTFEEHERZOCTHAL, H£E
DRZL; BT, B (G, ] CEESR R WRETEL T RE, chb
OEEML t; &ty OREICEES 3 LEMF32 8 & L

3.4  WFIIBI= & BEEAL

3.3. 28I R e —HOERERH OFIFDOFT, step 3 & step 4 KET 3EHER
ZAOFIE (step 1, 2) IKHARS L RKEL, ThbOMEOERL Atk MLEERE
YEATDIEELLNS. FiCstep 4Tk, HEXRTREI R M CEEN3EROE
T &2 CRA—DOFECLET 2R, HEERNS hoTwd. —HLOHEKRF
g, YEROZERERINORS BT —2BEELAVCT WA WEY, AT IER
FRBLAYVINDRT 7 R TE-DCHEHECBERET I L okl B AE W %
CCCDFE, F—2HFITATY XA L L THBNASCERRETH 3 4IC
EE L, BEmRHOWFIMEIC & 2EHE{E2E 3.

341 HEBEAEYVERWEXFTI7ZATUXL

332 RN AEHRERETFIEE 7 — 2 WF 7A=Y X &L UTERT 2 EAN
BREZFZ, step 4 2WFILEFT I TH3. Thbb, step 3 THERXIL
HEXTHRE) X POBERCTHIERTCLK, Bhok vty 3 CThbDERE
RHELEZT RS L5135, ChEaHBNWICETIE DR, HEHTS 7
vy YOEMSEEE—CAS k5K, HAXT2& 7 uky 4icH D YT 3 5EH
5. EOEDICKE, BEAET vty FECHRT PHEORRELE D7 — 2 3
BICGEZ LR TR bR —RCHFIFHEETR, ey FEOBREFERL
LT, $RTo7 vty ¥ hbFECT 7R TEBIF AT 2FAT 2 HEL,
TueyyCLCFHMEAE) (SHAEY) £d b BEAF—2ORZLE
BEENLTHAS Av e~V Ry Vv 7OHERD 3. BIBOBEE, ~RXE&
HLTHEAERIRF -2 2HEHATFET I kY Tty FEOERERTIO
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T, BESa»»3 EEbhTnS. LAL, RxBHAVAHERE, Silicon Graph-
ics Onyx ©, 24 /@® R4400 RISC 7 u ¥ v ¥ (150MHz) & 512 MByte ®Ei
B EEEAEY) 230, £7 vty #1316 Kbyte OB [ F—FFvvvnl
1 Mbyte D2 RS | F—E ¥ vy akdb, HEAEYEEDODNY 7 ICHH
hTwnd Zoks5Kk, HFEAE) 2FHLEFINBCEHLZT—F77F v &
BRoTwnd. FABEALAZOSKIRIX 5.2C, B/ AEY ZHWHFLERTS
ODHFITA ST ) —%EATED, YRFLa—N (m fork) BB LILE>
THERXNAERD T vt XE, HEAE) LOR—DT FLA%T 22X TE 5.
BT, MIMD (&SR Y —4, BHF—FX ) —ahK) oFFAEY
b OBEEE D, WHIEHS I0BEOWFHEEOT —F7 7 F v+ 2HEL, BIET
BARAFIEEEEILT 27200 2BEOWFIT A=Y XALDNTRRS.

3.4.2 FHANSHRBEMESTLTY XA

¥, HEWEERO DA wstep 1, 2, 3 2BRRAKC—2D 7 vty % CTHLHE
L, step 4 DUBEOAREZWFUETEC L %EL S, step 1, 2, 3 OFER, 3.3.28)
TRRZ2 XS KHERTREY X F2ERT 5, COFRINALHETREI X b
e uy bhbT 7 e AMBEARAE AR EKEL XS5IKF 5. £ L Tstep 4
T, AR7TREBEI X FOERT2ERO vty FCHZCHEL T, £ERT
 BlofE RS, 0Fh, bLN BoS vy $HH A, TOFDIFHD
Tty i, FTREI R LD i, i+ N, i+2N,.. EHOET7ZROHL
TMEF B3 Lchs. Lo, BXTO7 vty $~OHLCEEEN LS O
EARBEY, &7 vty FONBEREBELWHECE, 2EROBREEEICHE
ENBWEREZ b2 bT T L AHIHFCE 3.

343 BINANSHEEIIT ALY XA

L ORRABHEFTIEE O 7A=Y X LTH, TRTOT vty F~DOHRHT
REZNEDD L BB LD, £7 0ty FORBRBAS L ALHECE 7w
ey VRICEFOR Lo EREL, BRE LTHICERIESRN A . SEER 3.3.26
D step 4 OFIETE, HYHTORAEST AEEL T A\ & LB EHICHT
TEIHRIDIH, BRELTCVIBFALEITRTCOREEEAThITA LT,
BT vy yEOMEREORE—OFERE & & 5.

2CT, AXTE2EGE AT vy Y CHPICEADIHBTCE LS ATATIX
LEELZDL. T, step 12 2%BRAIKC—DOD7T nty yTURETS. HnTdh
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5—D2oD7uky ¥Hstep 3 DMERTA W, EXTEVERT 52, CCCRER
Th—oOREF 3RV CEBICCNERT By F b T 7 & AHRERIH A Y
LCEREBCTWL. o7 vtvy Hid, COMMRT E—2FOFHAA T step 4
DFIRCES T OENT OWMEFAREEZHET 5. E7 vy FRERT—2
OMBEEKAS L, BIOTuty FILLoTEMENLRELLEX LT WAL
W7 2GS RS FROLERTTS. CCTERDO 7 v b b0 AE) ~
DT 7 e ACELTR, ¥R7 sz —n (mlock) & H\CHHbHIET 2 C L aCE
3. '

RKTADY)XAG, BloT ey FRETREY X+ 2ERT U0 L LH
RT OBERELFRICHETTS. DD, step 3 & 4 RBFULEL TS 2
51, PXUBMIKCT ety 3 2EY 4 TTREOTRAMOANT Y RREATVS
BT, ECR~REBHANSEEOTAT Y XA X ) bEHEILBENS L FEEL
3.

3.5 E B

AfiCR, BRLAHEARMES AV AEZRBERCOWTR~<3. $FEEY
kR ZHWT =207 vty FERACARRLE, SHROT vy FEAN
FeMFFIMLERIC DT, FARH ARt % FHE3 5.

RE2FACE LTREBSCHEBELN T DT, FHERES~ Y 4 —
FDEZHDEIC X 2EREROEEI/PE v BRE iR YKICERE, 23k
DOFDEIRERE & B O % BT 3 B0 "7 A VY v 7 RGN, HEERR
M3 255 LTELDRD, CDk 5 AHERMBOMLERE L IROYIKICS
LT—REICAVWOR I REFETCHAVDOT, CCTRACwAW. ¥k, M
Yk —RIBROYHE R ERICF V2 T & BERETH B3, BEEFHICL->T4Le
BEo7BRBBONTLES DT, CCTRAVT VAW

3.5.1 ERINBIZXBERER

ZABA Y F X > TRBE S WcskiRodithE v, BEFELIUGL L Fig.
BAICHIRRT & 5 1C, PARE*BRT 2 ERARL 3 EHBORE VT, ED
2 RICH S B ERE R R L 7. BT, Fl—0 2 Yotk Ve 2o o2 A i
BICHOMELTREL, ChbCEWCEES &5 & 5 Rl EOER <5 A —
FhEZ7. NTFOERCTR, SELCEH 2 0ECET 5 EHERE (CPU BE)
ZERILZ. ABWThoSERD, %X 6 Of octree ZHVWTW 3.
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Fig.3.4: Examples of experimental objects (standardized spheres with different

numbers of faces)

Fig. 3.51c, 3960 & 3968 ® 2 EFHDIRICKH LT, 33MTRRAFIHE 2D
¥%, —0o07ety P 2HCTRROICMEL e HEOERERLRT. @Y
SR TW AT, GEEAERIC X B (step 1) ZFThHh, CoBER
1 2(ms) BECHERET LT3 PRELNCES COWERHABKSZ D
B2 ET S5 X 5ch b, 3968 WORF-LOEHE, ¢ = 45(cycle) iICid step 3 DTHE
octree I X 3 225y E D MR b - T, 12(ms) BBE OMERE R Do CTn 3.
Z L CRHIcEH] ¢ = 72(cycle) €, 1,160 HOEXT7 OREEZ LT 121 HoEHE
TEIEERET 50K, 434(ms) OREBBBETH o 7. T T, HREOERZFH
LATRAEARTZ, AREATROLMA D 0.007(%) THH, step 1 ~3 OET
T CBERAEVRAERTRE e Hbr b ¥k, 90EOEKALOBEIFEL
L5 %77 70RTH 545, BERERBORKESECT, 186HMOE~TORE%:
LT 2l HoEET 3 EERET 50K, 126(ms) ORES=Bo k. TOHEE,
SHEEDK0.02(%) OET7TICH LTHLIBROREZ LT3 LTE .

3.5.2  AEFMIB(IC & BERER

FoERT, BIFEESS O, BHREREORMERE (3.3.28i0 step 4)
TH3 FEE —ooT vy vEAVCRRLEORS K, EERERHORER
it = T2(cycle) I step 1 22 4 ORMBICE T 2RE 25T 5 &, Table 3.1
DXH5REETHoTk. TOEIDLD, D 83% LB D UHEREIZET 5 step 4
OREEMWFEL, EEbT 5 L BEONERE*ERT 2 L l¥bhd.
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450 i

3968 lfaces
400

350

300

250

computation time {(msec)

200

150

960 faces

100

50

60
t (cycle)

Fig.3.5: Computation time for each processing cycle for two standarized objects

by sequential algorithm

Table 3.1: Computation time for each processing step

Processing step | computation time (%)
step 1 0.5
step 2 ) « 2.4
step 3 ' 13.2
step 4 83.9

chicw L, MEBZEMIEL CE#HIEEHEE L w5Z2Hbd 5. k& sFEE
BRZ R 5R5 1B OFTHEHERS 2w HETR AL, step 4 OUERER
ELT, BMckRH ¢ KBl 3 2 o0HEEOTHEZHRS, L niHEIELLR
5. step 4 ¥ COFHECEEIBRL BESONERE O#E Y Fig. 3.6iIc7T. X<
%, Lk &F USEBRGAT 3,968 EoF itk (BR) Bo@EE%2 X454, 3.38C
MR HHEIC & 3 ERE % Method 2, % step 4 ® &% Bifli AT D RZELIEIK
BEX G X 5 BRI % Method 1 & LTERLCW3. ML ORE
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HECEERA HE, 970 (ms) CEHREEZRHETE T 525, MEERRNOYA
BloWRERE L TBIHEDD.

450 - f
Method 2

400

350

300

computation time (msec)

250

200

150

100

Method 1

50 i
S

0

0 20 60
: t (cycle)
Fig.3.6: Comparison between two face pair tests: computation time for each pro-

cessing cycle for two standarized objects

BNATAMBESTINE I L FERER

¥, A28 TRRAEBNATOBENF| 7 =) X AOERERICO TR~
3. EXRIUL, A—oftkiekZEmrofyaBic+oM L ciREL, ¢
NOCEWCHEEXES L5 Al FEREOEEH N X -2 2517k BERERH
ORMEANC 330 5 UBICE S AR (CPU B %, AT 37 vey 90
BE1HH12F OB ETEHBAILE 3,968 EOKFEL, 960 oK LSS
OfER%E &« Fig. 3.7, Fig. 3.81t/RF (B9, static AL TH3) . 3,968TH
DIRFELDHE, —oD 7 vy ¥ EMHEML B ICIEH 430(ms) BL TW»7eds,
Tuly $REHEMEES &L CMERREESL, 12807 vy 3 VA
6 120(ms) CEEERRITE T3, LAL Y oty 30k 9 MY Eicie
LTh 2R EMEREAEHETE ChAWn
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450

400

350

300

{oesui) swp uonendwos

250

200

150

=,
..

IS oot
100 O e ideal
—|dynamic

50

0 2 4 6 8 10 12
number of processors

Fig.3.7: Computation time at the last cycle of collision detection for two stan-

darized objects (3968 faces) by parallel algorithm against the number of processors

BRYART S ABESINIE (2 & 5 ERER

T, 3ASHTRRZBIMEMIUBRFI T A=) Xak, ELAURHTE
B eftiR% Fig. 3.7, Fig. 3.81c/rd (7, dynamic ¢ LTH3B) . 3,968
, 960 HFThoBadd, SEERLA 2EEco vy FcHLTH, £
- OBNAHOBENFIT AT XL XD DEBNATOEEON M ERICEER R
HT&Tw3. 3,968 HORFALOBE, 11E0Y vty 3£ L ABHEC 80(ms)
TEEELERH LT3, %2960 HORRILOBHE, SEO S vty ¥ ClEHE
337 vy 3oBNcK L CAEREGEFHCEOL, 8EO 7 vty +C 27(ms)
CEHEEZBERHLTYwE2, SELLES vy 5 28inX ¢ 2 & Mic PLEEEEE 23
LT3, Thit, BHEHIBREOBFITAZT) XACKSRTE vty ¥
PoDRBEAEY~DT 7 e REPHAHML 572D, ThbOPMBME L N2 ZAL
77 —REREZ DD DICEHESNBE LTI D LELLNS.
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8 120
3 \
3
€
5 100
]
2 \-=
tab 80 “”'.
S 60 — A\,
0 ......... e —static
......................... dynamic
M — e ideal
20 -
0
6 2 4 6 8 10 12

number of processors

- Fig.3.8: Computation time at the last cycle of collision detection for two stan-

darized objects (960 faces) by parallel algorithm against the number of processors

36 BX

AEicr, 2 BEOBETRNONIIT A=Y X LAOEBRERICOWTERT 3.

3.6.1 BERCEIIER

SAHTTRARZWFIT A=Y XoTlE, WFhdIHFAEI ZFHAL T vy ¥
BoBE2To7% LALERER o7 vy 3BEFARCIEFAZIRCT 7%
2T BCLRTEARVED, —OB{EAEY) LOF— 5 %S /| FE LT3/
Buey2%hl, O7eyIDT 7R EHETANWE S CHHBMERFTS. o
T, #BEAEI %27 7 AT 5EHAELZ - EHFULORIREEIHT 5 KK & % 5 A8
HXRDH 5. 4, 3.3.2(i0 step 3 DABEORER, PHEOEMRTHEREL LTRWAZN
TWRERTREY X P EERINWIHRE2EL . T2 L BHAEFNIEROLT]
TAY RADEE, ZOUFMEORECRERTREY X FaBEKCER LT
30T, Tty dhbEEE PEIEEA®Y LOERTHREY X +23E T
v, BLPOHERTDS L pHANEFELCWIE, ZoRMRELRVIEFAEY
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LB 0T, BEtPpERA ATV T 7 €T LiChD. —F, BINER
ABBORFITATY XLTHE, BXTHREI X P2ERLASLZOERERY
HLTRET 20T, BMURRCREE 2P+ pE#XEAEI 2T 7 ¥RF 22K
5. o CEBMAEFSEEOEFTA =Y X Ak, BHAFIEBEIOWEFT A=
JRACHRTET vty FhbORBFAE] ~DT 7 e AR 520, C
N b OB ICHE R A5 tEL LN S, BRI D 3,968 E WAL DR
&, B ERES VEROBKELICE, 1,160 MOE T olEE L 121 o
| BEEABRHEIATRE CoBE 1 BoMEORIC, BIERSSEONFIT ~
=Y XA 2,441 B, BRNAHSEBEOSSE 1,281 H, #FAEIICT7E2LT
whTtickhs.

¥, 1EC»23BEOREOEEC A3 TREERD 5. KWHI7TA=Y X4
DE5IC, FHATYEHALTY ney FHOBEEFTSBEN, <2 ERHL
THEAEICTF -2 2RAHAEET 50T, COFECHHIEEBE b LRy 2
Kk eBbhTnd K7Arax) a0 vy VREOERCE, HEAE) %
MLF—% (AXThY) oFfsEL L, BHMuilEE2TAS DDV X F La—
AEERDD. FCEAERTHCAHERIERORISC 7u ey v AL TE
D, Tety FOMERBCHRTAZ LOF— X EZHEEREL, BRELT
AT 3 S ey FREHEME €O MUBERERALL AV EBERAFLET 2 LED
h3. AEROEE, Fig. 3.7, Fig. 3.8%bi, $-10Fo vy FiHN
BT O EREWAT RS & Bbh 3.

3.6.2 BFULOMBI-BET 5EE

SAFTCIRR e TN OBFRERHOWFIT A=Y Xad, FHAKICE 3.3.28iD step
4 DIMEZWIUEL T3, C CCRIFKEBNERIEROT ALY XAKDNT,
ety FEIOBBFBAELEDF— "~y FESL AVVEENASS*BEL, ifFT
2 WFMLOBIREELTHS. b b, 351IHOBRNANEOERRERT,
ZERICET 2 ERE OHS 1 Table 3.10 % 5 Chork. 4, RIC NEDOT
ey PRAT 34 MIOBHERSHOFUET step 4 DUEEWFUL L e BEEE
3. Tty FEOBEEREDF—r~y FIXEET 50T, step 4 ICEF 4L
BRI O&ZS 1/N LY, hoER (step 1-3) IKBT ZHBER] (41, o, ta) BE
fELzwv. o TCDEE, HHFCE2MERE IV G, —2D 7 vty $DL%EMHE
FAL 788 D step 4 DUEREA t, & LT, |

« 14
Ty = t t —
N=1t1+1t24+ 3+N
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ThH2bh3. Fig. 3.7, Fig. 3.8TR, vy VBN 2B X &t T,
TSk 3,968 & 960 DYIAEIDERSE x IKoWnwT, LoXTCEL bR BEEIFETRL
T3 (B, ideal 2FLTH3B) . CoffEid, 3426OBHATIEEOHFL
OHECTHETE S, ERLOBRETHILELDNS. ERIKE, #E A=Y
TR LADFRRICH—"~y FHBELLZDT, CHOEXD L oK
PIoTnd. %k, TuotvydEAMTCONTIDF— N~y FHEEMT B
LAFAEXN 52, Fig. 3.7, Fig. 3.81%, Z0EBBOBRELICELTWS.

3.7 3EDELH

Db, 3 RTEMAOEELRROESIARORET Y, HFEEEEHAVS
LI E->TERBCRET 3 HELCODWTRR . 5§, HMEREOERRET
HHELHEE D 2PREOEREE Bk e a{, EBRCERERSEL 2ERCR)
WHICKEF B AT AT Y XACD T LA, AECl, ChEECERIC
BifeX 23 7%®, Tuky PRIOBARIBOELGTBRR S 2EHOENT A=Y
RXLERE L. B EHWeERCR, ¥F—207 vy 3 EHNVTCH
T HRRIICHLER X & A G50, 4,000 TREE YA OBERE %, 434(ms) TRHET
&7, BICHFIT A=Y X L% AT % D MIMD BoOWFIEHEREE AL
BEifT\v, 4,000 HEE OB OREE %, & 80 (ms) THRHITE ST & Lk
B LALASFFITATY RAaCciR T vty 32N T3 MEEE M
ELAVERED oA Chid, BEAEIEN LA vy FEOBERFLER LA
FYITEHEoTVEIDLEEZDNS. Ty PEOBEFRELTCAYy -V
Ry vy 7EFIALCEER, SBAT)EVORERY, BRokT—%77F %
DEBDOHFIT AT Y XL ERE LTV T L BESHBROBFETD 5.
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octree LRT ¥+ ILigER LV 3 RITERIIR
BT ORIRIRE

BAD~NY 272 —RPEKELY, SRTOBNERELBET e Ry Ok
DORYEA P OB L RBHEOFELRET 5. FEL, vury b, HiEEEY,
BEEEYOBEF oS COYkE, *OEBAREEE R AT 3 € & A < octree T
FHL, BEEYR2FET octree D black node #FHHEL ULCHRF v v VBT HER
LTehzfATs ek ) SRTBEIw Ry + OBEEYICERL 2 WIEE LM
EE2RRTE AECBIFIFREEAHFEORIEL L LTEHTE 1),
F—ZWFHTATY X b & UCHSCHEFILEIC X 3E#EIEE2H S C L8 TE 3.
W OBDORRBEREBELT, BEATATY) XATHIRIERNC CGRECHEET
375, WROMEEE A CHBEEC) 3RTOBNEETORBAEEINS
TERART. ¥, REOEHT LREBEROHERBCOWTERL, AFED
KR & R 2 AR T 5.

48
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4.1 T &

BAD~NY a7 2 —LEKREARY, SKTEBEHTIE8Rr Ry  OFFRIEBRA
Kh->TETWS. Chboufy  OBWERER 2 KTHADO XN X ) SEEET
P30, BEREHRENSRD OIS, BhPLKPICE S BEEYICEEL 2 \vE]
BB, b B coRBERREL & 5 & T2REEHEOMBEIK D, 2KRTOE
Bio Ry ML ECHRPAFERRD NS, REHEZERBE 2Ry  OFEA
BaEBEE: LT £ OBfREASINTE & [Lat9l, HA92a, BN 93] thboZ
(i, BC2RTOFEENFEL LTRVRREHMIT C L 2#BEIL TS, 3K
T 7 k2 ML EORTEE b DBBHCK LTS  ORHERMR» 55 € & 25461
EhTwnab. ,

KF vy e VR HnET 7 u—F [MA85, Kha86] i1 FEHAHED 1 oTH 3.
REEH b DR & BHH~DE N2 R B F—BTHEETF Vv A ZHWTER
L, #7 vy« AORMEMS € & IC K o CHISHICER L % HIILE 5 b HEY
HiECORBEERT 5. BEEYIOORNEETRT vy vy e LTRS BMAR
b0, BEEGYNNBIRTINIE L ORFEREH» b OIS U TEFECEDT 5 X
5 hEABEFAVE b DTH B (Ko k 4E [HAI2D]) . L LEEHG ORISR
CHRONE, CHEERORR - BROMKOBECHE L THrbETF v v ¥
AEBEHET B L NSFERMEE DNDEC EHEEZNY, —RCHEI B2 OHkD
BOEE EFR—ETR AL, CRBRRAAERT v » VBER~DLT & Ao
T,

quadtree % octree %4 Y FEBM AZMEISEEC X > CREZERTT7 7 u—F3%
REMARFECD ), PROCERELERT 5FEL LTHRDRE C L HS .
LaLAadED, —cBEIT 524k % quadiree % octree Z VW TEER T 5 D2 HEE
TH B, BHREYL Ry bAMOBIEREEY) & B o 2 RER S B
WHNBT EHEN iilduRy boBRE LT, HLPHIEEELTHWH
[KD86], fiuo> HifliZATIR [Her86] B AL AT % i\ 7Bl [NNABY] 4 L 43d 5.
WFROBED, vy F PBBEEYIhoORILEEY & B - 2 BREBHE
BRAVON TS, BREEHOTADY X LREECARD, ¥ —HRNAER
B COFIRDHEL % 5. |

ARETE, vRy b, FILESY BREEHOREIOSTOYKE, T0E
BYRIREME R X B3 % € & & { octree TEBR T 2RBEHOLELRET 5. HEY
3T octree D4 black node 2#H¥EL LTHFT v v AEEFHERL, ThEFIH
LT3RBEH Ry r ORBYKERELAVWRELFAEE2RET S wioho



50, 55 4 2 octree & 857‘ V*/—\'ﬂ/%%:‘ﬁﬁh?’t 3 IRTCEIRIEREE C DR

%%%%%ﬁbf,%ﬁ&?»:)zA{%%$WK3ﬁm®%%%%T®%%#
FBHINB T ERRT

4.2 REORHE

4.2.1  octree (— & DEREORE

octree IC & % L Ykik, 2HZ2E]% root node & L, [EKREN% 8 FH XA KT
FH XN 5 [Sam90]. £/ — Fi& white node & black node & J =AfTEh 3.
white node Z5EEICHHEADNEDOZERFZ R L, black node ZFEEICHHEDNERDZE
fiZRT. %5 ThVvnode (kNI LENEOMHIC ¥ 2235 228 % R3 node)
[t graynode & Xh, HohULDERDOLNABR/NDORE XICET S E T8 DDF node
ICoElE 5. octree IC X > TREEWEREETIE, vwfy FOYNE & HiGH
IS EEYICEEL AR, BEYE 5 white node DML & L CTHRBICH D
baceicks.

B oI EEY Y FEET 3FER L LToctree (¥ 41T 2 IRTTEHECD quadtree)
ERVIBIEZ . quadiree & F\» 7 PEIBRY 2 RBIBIERFR TS [KDS6] 1% quadtree CF |
HINeBIEBEET COFEREREL TS, vfy FOBERRGEHICREX
h, ¥ABEEEDLEUCEMNARECEFIACE A v, ¥%, FU < quadtree %
B R BRBERBUICH 7B [NNABY] 3 5225, AR CEB EhAury AV
TWw3. octree ICFET\nicHEk [Her86] dI|WEINT B2, ik VB ATECHE
EBEh, vy FOPRARCHE R CEABREMAGDELDDELTELT
V5. REEYIOER)H5E4 I BN BB T octree % VW CRIEER ¥ ko %
BI[FS89] 3 H 275, kY vRy roBRIEAE LTHRDIS. ChbOBIRRT
X 51, quadtree % octree % FREBHAZZEISEREC X > CHRIEZEE T 5 h5ikC
% mEy FPBBREEYORRSEMA D 0> cifho bR HwCcERI L
5 BiflfI5%E <, BNARE~OINHEEEETH 2. vy b, BILESEY B
BifEEY DL T% octree &\ 5 A CRERFETEL T EFIR RS bR\

octree {3 3 RITEF OB ARHE L LT—RAAFETH Y, octree F— X
DERR, EHak ¥ OBECEL THZEL OB ATEIEE IR TV 5 [CHSS, Sam90)].
octree B X N 7 YhDEBHC > T tree 2 EH T 3 HED W O BRINTH
% [AN84, WAS87] 235, HT AR STTHB, RO & [FERIC X D octree %
SRR CEF T s TFHETR, WROEE (K¥E 44icEALCb D LEL) A
W 1 [E247 b 3 36(ms) OFIEBEREC, 8604 D o black node LRI 2
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PHAD octree DEFHZ5ET T B L BHEI N TS, KETI T D octree BEF D
HiEEFIAT S cLick b, EEA—RB RO v Ry b, BEREEY, BEREEY
OBEROETOYEE, ZOEBWREMEZXAIT 5 C & A< octree TEELL, &
Bi2sBEI X NIX % D octree REL 2 EHT 5.

4.2.2 RFI T I

RFVE e AMGEHCET 7u—F3%, BEjefy r OBRBEROGEL LTS
 OBFZH A E T % 7z [MA85, Kha86). BEEY b DK & HRHI~DG[1% X
HI—BTHEET v Ve rEAWTEBL, £7 v vy r0RHEERS CLCE
TREEYICEM L 2 WEIIME? b B cCoRBEPERR T 5. MEAEE»D
S OBECACBREYEL 0T, K7 vy v LOREFECHLTHEL OB
ABRLNE. 2 z2@BBHEF v [RE 83 R, 777 RDFET v+ [CBIO,
ek 03] 2 & 2B B3, BBEDORS, 777 ROHEXEBERT v v A RE
B3 5 DICERAERER 222 LS ERED o 7.

AR CR, BEEYHIOORNEETAF v+ ADSH, BbEHArdOD 1D
& LT [HA2D] THWwbR T3, BEEYORIERN b OIS T CHEHKC
BT BB E A3, 3KRTEEROROKXT v v v rlt, RROBH p,, £

WTEREINS.
1

Poa = S S (g + )
L, gi i, MEEOBHERIEWES (N, g <0 ANERERT) , sik
B AV IO, SBHBECERTHS. p,, FEBRONBCRKME 1/6 %
&b, SHEANPTRERCKES L BT 5. coBK (4.1) CREBR
 WBRTH ZBERD 57 d, FMOFEBOHEICE T h R ERO NI OREC
DELCrbRT VYV A REHETIRERDS. L, — RO XA
DUKDBOR A ERBE—B TR, CRIIRE R ATV ¥ v MBERA~D
e RoTnr. |
R CTEHRAZ, BEEYEET octree DL black node R F v ¥y AEHEOEAE
Rel, B (41) 2HCEBESKDORF vy v MBRERT B e LA LA
BoTERM, o s=6TH3. octree D% node DIIRIFILFHHETH % 2,
F—RCREILZGHR 2 EFoRLMOHEBTCH 5 C BRI TS, L
TeBoTHRT Vv v VMBRFFFCHBEAHECHATES. T oBRAMER
BEOEYEBELE LTERTE D, F—2HFT7A=) X4t LTES KIS
MBI X 2R b LB TE B.

(4.1)



52 . B54 % octree L KT VY e ABEAWE 3 RICENNEREE C DR IR
4.3 RERETEIOFER

vfy t+, BILEEY BEEEHOREFOSTOYMEKE, octree THEL,
(B % 23 octree D4 black node Z##HHE & UCTHE X WA KT v o v VS % T
B L U CRIBR T T 2 HELDOWTR~ 3.

4.3.1 octree KRB INE-EBROEL

LIT Tk, BERORYHAD octree FHL & FN FhOME & HAEIRFEHTH 2 D
DET 5. YED octree REEVER T B HEL LTIX, #7127 CHRBXNERL
BEMEE G A & v v EHR & 2 IR T 3 5%, SERERA SMOBRETS
R L BT 3 HEkh & AEE X T\ 3 [CHsS]

octree REL I N7 BEF oY (vRy +, BEEY) GBS (L EE) 0 5
A—2BBRENE L, ZOYHEAEZERT 3 octree 2EFHTI3RERD 3. T
1%, FEEOMELEHEEIC XD octree ¥ EREICEH T 5FEL LT, AR sET
BB FEEHA L. COTA=Y ZARERBGICIE, % black node fEIC i & [H
BO< M) 72 EWBLCThOBOAREZERL, REBECChbE2E2EbE T
D octree FEHEVER T 2D DTH 3. ZOEHEERIITOD octree ® black node DHIC
HEI3 5 7%, KFRIL5I2ITIRRD, SLbNPhhErid>TX hDARVED
cube TEEF 3 & 5 CEMERS 3 HEAFIACE 5. % b KRN AT HKOZK
EHERDOFEZBAL, ¥k 5.448i0, HEO 7 vty 32 HnAHF| 7A=Y X
LB FIFCE 3.

4.3.2 RFTwIIBOLR

BEY D bDRI L HUHA~DOT RN F—BTHERT Vv AZHWTE
B35 BEYILOORNERTRFvI v 2 LTl BB IODLIDL
LT [HA92b] THVWOLI TV 3B Z v 5. BEEY % E T octree D& black
node 2 K7 v ¥ v VFHEOEARTER L L, BBEXERORTF v v VB R ERKT 3.

&% j Otk O; © i BEH® black node B;; 75 3 RIGEHEFH DA A(z,y, 2) IC4E
RIBETFvver%, KA (4.2) EHWTET

Pmaz
Pi=T, (4.2)



4.3. FERETEDOHE 53

T,
9(z,y,2) = (20— 1/2— )+ |&o — /2 — 2|
+z — 20— 1/2) + |z — 20 — 1/2] '
+yo=1l/2-y)+yp—1/2—y|
+y —yo—1/2) + |y — yo — 1/2]
+(20 = 1/2 —2)+ |20 = 1/2 — 2]
+(z—20—1/2) + |2 — 20— 1/2]
Uy Pmes By BADRF vy oA BETER (%0,%,2) & B;j OFDEE,
1, B, 01ToEX LT3 oG, B,; oONETREKAELRLY, AEcr
B;; &b DEERERHEAT 5 o CHERIcIEA T 5.
RACEGBRF vy e rlt, HEEETHES ¥y + L ORPRASEL R X
5iCF %%, &2THD black node HoFEINEZI KTV v AOFEKEE LTEX
6C;_;}_-§‘5. 2¥Y, m % EEY O; 2FT octree D black node ¥, n % &
BhRoBEEHORE LT,

(43)

Po = Maw {phj}'

(4.4)
(1<i<m, 1<j<n)

%&K,B%ﬂ«@ﬁﬁ%i?ﬁ?VVw&kLt,E%ﬂ#boﬁﬁmmuf
[EAMFCHINT % (4.5) RTEL OB ERF .

Py=Cyflz — a2 + |y — gy + |2 — 22 (4.5)

L, G(zg,y4,2,) REBRHOEE, C BERTHS. AFRXTH, RENOXR
FYL At LT, P, &t P, DB/ECEINBZEP i L LT 5.

P=P,+P, (4.6)

BERRZERT v v r VEROBRER, GHEAHEOBRIKRL L LCEBTES

e, F—FWFITATY XL LTEGCHFILEC X 5FEEbER S C 55T
%%, ¥k, TOEHEBERTD octree ® black node O BT 3 2D, 4.3.18;
LFIEE, G2 oNZPEZRD > TE VDR WEONFHTEIT 5 X 5 ICEMRE
BridrickoTdh, bICEHIEEHEC LAETE S.

4.3.3 EEROBER

SRITHFEEOFTr Ry F OYHILED b B~ & BllE % & U REEY) CF
LA, B% D& 5 (white node) DT & L CRISRMICEERT 5 C & 28



54 B4 3 octree £ RF v v LBE VA 3 RITBIEE C ORBER

CEB. CLTT, #FVLerd 10 node NOFEIE SHHETS & LcFIAL,
BEEABE L A B ABESETH S C L RbhoTwhY, BABLERECE
BRERT 5. WEEH BT 3 X 5 ABEREEECD 3 EREEA D BB ICH,
Bl A2 OB white node 5 5 ¥ D node KAIDBZLIFL WA LUZB D EYHN
THRES 5. Fig.4.lic, BNERBECORBEROFEE T

( start )

I extract environmental map |

changed ?
No
‘ Yes

I update octree of object |

| calculate potential fleld J

| search for path |

Yes

move robot

Fig.4.1: Control flow of the proposed path planning in a dynamic environment.

4.3.4 —BHEOEy FOEEE LS

ADFFECLE, HLiRA &Mk ﬁfc%’ﬁ@ vRy b CEAL, octree FEBXh
e—Roun Ry rEHVE. 22, oE 9 k@ octree FBL D4 black node 2%
EET AEMORT v v v MEOREEE, uRy FOEBIERD 3 % OIS
BELCTHATS. cotil, vy FONEEBICREEL D dEEBEEAE
FXTw3. Lic#oT, ufy IEEHCERL 2 ERE, 25 LoliEE
B0 CRRALIS LT3 b LohickRBInE, ERAD leaf node 1o
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wC, HEZEAS. 5L TeRy PERCVEEZEET 2B KK, TOMAE
YEEX e THELC LA TE S TR, LoRMERERER/N LT IEEAELR
D) 525, BERRBISRED Y, FEHRIC o BT & OBEBR 2 AR It L CFH
EZHEL, cOoFLbdE LENMERT RN EIAEELERT 5. octree
BHixhuRy ol s EEES0LDIC, 4.3.18ifCa~<7% octree DEFHIE L
A CFEE R 3. | ‘

4.4 E B

BRLAFHELANCT, BB B 5 —BIRO w £y b ORHE
Rk > e ERRE R LR 5. BIFRMICT 3700, ¥ 2 RTOBSICK
T 3ERERZ RN, ZoB 3 RTOTRBECKT LR LIRS,

441 2REBEICHTIER
BB B8R

2 RITTOBINEIECEREThok. CCTHVWEwRyY MiFig. 4.21KRF &
5 AR EZ LTw3. [T quadtree T2 bhen®y FoRIR (EL) &, ¢
Nk 30 EFOMEICEES 42 bDRRLT RS B2 vy b OFHEIE (start)
L EfH (goal) BE L DNB L, ¥FFRF vy v APREET 3. Fig. 4.31%, &
BINART Vv v LiE BRCHD 2 b OTH 3. HnT Fig. 4.4 ZORE
PRT I, EEHCEELAWREIERINS. BT}, % quadtree node ®
RF Yy v AEZBRTELTS. Thdb, BuaRENFF Y e, #Bnf
BEWRTF vy v rOEXEL, FIHMEL BN OR DB E (BEB5)
B ONHTH S C ERRLT S, nRy F ORBERBEEYICHEZE L % - white
node DWW E LT, ®F v ¥ v A% FHEBME LARBBEERECEREI L
FRERIC o EfD D7z node XX X N7 node Z/RL, T b S LRI,
RIEEFRT node DR LBEET 3 node OIETOFEEERL, BKMICRKR
ShRRERT. BEHICE—BEARBI 2D ), TOWIEEETES X
SIcaFy tORIEEREEILTREC LB 5.

BRIRBE I 5ER

Fig. 45KRT 5K, LOEREEZEE-ZFBRDO Ry % quadtree T&H
%, BIWBBSICHT 2 BB FTho%. Fig. 4.6(a) DX 5 KEEYOREL, »



56 8 43 octree & KF v v v A%V 3 RITBIMVESE ©ORBRIER

J_aa | ath W
o | T JdI TR
q h N T
e . H |
L—" ] | I‘ I m
__ﬂ_ ‘ [ j E: ":‘_1' |
:E . L:; g

Fig.4.2: An experimental robot représented by a quadtree for Fig. 4.4. The upper

left one is the original shape, and the others are rotated shapes of the robot.

Fig.4.3: Generated potential field for the given environment in 4.4.1.

Ry FORHNE L B2 52, BBEROERZBEMB L2 cc©, BEFo
ETOREW LR Y quadtree TEBHIN T3, BHBELESLL LT, T80
REBEEPHIBB L LSRR R LT 5. COBRARKREE S & LT Fig.
4.6(b) DX 5 CEEXESH L, BBERYET . BEWD quadtree THE XA
fwémf,%@E%ﬁ&ﬁnﬁyFmﬂféﬁﬁaﬁ~®$mfba.i@%%
& [ERR, & quadtree node DEF ¥ v ¥ LR BIKTHEL, vufy FOREBIERF v
e MR EHEREE & L el Y BRI L. FREIC o EID D node (HiE
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GORL START

Fig. 4.4: Experimental result of an arbitrarily shaped robot in the static environ-

ment of Fig. 4.3.

TXNk node ZRL, THOPERLAATREZOOEREENRRERT. v

Ry ML, Fig. 4.6(a) DPREOK & ZREBHIC L > TEBSBN TS 2D, H

R ERZ Ao e dt, BEEWHEBE L 2&ERFN (b) 0 & 5 ik B ~F2 58

BAREE N L L—EEs 25D ), COWHLMATES LS ko
Ky FOHERELTNS L ERbhD

l o -
fH n+TJ L
, & L

(a) a given robot (b) 30° rotated  (c) 60° rotated

Fig.4.5: An experimental robot represented by a quadtree for 4.4.1 with rotated
shapes.



58 B4 FE octree L ERKF VLV AMFEEHNE S Wﬁ%ﬁiﬁ?@ﬁﬁﬁigﬁ?\

START - GOAL START GOAL

(a) before movement of an obstacle (b) after movement of an obstacle

Fig.4.6: Experimental result of an arbitrarily shaped robot in a dynamic environ-

ment.

4.4.2 3RITEBICKTHER

SRITCEIE I T 3RBRE2fTh-%. %7, Fig. 4.7TIKRT X 5 I octree THEH
énkﬂﬁybéﬁhfﬁ%%%®%%%ﬁ&ok.2mﬁ®%ébﬁﬁ,ﬁ%ﬁ
E2ZbNBLETHEF Vv AREHEL, 20BRKLERT 3. Fig. 481, »
352 DN HIWERBICTT 3ERRBRTH 2. LT, 2TOPRREXS D
octree #FHWTER I N T3, CoBREPOEEYD octree FHIT-EEF 981 @ black
node DB INTED, Ry b ZEIHPREET 74 ® black node 2 bR X N
Tw3. vRy FORRITEEYCHEZRL &V white node D E LT, 2T
DHE LFERE, FF v v VBRI & L AR REBEERECHERE L XH
KFERL TV 3T, BE%EFET node OFFR EBEET 2 node DILAEDHL
ReERL, BRHOCRAIN BB 2 ~T. HcRdFERTE AV, BEPi
—HWESRBSED Y, TOWHEFEBETCEI LSRRy FOFEEELTY
5. REBRCRHRDO YV — 27 27— a v (Sillicon Graphics Onyx) % fl\vCE&%
fikok, o Fig. 4.8DBICHLT, #7 v v AREIC 2.8, EBOE
Ric 4.7 HOFEREEEL . |

Ric, AFEORMELFREAZHELICTE 42D, IBEOBMWEEYHEL,
B ICHHAE & B E 52 ¢ L FRCRBEROER 2T, FFvvrn
Fetk L RBOFRICET 2HERELHE L. BEAEE0S S5, HEWE3 D
% Fig. 4.9, Fig. 4.10, Fig. 4.11CRT. chboBEEREhEh, 2,689,
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303, 1,777 @ octree ® black node HHRE LTS, —i (Fig. 4.10% %)
13, Fig. 4.TLBEAR > ROBTFEIO Ry b (FIHEHREET 115 @ octree node
P OHERR) AT HRBREROERYTh o, FHAIL R % Fig. 4.12iCR
CF o7 IR, BxRBEOBEICT LT, TOHROEEBYEEET 5 octree
node ORI EHEIC L Y, FF v v v ARE L RBOBERICET 2 5 HRE % Htih
KEoZkdDTH3 TurZsrdREbrBohcbdTldil, ¥TDL)5
REEREORARSID ) A AR ERERRLTH B OERAERT ORI TRSD
235, BHEAR O octree node DRBICBEERFI L CTEF v ¥ + L OFEKET 3E1HE
RNl C w3z e B8bh 3. —F, BREBOERCET EHEKRER, vFy
FoEIEY, FIURE® octree node DI TCHERINLEETY, BORAEH A
FooRy FAEEET 3 BERS S ERE Lo TAE HERENED 3,
RiEF D octree node ORI L <BERERHIC A 5 1CDOh, 3‘%‘&&:@‘/’%‘
HEE2 52 &5 AEAB RN 5.

(a) given robot (b) a rotated robot

Fig.4.7: Experimental robot (space shuttle) in 3-D environment

4.5 REIESHRDRE

SEERIC SRTBIIRE 2B & [ 2 HEBB v £y + ORBERICHAT 2 7Hic
R EoEBEILENSBESDD. CORPDARMITR, RELBBERED
BRI ORRICO TR 5.



60 55 4 T octree & K7 v ¥ ¥ MFE M\ 3 RTEIMIEEE CORBER

Fig. 4.8: Experimental result of a robot (space shuttle) in a 3-D environment having

1981 octree black nodes

4.5.1 RFUT v ADREICETDEHERE

BB I T 3 RISIERLRICET 3 HERN G, BPERESYoORLBEEE
RECHYEFET 20T EMICBRBRTEANVDT, CCCR—BBREREE -5
GOBHRECHT 2RBERCOWTEL 5. BBERSKCET 3 5 ERER
RELDUTRT v v AR ERBOTRCET 25t HREOME LcELZC
EBETES. TODOSLRF Vv AOFEEN 4428 0OFROE Y, RHRAYAEER:
FCHELZRTLTwE, CoftERE%2EbICERT DR, TAZTIX
LOWFUEREZE L b D, RRLTHRELAFER LB KT v » AREORH LR
[k, Fig. 4.12CHRULZEY, BIEEHEH D octree node DEICHH L <HlN
T5. 432 TRR KT v ¥ v MEROERIL, MIMAFEORYELE LTE
BC&27%®, F—2WF7Ar=y X6 LTESCHFIMEK & 25E LM
CERTED. 0% Y, EEHOLTOREEYDL black node DRTF V¥ VERE
BHE%E, ThZThBho vy yCABCHELLS LW bdTdhs.
Cl, BT Ry FIEINBE T vty $C L OHEERIEEA—CHD L E
XAoNBDT, MIBEAERFEE LT, & black node #3iid > C& 7wty
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Fig. 4.9: Experimental result of a robot (space shuttle) in a 3-D environment having

2689 octree black nodes

CHBHCH VB> TEHERELDNS. SNHEOT vy FRDHB LT L,
comDiZBHO vy HiX, ¢, 1+ N, 1+ 2N,... TFHD black node %17
b, thbo blacknode DERF vy v AHERZIBRC AT LA S, ThiCX
b, WFIBCIECTHR ) OERIEARN B bDLEL DN S.

¥ 7%, T OEREITO octree ® black node DEICHHIT % 7, AFRFER
XDERICBVEX 43 DKL, TDnode DHEBAEX L2 LHIEEARHEBA L
k3. DEY, HXbhAAENS o TE ) DOR RO HEOBE RT3
L5 CERERTICELE->TYH, XbicEELEHIcLMBTES CDES
RIHRDOESL, dRPL—TOEIN2™ EF 2R A S octree TlEA WA, X H4
B HDILHACTTREIC octree @ black FIBE HN—F 3 X 5 AMHEOBETH
3. BEABKRCTRNORDOINGEROEG,, ETOBFLOWTERT ST LR
HREETDH ) ERWTAR VD, AR 5.3. 26Tk~ 2 P IEL OBOISLHERD
BECERTIHERFIATI L dELLNS.
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Fig.4.10: Experimental result of a robot (chair) in a 3-D environment having 303

octree black nodes

4.5.2 RBRBROBFRCETIHEEE

—7%, BEERSECET 2HHERE DS b, REOFERCET 33 EREI-o
Wb, F1g 4.12T/RL7GBY, BEEETOEEY D octree ® black node
BB U <8N 2 EM AR bk, BEEPOREEY D octree @ black node
BT B 2 B F L SBEAEIC R B L IRE ARV, —MIIC, BHO oo
tree node ORI HHEIM L TEREREHICR B IKON, BEUhZORICHALCE
WERRIEIS P25 K5 R D LS.

RIfiCR+oA2BEO Ry 2B T2 C LSRR DS EEER P TA -
Twany, BEBOERICET 25ERER e Ry F2FHT 5 octree d node ®
BICHIBISHHIT 3 2 FEERZ. TOEME, 434HTRRZED, vEy bD
‘octree FH D4 black node HEHF B LD KT v v v MEDBRSE Y, wXy b
DEBYERD 5 D OFHERE LTHAL T2 20 TH3. 20kHELAL
E5ceRy rOBRE, BidboTI W DAVEONHEROBEETERT L5 (1C
ERERT 2 tickoTh, CoBBEEDICHEEERSCLTES. T
BRI, 4.3.187Cl~_7z octree DEHHE L B UEIEEFHWT octree EH X e
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it

R Oy

Fig.4.11: Experimental result of a robot (space shuttle) in a 3-D environment

having 1777 octree black nodes

Ry + O EEEOEH 2SI TV, ERO T vty 32T LED
FIFD, RRERFEL I DICERICENEX ¢ 5 DCEL LIRS,

LABOEECIR, RKOEXH 5 @ octree #FHWTEREZFTA - 7edd, Bh o
X D octree 2V 3 LERZEEOKRE EHBBILT 270, COFEREHREZERICE
DAhROTHIEIT 2 CLRAFCBEETCES. L tABCDBERETZER L
&, X 4 D octree PHWTEHREFH T, SROBRICET 5 HEREIAY
1/8 1c, M BEX 6 @ octree EFHVWNIT # 8 fE DO EREISBEROERICET 3 &
Bbhs.

Y, KR CRRBECERL BRI ELHACRY, BHARET) —-X77
N AR EL L Ehbh b RTA*[Kor90] %, & bICKISRM AR RAEROFE LB
T3 & HhHBEDID Lhhv [RKI '

4.6 4EDOELH

KLk, EEATA Y X ACHENIC 3 KEBWEECOBB n £y | O
Uk BT B HELRR e, ATECR, m ¥y b, BILESY, BHESNO
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computation time

{second)
o
9 (]
8 .
, ¥ 6
7 /
6 : /

ath explorin
p porng / potential field
5 o o generation___

1 7

4 /

1 D 74

A
7

0 500 1000 1500 2000 2500

total number of octree black nodes
in the environment

Fig.4.12: Computation time for potential field generation and path exploring

against the total number of octree black nodes in the environment.

BEPoLToykt, TOEBRIREMEZRAF 2 LA octree TEB L. %
LCEEY *E T octree D4 black node 2L LTEF v v LERERL,
ChZFHALTIRTEBE v Ry  OEBYICEHRLAWRERLAEEZREL ..
N OLOEREREELT, BREATAT) XLATHRIRIC (EECHIKET
5%, HROHEEEACTRDREET) 3KRTOBWESCORBAREXNS
CERRLE %7, BREOBEEX LRBEROFERBEICOWTERL, ATk
DORhRY: L FRERTEBR L

RECRA A FIEERE A EOBEL & LCHECE 320, F— 257
ATY RLE LTCEGCHFIEIC L 25RIEZ2Mb e BnCE 3. ik, BEEY
R T octree %, Bid o TLX VDR WROTFHEROBEECERT 3 & 5 KRS
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TrceickoTh, CoBRBEIOICHEELEHNSC A TES. T biC, FiE
OERICET 2HERBICOWTd, vRy FEERBET 5 octree ZEMWERL, %
eMFIEE# T A k) bEFEEERSI C e B TE S k4R
HEETH 3.

AFHL, BEYEL eRy FORXTREFALHGETS S octree (2 RTOHE quadtree)
THERBEINTVBE D, TOWFhHCBEABRA S W AHE IR UM cfiifkic
WPEET 3L CE S ERTR EEYRED IRHACBEHT S L i5fERED
HTEBREP TR, EROBE Ry M BFETILVWIEBHTIFALLSK
LCREBPERT 5 L8 TES. 48, 5 o kREIRIID AT E 2.



B b5 E

EBN=E B4 5 octree DERSIER

AETR, HEREEBEZEU—ROEBICK LT, KD octree EREEH T 2%
KU AFEELRET 5. FTUHED octree FH (source octree) 2352 b3 &, £
ROHERZBOT 20, thi X YD nBoOXHRORE CERERT 5. K
ICILF5HR (source cube) ZIFKREL D ZZ L, ZHhEHCIHTT & BEEOCERITIIE 2T 5.
Z2LC BEEHED (Hvik) drhke, HREEREFMCETAILAKE D
REHE T ERUCERYETC 2Kk Y, TOILHEKD octree FB (target octree)
%, BT %528, coThl, MBEORBHEZELWASECRE R, EfALE
THWCHRET 5. 20R REHEORBEBEDI 5 L TE, HERY
RILFTHCeHBTES. ERICL D, RELAEYERNAC L&, REFESETF
EX D DERICUIECE D C L2 MERT 5. AETR, BEFEL I OIERCE)
VX 2370, BROT vty 3 EFANT octree KHEEFT 3 HFI7T A=) X4
YIR/ET S BREKC, YHEROUEEBOLDBEGIKE - T, ICERIC octree 3 F
¥ 3 HECO VTR 3. '

66
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51 B &

octree [Z—3 %A SRR EHED 122 LT, avEa—2E¥Vay, ava—
27974 273A vy rOBWEEEA EZL OB CFIAEh TS 1,
BER B2 OET 5 C Lk ko THROTERER ORE OIS 2BE~FEE ICH
HWICT 7 2RBCTEBR L VSR EAET 520 TH 3 [CHES, Sam90]. T DiFE%E
e, BEGEROWKE FRICE > Ha I, Bk ET HRERR
ML LCHWT, Hx0oPkE Th Eh octree TEHRTE C & HBFn. LaL,
D octree THEREL X Wtk iC R HEER ¥ OBESBE U 2BE, FHOMEL
HEE BT 3 & 5 ICHFEBROHT octree B A EFH L ATRE AR V. &
CABRCOBEFHRMOTIRERE (kt 23EHEEEREAY) 0k 5 KBEMAFE
CREBCES, HERAEBCS RDOT, EREC octree ¥ EHF B £ &
HEECH B L VOERD - . HEEE HEEZEUEEOEBNCK L T octree
B3 3E%RIE A & [WAST, HO8T), ERED 7A=Y XARLWFIT A=Y X LBH
HEINHZ AV

octree BB ¥ BH T 2 —BOFEOHC, wHEELOXZOFREHET 2
BrBacikd 52, BVELOERNESZ WD, SEOMERE % RET 5 HK
BFEcHB 224 5. Weng & Ahuja {F, EREAREHERZEEREEH NS L
L, TONEREAWCIUFTEROEIORZEEZFRS & v o EE A HEAZRAC
HBEEEL TS [WAST. LALAaMHb, B [WAST|TE bhTWwBHEER,
STZAIC I, EREAERRD X b ICNEE G E AW ZEHETH 5 7c®, 28
IGELE LTwB o eichd. ¥k, b&dEOUBALETCR, BRELTRE
% T RENLFEROEGEOESHEMLTLE Y, e LTUERERREL
R\,

KT, IR Wikt EU—ROEBICH LT, Yk octree BB EHHT 5
SR AR FERRET 5. 2T ROERERCOWTRET L, RFICERSC [WAST)
HEORESAZHLAICT 5. £ T OREA R IRIRT 2 LAY & octree BH D
HER RS, FFYHED octree FH (source octree) BEL bh 3 &, SikoFtE
B2 O30, thi XV OhWBRONHRORG CERERT 5. RiKrHk
(source cube) ZIEKREY Z L, ZhLThicHfTe BEEOLEHEITHI%2 2105, 21T,
BEIZE D (H\wi) dHKRD octree X (target octree) %, T DLtk & 5
BEAER R EIC AT AL iR & OREHE R HRICR Y EFTC it X D ERLT 5
2, LT, MEOEDOREZHER, EMAFECR AL, EEAFEEZAN
3. 20RER, TEHEOHREZRIOIEE LR TE, HELHRILT S C &8
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T& 5.

ERICK ), RBESDENAC L L, BRERFESERTEL D dERICLE
¥C L RERT 5 ABCR, BREFERILCERCEEXE3 2D, B0
7rty VT octree BEEAEFTIHFI 7A=Y XA DBRET 3. BkiC,
Bk O HEEBID H OB IR - THRAICEEIC octree 2 FHiT 2 HEwb~<5.

5.2 octree |= & 3Tk & Z0EE)

T, octreelCX 3 3RTHREB L 20BEIC L DARSEGCOWT, #
R AR HEERR .

5.2.1 octree |=& 3 kxE

octree IC X % & ptkit, £iAhZef5]#% root node & L, HKZh% 8 FHEXhi KT
FH XN 5 [Sam90]. &/ — F{t white node & black node LI <AfFF X 5.
white node (ZIFE£ICHERONTEOZERE %R L, black node RFE2ICYHEDONEDZE
F%Z7R3. %5 Th\vnode (ko AESE NEORRIIC & 728 3 22 % /R 7 node)
X graynode L X¥H, HOrLDROLNTB/NOKNE S KFET 5 ET8DDFnode
KSEXNSE. COETFED node % voxel EFELRC L iIt3 3. octree I X 3Tk
Blofil%x Fig. 5.1IKRT. (a) 1k 8 HEIFT 5BEDOF node &S, (b) kBIL LTE
Z2 b7k, (c) k%D octree EHTH 3.

octree IC L o CEHAINATRE BT 2 D ICHRMN A RL v 2 2 HVWAEES,
FREREZ DAY REHBBEL RS, 20H), Lharars + aEREOERES
EBREINTWS. 2D 1238 octree ® DF FH & 3 b DT [Man88], oc-
tree RO LN IFIC 7 & > THL - 7z node DFBEEZIEIK list CHATZ L w5 H
ETHS. i@ 32DEEHWCERER, “(” (gray node), “B” (black
node), “W” (white node) %3 LICF 3 &, octree %FET % DICE node i
D& 2 bit THHTH5S. Hle LT, Fig. 5.1 (c) KRT KL v & —ZD octree
O DF FHEZ, 2¥D L5k 3.

“(B(BWBBBWWWBWBWB(B(BWBBBWBWBBBWBW”

5.2.2 EEI—& HE S octree EHOEKRN HE

WfE & FEER2 S UEEOEBIC & b Ao THHARD octree BH 2 T+ 2 AN A
HEER~3 [WA8T]. Fig. 5.2z DEAFIEERT. % FYWIHKD octree FH 28
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level 3 depth0

level2 depth 1

L] [ | tevel 1 depth 2

) | | level 0 depth 3

gray black white

(©

Fig.5.1: The octree shape representation. (a) is the ordering of octanﬁs, (b) is an

example octree, and (c) is the pointer-based representation of the example octree.

Bz bhd e (Thk source octree (FERC EICTB) , TOKR%ELE o T black
node ¥EREST 3. 2L TCZ D% black node (FBIRIZILFHKR) C & i TEE)
L EEBBOZHRITH 220 5. XX, HEMERZ b X O node 25, FR%
BEBIRZ PR = (ng,ny,n,) B Y ORKEIHEOHE ¢ OEER R &, Fr¥
BTk X' cBELcLT 5L,

X'=RX+T (5.1)

e’ L,
(n2 = 1) (1~ cosd) +1  ngny(l — cosd) — n,sind ngn.(1l — cosd) + nysing
R=1 nyns(l-cosp) +mysing (nj—1)(1=cosg)+1 nyns(l - cos$) — ngysind
n,M5(1 — cosg) — nysing  n,ny(1l — cosg) + ngsing  (n2 — 1)(1 — cosd) + 1
b, MOEER 2 FABB T k- X »b X" KBBT 58, $hbb,
X' =RX +T it X" = RX' + T %Ef 73 588,
X"=(RR)X +(RT+1T (5.2)

DE5K, THORZ br X ICHUCHEE R'R L EABB RT +T' 2#&Xx 5. L
THEDOBE)Y, HIC source tree LFFIENBZITEDY 7 7 L v X octree IC L THIT
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7, EHET 5 EBICHTIEMOBTLREZALBECIC V. (& L EAE 6
FERE &7 RiIC —¢ [EERE &7 & & D octree BHAE—HKT 5. )

Ric, BEZEHEED (k) black node @ octree FBl %, i CHFEERIC
STUCVERRT 3. L {VER & 117 octree % target octree LEEC T D.
CCREILHRE, HRERRERMCTET Rk oxEEY, ZHe
KR ZTIHED RO TIRICKROEE 25 1/2" GO HE~ERIICKE VKT &
3 B eI Ak & BREER B TR AR E LT & OREHEOR
&, target octree @ £ node I, ﬂﬁ@?c‘%@%ﬁ%mﬁﬁﬁf black, white, gray
CHEEND. XL CORTED node (voxel) % black iC§ 3 7> white ic§ 3
i, T7Yr—vavRBUTRET 3. COFERNETATY X L% 2 KTIC
Bi#i{b L, quadtree @ black node REH XN 3 HSOH % Fig. 5.3IKRF L
HERELOREZHEOFIHIE, BEMClid 25482 VB L OEEIELZ ), BRY
BRTATY XL RT3 LRONERELXF LI LB TE S LEHE
DEK G THEC O TRARENSFTHAL, T 5418ChERT 3.

BHICTTO octree D4 black node #» HYERK L A 4843 octree &R LT, Pitkd
ROBBEHBE D octree FEHEE . D% D, target octree D4 gray node KD
VT, ZhbDF node KETRALENE S5 2%2F~<S5. bLETRALALDL, &F
node ZHBRL, ThbtFE L% D node K5 X 3.

5.3 octree OEHELTH

5228 Cii 7 L S ic, EBIC L b A S octree REDEHFOALODHERE, *
@ octree @ black node DEICHHIT 2D T, COEE AR T 3 C & BYERN L
octree BH~DE—HTH 3. £ TL C“C"ﬁ:, Bz b’ octree ZBl[doT LD
Dl BOINGEROBETEET 5 & 5 KERE#T 3 HECOwTRR 3.

5.3.1 MEHOES

octree FRI X N 7Ptk DB 5.2.285CiR~< 7% X 5 IC, EIC source tree & FEFH
5ITD octree 1L L CTHiT 720, LB o> CTHRIMEE LT, D source
tree @ black node DEF M X ¢ T 225, FEBIC L b A 5 octree KH DO%hR
MABEFODICEBETH D LELLNRS. £ T T5.2287CR~ Atk AFIE
PEREILTEHED1 2L LT, HEL bR T B3HYHED source octree (A bbb,
VORI B2 EFORABINFHRORE) %, OB OREBHI & bbhFiIcy
WOBPEZFHLICES CEI RGP R BONHROBEE L L TELETC &3
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[SOUI’CG octree ] _

traverse the source octree
¥

find an octree black node
'

transform the black node
4 .

generate the target octree

of the transformed node

by using an approximate
intersection test

all nodes
traversed ?

yes

condense the target octree

[Target octree ]

Fig.5.2: Control flow of octree motion basic algorithm

B

=l
> 3 e

L L&

a black node of the transformed the target octree of
the source octree  node the transformed node

Fig. 5.3: The octree motion basic algorithm illustrated for the 2-D case (quadtree).

Z5.

Ez bk o source octree @ black node DK% FELICE 5 B/NOE DAL
HHROBEEROU 3 1IciY, BoOBIBEROMTTEEIFCED, coeTola
FICOVTHERS LS HEREELONS. LhL, BEORE L LTRNOED
WHkOBEE%2 Bo0 sER, »AVEETH DAY, T T Tl octree DIEHEE
Bh 3528, BEIKCE DA octree BEREOEHFHOLDIERNTH B & 2RT
o, [BHICHEREZEEE T SHEKICE~ 3.



72 55 3 EEjick b4 5 octree DTG

5.3.2 octree EMEHDOT LT YR L

2 oN7cPHRD source octree @ black node DEE LB L hDAhwn
BOSHRORE R RO 3HEE B3, BONC, PikERT octree D4 black
node &, HFTEEER OBEERENCET A b % SNEESHEE RO 5 (step
1). i, HNEREFGERONIICD > THOR X BEBOINTTHEE R E WH2bIEICHE
KL, CHENEEHERONBTR v T3 (step2). ZLT, TOIXHERTD
source octree @ white node Ojfaﬁiﬁ LT E0EFRD (step 3). HELAW (F
b b, JLO source octree ® black node @%Eiﬁm%@méina) T HEEE D
»5e&, ThEDHBY R L CEHLTEL. CCCRURE TOHEE, HER
BER (z,y,2) DnFhhic k O’CJI[EF?HU"E‘ hTwnd. RICHBF0RY R L,
BT 5. L pDAHREREHAOIEICHRD L, L, OO Hke 5%
LI GRBEEO» 3 & ek L cEEAL. L ONFERELE BT 5 L,
L, iz 52 b NPk D source octree @ black node O * ELICE », HEWniC
B4 VbRV HROMAERE NS, BlLECR~A—HE0 octree FEMEZHTIE
OFl%, 2KITLD quadtree & LT Fig. 5.41K5RF. B () CEZ bWtk 12
f@® black node LK I T3, BERAOK (d) D&k 52 @oxrkk (EF
) KERERIL TS, |

COHER, BEEAEBRTHT LIRPNOBDOINFEERRT 3 b Clihni,
LB (FEBCKRESOR) OEWCEA YV SbhviiikoBS 1T 3.
¥ 5BOPKRIC BT, MIHKO—FHCEAY 2T HRI VDR WE D
FEROBEREAONLZC BB hd Lk, CTlRELANT LTS,
B, 3hRbORNOBONHEROREERAT 2 HERL, SBOBETH I,
BETASYIXLEER2FHTSCL XY, XOCERELEDOLNE LELD
ha. '

5.4 —BOEE)—EHRS octree DEE

AFiclR, FTFERFHROMESAZHOMICL, 2OMRKE LTI HAEOE
AT HE R ARG R T AT Y XARRET 5. X bICEBRTEY, B
D7y P CERICEVEXEEA2DOWHFITATY XALCDOWT HIBRRB.
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(a) Example of original octree (b) Step 1: Find bounding box
having 12 cubes of black cubes.

(c) Step 2: Enumerate all possible  (d) Step 3: Check combinations
black cubes inside of bounding of enumerated cubes, and
box, larger to smaller. pick smallest one which non-

overlaps and covers octree
black area.

Fig.5.4: An example of octree compaction for the 2-D case (quadtree).

5.4.1 ERFEORESR

| 522 TR EATIEOHT, MHKEOTEHEIMMTED 5 R IEL
DERBLE ), 2EROUBRELRET IRERKETHDLEXLS. LiIL,
5 oItk G R EER OBEER T LTETTREAVDT, ChbDREDH
BRENEEEMALEL WS DIITR AW ,

Weng & Ahuja [WAST] i&, HSREEROBEERICK UTFT AL HK L FTT
B (Bni) dHEROEOER AR ZHE ZETERE A H 5 & L, BEOILH
EORD D ICEDONEREEAZL, CRENZEOIFEROBIOTELFRL L \nS
TR A F SRR CH 2 LB L. LrLAEND, CC2o0OBEEED
3. 81k, LiRRoOIFIRICD »rbbITRRL [WAST T, 8Nk, Lith#E
RO bicHEEHEREE L, Ch & EREER OB U T T ALk e
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DEERFRCT VB LD, 2BIGELHZ LT3 c tickh 3 (REMNESE) . 52
ic, Fig. 5.5CRTESIC, Tk HELICX3%RHELY b, ELE LA
AFHHREOERAREZHEDOFRBEHCRE L C AL CE 2858085 E Wi
W, ERE LT ETEENEOEREROT C LA TE, &k LCuEmE
RHLEXEBCLRTEL LS ATHS.

unnecessarily
checked target
cubes

transformed
source cube

circumscribed
sphere

¢ -
O

Fig.5.5: An example of a problem ‘with related work: approximate cube/cube

intersection test for the 2-D case (quadtree).

5.4.2 IGAEIOERELTELE

HESREERR O BRI IO U T AN AR & FfirThv (Hwi) sLHEoEo
AR, Fig. 5.61CRT X5 KBBNHCEErEoTHDLNS. CC
C, WHOLHROBBIRID (HFREER BRI L CETRRED) 8TEA
DOER L HDOERE, B XU - FHEOERTH & 2 OWTIREL b TS
bDELTE. ZELTHERLLTOFDOWTFNAZRET 3,

o 2 DD HKEREL TS
o 20D HKRRBREEL T AN
o B EEERICEELTNS

SHERR E NERERWETHHE

29, CCTREERFARDS 200 FHED 5 b/ WHEREET 3. 2% D, source
octree ® black node #FE L Htk e, 4EEF RT3 target octree d node %
FHIMNHEDORE IR~  LHEHEFRLKE XTHIIE, source octree DILFH
HWOFZPE WL HETCEICT D LTI WHOILHEROMNERR & WD
EEIRDZ (FhEhEr, r&T3). KK, COXHROFLEELELD
N T i - BEROFFICERL, COREPLRLHEEr, DR (TADLBE
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o 3.
* Interse
Given: 1‘ ntersecting?
\_ _J
ﬁ .
,  Clrcumscribed
sphere
intersects?
L _J
1
= ' A
K ji Inscribed sphere
intersectis?
L , J
' ' R
Any corner points
of s_maller cube
L iNflde? D
- ' A
' Any corner points
of larger cube
inside? '
! N
[ amme Check intersection

Boud of smaller cube’s
edges with larger
cubé’s face planes. )

Fig.5.6: Flow of an efficient, exact cube/cube intersection test.

PBEDE L HRONEEER) & r; OB (FIU < REEER) 28 target octree @ node
RIS (EFRREROBFHICET) dRETIHES»r2HS. LT,
FERR K L REOREHIE R, TR [Glag0] (335 ~— ) kKR Eh T3
HEEACS. AERERELTHATRE 200X HRERELTRACEEE
<%, HICh LABRATELCWhE, Thb 200 REEELTWS 28
ETZCLBTESE. wTFhOFEFELIATLE, ROKECEIHLICELHA
~3.

TRARDOASNHIE

¥, PEWHOLHKD SEROERE, ThEhTL bR T 5 - HiE
DETFICEHT 5. b L 8 THA T TAH target octree ® node ZFEFrHtk (HH5H
BEEER D BEEEHRICTEST) OWEBICES T & Ab» i, source octree @ black node
2FFILHKRIE target octree DIALFHRICSELSICEEZENS & LTUERKTT 5.
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3L, 8THEDS bR L 1 DDOERES target octree @ node % FF 37 FHk

(HEAREFRROBEEHICET) ONHTH I bR, 2 DDA ZE
LTw3 & LTUEEKTT 5.

WTFNOREDFEETRTIE, RCKEWHONLHKD S HROERER, *h
ENnEZ bhTw 3l - BT OWTHICEHET S b LLOSHADS B
BB &b 1 DOEEBLEHE O source octree @ node ERTILHK (HE5E
% 0 BEEEECFEFT) ORETH B C 2 ixbrhE, 200N HEEEELTWS
& LTHEEKRTT . 25 Thibhil, ROBRPE~ED.

BAROREHE

CTECOMBEEZRAT, dL2DODAFERBTEL TS LThiE, Zhit Fig.
570X 5k, WHDD 3BRBMAOEEEWCWIRELETCHE L ibrs.
COTREEER TR S 2 ®, TF/PXHONFHERD SHEAOBREE, ThZfhix
b T3 « FEROFTFICERRT 2. T L CCOEBBDIHkE, target oc-
tree ® node #FF I HMR (HFEELR OEFINICYEST) & OREDOHEEIRD 2D
DERFETH~S. Bl OEETHR, ERERONFTROZERICONWT, % OMEHK
25 target octree @ node #FE I I HERDOETMDO ZFE TR Y] b 3 LR O F—
DEBCBL T B H%2F<35. Fig. 5.8 2 RTEOBEOHERT. KT, Hig
er & e BRI—DEBICEL, BtRes, e e REROFBCET S ¢ah0T. &
2 DBRBETHE, T T TROB EROFERICET 3BMICH LT, TOMMAE.
CMEH & DR E KW, Thdstarget octree ® node % FEF I HEOEDOHET
HLBRHB 1 DTHR2PNE, 200 FHHREBEEL TS LiETE 5. Fig.
5. 8DFIDEHE, Bk es LFE fi & DR UL target octree ® node % F3 I kD
HF ONBTHY, Thtiife, FEfi, f LORHEBTRIEEFR, F, oM
WTH 58, B es DBEILTE f2; & ORATE F; ONETH 3.

PEDk5ic, BRERNARGETHER LI HROREREIET 5.

5.4.3  —BOEEHN=& B S octree DRTHY TR

542680 TR AR O EREARZZHE R FWT, YHED octree EH %, Wi
LEEE E #BAKE—BOEEIC L b Ao THRNICEHT 5FIE% Fig. 5.9k
T EFYUKD octree FH (source octree) 352 b b &, 5.3.287 TR~ HLEK
KoTTh% X VDR BOATGHROBE ICEREER T 5. RICILHHE (source cube)
ZIEKER Y L, ZRENCHTED & EEBBOZHTHI2 20 5. C oBEHER,
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Fig.5.7: An example case that each cube has edges intersecting a face of the other

cube

target octree
node

Fig.5.8: An example of edge intersection test (quadtree)

522 CIRR7AD ¢ F U HETH 5.

R, BEIZEHED (k) IrHERD octree FB (target octree) %, DT
FREERCH UTERT 3. ccTchlffivwiearbke, HEEEREEIICEF TA
Ik & ORERIE R, ZEekER TR, bInDCIHCADRE 25 1/2" fFD
IHE~ERIICER D IRT. EHINEN LK & iR B SE BRI T AL
HERENEN L OREHEE, 5428 CRRCEMHAFEEH S, ZOMR, tar-
get octree @ £ node (%, W5 D3EEOIREEICHE U T black, white, gray IC4rER &
n3. XL COBTED node (voxel) % black IC 3 32> white KT 50%, 77
Jr—va vk UTHRET 5. .

BB ICEHE X N7z octree DZILHHK (source cube) 2 bVERK L 7c ¥4y octree &
BLT, PHESEKOBBIZERE D octree BHE1E 5. D% D, target octree D4 gray
node L2WT, THboDF node BETRILENE 52 %H~<%5. b LECHLE
&b, &F node ZHERL, ThbeFUfE% D node L5 % 5.



78 B5E Eaicedhnd octrge DS

[ source octree. ]
t

| compact the source octree l
]

|traverse the compacted octree ]

find a cube

I transform the cube l
Y
generate the target octree
of the transformed cube

by using an exact
Intersection test

all cubes
traversed ?

yes

I condense the target octree ]

target octree

Fig.5.9: Control flow of proposed octree motion algorithm

5.4.4 IMEFINEIZLBEEL

YA D octree B %, WHELEEE: 2GAX—BROEBIC & D > CTHRBICHE
¥ 2FEE, ETRRXSKHBHATATI XLTH B2, COFEREE
EDIEET B eDICl, TA2Y RADUTUEEE L DI 5. MBORES LM
AL SHRRIDREZDOHE L v 5, EHEARHEORIIEL L LTEEHTE 2 ®,
COBRBET—Z{FITAY XL E LTRSS CHFMEIC X 3E#IEEZN S C &
BCEDB. D% D, ERERROEIGK (source cube) & & DEE:, ThEh&
Bol7ney yCHRRCHELLS S L WS DT THE. CcoTlr, 87wty
CEI N IHEAHIRRYCBEER—TH» 3 LELLbNE DT, BHHMAEN
Hrke LT, SAFHHEERS > TET vty FICHIICE D IEoTh  HEREL
bhd. SNEO7vey BB T5L, cobhiBHO vy HE, i, i+
N, i +2N,.. BEHOMNHFEEZF LY, ThbOIHEROEEZLH, target octree
- VERORHERIBRC T eicind. & LTETOINLHERDES octree R T N
b, 31207 ey PR bEESEK L THUIESIKD target octree #VERRT
3. chickb, WHEKIEL 2ER{ERbh 3.
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5.5 MAEEFIDAZADEHED octree DEFHT

YEDEBISHEDO L TH B C L RbhoTWRERICE, & bICKIEAA octree
BHoOHREREL b E. AT COHFELCDIWTRHERS.

Yk D BB D HTH BRL, BEEEEE N AL HEKR Db MR O
EEREENICETTH B e, 5AMICR~R e X 5 AEMEAFIECILFAREOREL R
A3 BREH R . ILHE (source cube) & EEZE ML A iER %, octree EBL (target
© octree) & LTEkH THFEER CH LCEE LETEICE, BMICREIHERD 6 FHE
DEER D AND IR D BT Z T Chwv. TTT, target octree DEILFHED
AEER, BRONFEHETHEINT VS 2, 1 20FHEICKT 5 K/NEEEZE
BLTBIE, chi2@RONHHEOTZMECFHT 2B TEDS D, &
DICKIRHITH 5.

% o CEHMICHE, 4 source cube T IC, X, ¥, zDZFHMEICKTLT, 240K
D 195CTH% BSP-tree DELFEAS. 0% Db, KT Lo 1 KuoEREE X,
chiEFHZEIK 258, source cube DED & Dl Y] 2 BEVEE Eh 5 XH
X LI 28T 5. chi 51 bnikoLr ik (source cube) loxt LTfT A
5. %, ¥, zDEHFEDBSP-tree BERLAcb, ThbEEMRL, target octree
®VERT 3. Fig. 5.101C 2 RTOHSOMERT. () DX 5KH3 1 DD node
Y EEB % LS, T® node @ octree (quadtree) BMEVER T 52D, B
BB HECIHE (EHH) MORELFA~LHES, 36 HOFME- STHEk (8- E
H7%) BOBREOA/NBEF R 5 BEXESS. LiL, FAHDb)C) 0kd ek
B D BSP-tree #F[fH3 3 C & T, E@Lfcqzﬁo)‘k/]\ﬂ:%%%‘%?% 57,
Py ;b Py ¥ T0 8 HOBEEOK/NEBCHHTH 3.

5.6 3E B

T ¥ CTRRTE & octree BHTFEOYRER T T 5 720, Silicon Graphics
Onyx AFVTERY(TA>7% COFEME, 4DDORISC T rEyF (BOBD
150 MHz MIPS R4400) & 128 Mbyte 0XiofE% b0, ¥, WiELERE: 2L
R DEBhIC & b Ao TYHKRD octree EHREEF X TH7. T T TR target voxel
KB 377V —va VIR LA — & LT, WEBRE N7z target voxel @
HUD R ASZEHRT D source octree node DNEICHNIE, T D target voxel (& source
node LT % LHWrL, black Dfi% target voxel KEZ BT L e L. ThiZ
Weng & Ahuja OHEE [WAST]| TLONTWADEFELA—ATH D, WEORKR
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Eni }

(a) An example of translation of a node (quadtree)

Pl H| | W n
—— —
P, Pa_ ]=4
(b) Compare agéinst X planes
p? P8-
H | ———l-
Pe w— L.PT — i
|

(c) Compare against Y planes

Fig.5.10: An example of octree translation (2-D wuadtree)

RS 5 T & HTE B
ERcHW YR, Fig. 5.1LRTESARR—Z vy bATH 3. (a) BE
Z b7 WHRD octree TH U, 863 @ black node LK EN 3. Az TR,
BRE 5 Doctree VT W3, (b) id, (a) % 53280 HECHEMER L AR T
By, 458 OXFHEROBACEREWE COYHAK, B3 —EOHE L HiEDE
B2 EYaESE B9[E) Siktld, EHICBWT, PlhD5ELA target octree %
ERT 5DCET 25 ANEEHAI L. SAAER ST A—-21%, HERSEL
T (-0.1, 0, 0) [vozels/cycle], [EIERERKS & LT (1.5, -1.5, 1.5) [degrees/cycle] T
®5%. Fig. 5.11(c)(d) kEnZh, EBFHOD 3RLICERE Wi target octree
T»%. Fig. 5.12IC—ROEBHCH T 5 octree BHIRB OREBRIERERT. o
7970l RETFHETL 207 vty FOSEAEEED, 1HD octree HL
BT SEHERE R, REEFEEL LTt [WAST) OFEIC X 28RS & kLT
w5 ki, CTORSRTFHEEITHEKEOTEHIEIGELE R EE T3 %,
ThE 5420 CRBR~ M SR OERAZZHECEEMA L BEOBED, b
ECERRLTCVS. ThOLDOERID, WHKBOREHIEEELH AR HEL D B
IEREARYIROF HEIRATH D L a3br s, HERLcHET 2 &, K45% NE
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HERALLTVwSEC bbb EE, H51[HD octree DEFIC I TREH
EBOMEEE P THSE, REKFHE [WAST] I X 33 HkE 0B A zHE TR,
54,007 E O HAERBORZE LTI, ChEXHEEOERARTZHCICE &)
2 7B EE, 43,223 BICEA T, fid[E (cycle) d ZEFROEHTH - %. Fig.
5.121C X b, RRFHEIZEMIC octree ¥ FHTE 3T L BHERTE %.

Kic, LERICHALEBAF A—ZCHLT, 2, 3, 4O ey I Efn
THFIMBOER TR > 7. —RICEHAT—F1Z, FXVv—F4 v TV RFTALC
k37 RPRYVa—) v 7 EEDEET10-20 (ms) DRELZEHBLTH D
2%, EKEL T 39 [ octree DEHLERD 52117‘;%%0), 1 [EH47% b OFEEFHERE %
Table 5.1iCRT. EHOT vy 23 L, TOFOBEREL L CHRRERP»S
XoKhdked, HHTE ety FORCHALCHERBIREL A2 nib
Feikirvid, ERoSHEHcRERT 3 7 vvy VRO U CLEREIEE
TP, 4Bo7 ety 3 EHVZEEIC 36 (ms) T target octree ZAERKL T
w3, Chid, RERERON 4 0 ERETH 5.

" *,
PRIV e
v n ADpw
R R
CIAAL oD 4 . (YKL
YAL I A fimmiow iR !
Wy / ™! D,
LA AN Yt 75 AN AL )
B I, A,
TP R

Fig.5.11: The space shuttle experimental object. (a) is the original octree repre-
sentation with 863 black nodes, (b) is the result of octree compaction with 458
black nodes, and (c) and (d) are snapshots of created target octrees during motion

(certain translation and rotation).
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1] . i
g 250
©
§ N&/
AN NN

&
3 Weng & Ahuja algorithm
% 200
2
& Weng & Ahuja algorithm
8 ) - with %xact ct.lnbelgube
e 1501 ] intersection test
a ) .

100

‘ e st Nt
50 —_— aroposed algorithm __|
processor)
0
0 10 20 30 40
t (cycle)

Fig.5.12: Results from the tests done for the arbitrary motion algorithms.

Table 5.1: The average computation time for the arbitrary motion algorithms.

algorithm COmpui:,a,’.cion time
(milliseconds)
Weng & Ahuja’s algorithm 299
Weng & Ahuja with exact 197
cube/cube intersection test
1 processor 62
proposed algorithm 2. processors 41
’ 3 processors 38
4 processors | 36

RERIC, 5.58T TR~ ICMEEBID 2 DB DXIKI & octree DEFTICEH T 3R
TR ol TTTltarget voxel KB+ 37 7Y r—va viciffELicr—r d
LT, target voxel ®A%A & & —EBA source octree node &ZETNIE T D tar-
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get voxel {Z source node &%zEF 25 L¥[MTL, black D% target voxel IK&H L
3cttlr Lo—#oEBNCEIT 2RROEE T A £ D5 bIERDDOH
30, LY LLELEHE (RR—2v % tA) KEL8T, SEICENT, ¥
KO5EL A target octree ZEERKT 2 DICET 2EEBELZEAIL 2. AERTH,
MMiAFECIHEK (EHR) MoXEEFARHE REEFE) L RETFEOR
A T 30 BBHTH 355, FEIC octree DIEMBERORIRE R 5%, if
HEEB) D 72 D DRRFIHEIC, octree DEEEREFALLDIDLFALAV OO
2BEOERY LciER% Fig. 5.13 ICRT. #RIY, EMERLEZSTIRE
FHEEALHCHEEFERX D DEENCTH 225, EMEBRLFIHT 5L T oICER
IC octree DEFHHRTETVE C L Hbh b ZLTFEHLT—E%SAD 33 (ms) D
SHEREC Fig. 5.11IGRT A =2V ¥ PMAOEHEETLTVS. chid, #Ek
FEOK 22 O EHEETH 5. LlLEXY, PROEHEEEDOHTH B Lbho
TwhiE, EERSL—ROASES XY dERIC octree DEFHTE 5 T & H5FER
TE.

57 5EDELEH

Dlk, Wik mEEE & —ROEBNICKHT LT, PHAD octree B % BH T~ 5 %h=
WaEHEEREL .

¥ FYHRD octree FH (source octree) BE 2 b b &, SHEOHEREZE LT
W, 5.3MHTRRAHEIC K >TThE X D DR EOITHKOEE CEREZEHL
Fe. RWCILFHK (source cube) ZEKRED 2L, ThEhCifT & BEEOEMFTII %
5. 2L, %ﬁ%eﬁ&@ (fE\v’) I HED octree FRER (target octree) %,
T DAL & SRR B IC T A R & 0 EHE E BRICER VRS C
Ik DERT 525, TR, MEOMOREHER, HLMAFETEES,
5428 TR EMATEZ A vi. ZORR, REHROHRERDEIEL L
BTE, FEERRRET I LHNTE.

EERIC XY, MEFOEMARZENRRELH ALEI ) bBRELT4EDE

BN AT L, BEFERAEFFEI D N3 EEHCUETE 3 & 2HERL
Te. ¥, AERFERZ 4O T vy F2HATHIULT 5 Lick b, FE 36(ms)
(BEFTFEEDR 6.4 %) DFtHBEET, 863 @D black node 7 LR X 1 5 Ptk
octree REEEHTE . T b, PLEXY, YEOFEBREEDHLTH S Lbho
T, FE33(ms) &, EEZET—RMAES X D HEZRIC octree DEFHT
25 L uHERL 7.
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©
o

conventional translatton algorithm

80 A A A
vi% 4 & Y 1 87

FEER N LR VAW, Y Y
R (R 13 ead ¥ -‘: -":

23
o

roposed translation algorithm ——
without octree compaction)

REVAVIAY

proposed translation algorithm
{with octree compaction

(4]
o

(spuooges)jiw) awn uonenduwiod
3
o
f
"‘..

20

10

0 10 20 30 40
t (cycle)

Fig. 5.13: Results from the tests done for the translation motion only algorithms.

—EDEBNCH LT, Yk octree EH % FH3 5 Htkd, Hong & Oshmeier Ic
Ko THhEEI N T3 [HO8T. toHHElk, Weng & Ahuja DFE: [WAST] &3k
HRELILTw32, 4EEA v 7T AV LT &%, #3 [HO87] Cci5Hk
ENTV 3 octree EFD 7 DD EREICHRT, KECREL AP #5300 £
PDEVRETH S LORRER/E. COER HEE N —FyITAC0#EREE
BLELTY, BEFEOHHEHTH S LBEX LI CTHTH 5.
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f38% 1 L HAERBIORELHY R Z=FHE

intersection DR DO TA Y XA TERDBEEAESTTH 5. source tree Ty
DOP 3 leaf node % ay, ZOBEHED cube % o] & T 3. (Fig. 5.142f) df
ICHE24F 3 target tree Ty AR T % 2®iciE, fH\»ic (tilted) cube af &, target
tree D% node ¥ F3TEIL L % (upright) cube a,}2 O intersection # < 5 BLER D
5. TAIYXLDEL Y MERD I HTD 5.

o upright cube a} IC& ¥ 5 FZBNL voxel DFLLAS,  tilted cube af DNER
CHBDPNBICDH D0 EEWT 572D, cube a) XD BEFRIHE
Lo E X &/ cube % & 5.

e 200D cubeD s B, ENTWBHD cube KNET IEEEL, Thi,
fhFE DEALRY 5.

e K% \»cube DMNEEER &:/J\é \» cube DfECIZ intersection DERRRHL D RIRE
WREL ADZDT, CTOBEICET cube 2 ZEFTICHZEH L, upright
& tilted DESIR A YHE X F7 2 DD cube [ECEA Y 25 5.

¥, cubea, ®level % [;, upright cube @, D level 51, TH 3 L F5. %7,
intersection #FF<3 2 2D cube D5 H, /PNXWVHD cube & g, KEWHD cube &
Qr%3. qMNETBIERES ET5. ¢k QD intersection #FRB DI, BKS
& @ o intersection %< 5. .

intersection DRHIZKRD & 5 KfFh 5. %L,

i l2 _

disa = V32 t2 - ! (5.3)
L Ir

disb = 2 ‘/?:2(2 D) (5.4)

%7, ay OFD%E X] = (fexy, feyy, fer), ay OFL%E X3 = (cxh, cyp, c23), a2
DOFLE Xy = (bexg, beys, beza), ay DHDLE X1 = (cz1,ch,c21) £ T 5.

1. ll < lz D % (Fig. 5.14(&))

(a) Inside (a} 25 a} DAl : HHBAw
(b) Outside (Q 23S DAMH) ¢ if

|fexy — cxh| > disa or |fey; — cyy| > disa or |fez; — czy| > disa.



86 8% : SLHRRI DI 7 28 2852

(c) Partial (BRSFIAEARDY) : ZOfOBE
— 8 o children KGEIL, BIBHYIC intersection TR 3

2. L, >L ot (Fig. 5.14(b)) .
(a) Inside (a} 2% o) PSR : if
|z — cz1| <27 and |y, — cyy| < 297 and |z — ez | < 2071

ﬁ; q 7)) 8 O@ﬁ@%ﬁ (.’L‘g, Y2, 22) ?C%]‘L"Cﬁ/@
(b) Outside (S 23 Q OMNMH) : if

lexy — bexa| > dish or |cyy — beya| > disb or |cz; — bezy| > dish.

3. Partial (3 AEAD): ZohoBHE
— 8 O® children K 3HE 1L, BRI intersection 2 FH~ 3

SEEMARREER, K % source tree ® node #, | 2 &VEXZB o 1 BoEX D
X (TARDLBAROEX, ) ¢ LAt %, OKNUTEARDCEBEEIRT
w3 '

Fig.5.14: Approximate intersection test between transformed tilted cube and up-

right cube.
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R B IR % B U P R AR A DI MR B

REEECHT 3R ESEC, BRA2—F4 v 27— e R{F 3G
DNTRR 3. EREcRHIhW AR OEER*Hwbc itk b, gEERBR
DR OBEME R BIFICIRE L, COECHROER MRS 5. cTT, REE
DFOBH X ZHEEFIC, PEkORKBZEENcOMNED» O B HECHIER 28R,
OB RENCEEZSCIRRT 2 GRENNEORE) . XAFERXNIZ74—-F
Ny 7R VISR A FY T 2 AV 3 BERE L, BUMNAREREET S
ciicky, HRAE2—FAf vE2 72— RT3, chicky, BVeEd TR
Wk OEBIBERZBERL, EAUBHNCETT I LHBTES. AFTCHET,
(AR ERVE 2 BT 3 HEIC DT 3. K »CEERE & VEERICEL T,
BR U VeBEO A2 PRE TR B L <R 5. REBCSARLLT,
AEREVERBIEE 2 FIR U 2R AR oM AT ek %, R OB clEke
HBEL, T |

87



88 256 3 TEREIDBINFIR % F e Ak o BV etihi:
6.1 H &

BB 0TI, AR 3 RTEFEHMERET & BEEF B UEHFcolki
PFALT, EEMTHEMEIN—FIvE 72— LTHATRE C L5
R EoT&7% U LEEBENORMLDL, EHR L BDbAWREEIE Y&
BT 5CLRNETHY, BFR—BOREINYEEA DA 2EHT B C
EBE . Lichio CRERCREMAEEY, REBSCRLIE LS ET
DI BRE RSB E AR L 5. WA, FEFCHEEDPATIOLICE &
hﬁ%ﬁﬁfﬁ%ﬁ&ﬁ%%,%W@&E&Ekﬁ@ﬁ%%%ﬁ&wﬁ%éﬂﬁﬁ
ORI, ML BB »»3EELRETHA5. DX AFER
B coleky, ERFOEELAL X5 NP OHREICETT 2 2D ICH,
GRE OTH OB & EE, RKEVERCEEN, AL IloBOBERA Y, Wik
FOWEVER%EHE L, BT 5 L A5BETH 5.

REREC ST PREBREC, BRR— VI v 27— %2RHT 30
D1 ODHFNAFER, Y ieEZoFoBEoEHEXHIBT 22 TH
5. TNIRBRELDTC2o00ELIHDS. B1l1oELHE BEEOFOH
EOEHELYZ, EWCEML AHEBCRAEZREIEDIL5ANT4—F Ny 7
B & OB R FIHE LCHRT 2 5ECH 3 [Iwa90, [KH 91, P 93, SPY4]. o
HETR, BEFIRIARBEL ST 246ERD Y, BRCEHBABE 25T
5FEEE A 3. B20ELLR BEFEOFOBHE BHBETIC, YWhkotRENir
BOHXOHHBECHBRERT LS5 L nSELHTH . coFECRIEHN R —F
VIT ZBEAEE, BEFREDSOFOME L eSSk OBICRER A XL
BELRVES, BERER VAT LARREIL, M 20ERH 3. cORENA
EHHEDQHRGEICOWTRE L 2 flkS 28 [FH 91, BVI3, FFD93a, FFD93b,
P5FT 94, SP94, K5 95], AR OIEMEABRLTHBOHELBT 32D, Ykl
BT HROTEEOMCEE LA D, BHMATBRD 2 WkortEs, Vi
PEVESRYIROMFTRBIO A CRET A Y, HEEYERT 2RLBEE LN 3.
ZD7cdD Th b REBE-CVERICHIAE L, BEARTROYHk % 5 7ol 2T
THER AR RIS T 2 C e NTE R d o k. FRPAEERIEBOBREE S H o
TERONMBEEHIRL & 5 &3 56 [Sny95] » H 325, REGHEOHEBIC B WTHIC
LBHERRITRERTHY, FchboTCofik, BIELAPHKEREY X574
COnT, ZOHEEPEEELHBELASEED (R) BRI A V*TEL Cwi
.

AETR, IETR~AEREEHREEREOFEC X > TR X h 2 EEE L Hv
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priicky, EEABROYAOEMEZBIMICREL, TOETYADOHETER
BB R RT3 (AR ERVEL FEIT 2 HEC D WTBRRS. RFREN7 41—
Fry 7@ R CRBI AN - Py T AV BERRL, BRE-Ff v ET =
2ERHET 5. chick Y, BEERREDROEBRIELBER S, IHHN
CETT B eiTE S AECRES, KEDKRIERZMHEIT 5 HEICO TR
~3%. ACHEREE L EEDRCEL T, RE L BEFMBIEOBE R 2 RERE
EERYBELCHERT 5. REBCSAR: LT, KEBVEMBIEZFIM L AREREAD
AT, EHFOMAREILTEEL HBL, BT 5.

6.2 EREHREFA L MEIERT

6.2.1 ECEEECHTIMFEEDERE

—fic, AHEzFEHE > CThlkoBBREETTR S GBS, KO 4DOEREOHE
215 eELDbND [Frif 94].
‘ 1. #5F « PR TRk EILNT 5

2. Ml : % OUkE BIOBE (Z28) BT 5
3. [rEp : EREAMIE & HIER R 5
4. AL : SV bR

Bz EEAN AN 2 ERT 540, WHEEIO LOR® b Z2BBTICEL & v
SN ARESREEELS. ¥ Fig. 6.1(2) IGRT X 5 ke 1 oPLICE B
&, ABHEELZTNER DR WYEROBBOEHER, LOBE2 0RPETI6 (%
MO 3 HHEE FEO 3 HHE) °ha 553 OB T, Riedsk
DEBHLO LECHE B 4D, TOHMERS (o ko2 HiiE e H
1 EHEE) ¢35 HechAEb) KRT XS5, 220HOMGKRE 1 2HOILT
PROBCEE X ¢ TH~THLEICE 58, Lo 3oRETR, Bisdgdiio’
BIEHLO_LE L 55 1 O Htk : OEMEOAE 2 FCHRINE », BINLH
HER ] (FEMECETAFROLE) b2 3 2HOXHkE, HcE
() CRF X 5 KB 2 DOUHRICE bE TR BE, HVEdSmkoRmiE
Plo LT & 2 0 DI Ftk E OEMEOSE SECHRI NG 20, BIhEHBE
x0Tds.

& T B, PAORKE R & O S h WEMA REES CRROBEL T 5
B4, Fig. 6.1(a) K RTYHE 1 D2 PICB BEDSE 3 DERFEDEWEICIBWTH 6



90 % 6 ¥ EROBIRIRE M\ i Bk o SRV EEIE

EHEOFE KD b, FARNEROBRER D DO L2 5. FERIC, Fig. 6.1(b)(c)
CRTEEREOBRS D, 3 ORBOBWECH»TH LR 6 HHEOTEI K
Bbh, WFhORA S REA BRSO SREA SO L AS. ZTT, (BRI
B 5PEROBLBERELAESCHOBHRCTADLE S 2D ICE, YWhoBEHOEH
BEEAROEERVEALFOBMEIC ECHIEEST 2 ¢ L X8 ETH 5. Table 6.1 ic
OB BEOMRERT. AR Y, Fig 6.1(a)~ () OUAEER%
&%, 1R (one face constra,i‘nt), 2 iR (two faces cbnstra,int), 3 \EHER
(three faces constraint) EFERZ & 2 L, Th b OYARBEREOHEICOWTE S

3. ~

( ;)rotatlon manipulated
H cube

- (@) one-face constraint (b) two-face constraint

~_manipulated
cube

(c) three-face constraint

Fig.6.1: Constraints among faces for object manipulation.

Table 6.1: DOF of object motion in object alignment tasks. .

constraints real simple virtual | insufficient
among faces | environment | environment DOF
(a) one face 3 6 3

(b) two faces 1 6 5

(c) three faces 0 6 6




6.2. TEMREHRZFIHE L kB ERVE 91
6.2.2 EEEER@RH

HER R % A CTRESHADEVEREI 2 T A v, BHELABROYEEEHH
Pl CVER A Y CERICSHT 3R, PHRIREEOTETFORD L
Ned R FCRET 20CcrAL, BBIZPEROBIE CEbETERRCIID
RPRETILERD L. ZoHicll, YEEOEESLTH 2 ERICRIET 5L
RBETH 55, EEATROESYEAEZ AT X 5 A3 KRTEE TR, Todt
HEDS X p b ERECUET 5 ¢ & BHEEETDH o /& [Pend0]. SEHREH S Wl
K OBELTE 2 ORACRET 2200 SL A XN TE 2, BhBR
LEE EEYKOBBSCHEEZMA 2d0RE L, —BNWAREChHEROE
AR EERETRECE 2 b0l :

AECIE, 3B XU [SKTKIS) Cik7e, EEOEHASHEIREE X h ZYiklE]
DERT IEORT 2 EREcRINT 2 5 E2FAT 2. C 0FERRIRE 2 2EE
SEEEAWS T kY, 4,000 FHREEOYHAR ORI~ 7 %4 70(ms) TRH
T LHTES. Bz Fig. 6.2id, 1,816 MZFFDOYk (Venus) & 528 HOY
tk (space shuttle) DEZETH 325, COBFEEEDT (RIBYVOELAHD)
%#9 40-60(ms) TRHITE 3 (6AFTCHVEHEHKICL3) . chick), Ao
%7 v v ¥ O EEE o 5 E 100(ms)[CMN83] HMNICETOMERKT L,
PVEE I HRREBEIS 25 2 5 EREC, HEOBMARLFIAE L KBS
DERVERBISRET TR 3.

Fig.6.2: A result of detecting colliding face pairs.
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6.3 RIFFEBIDEE

REBEEN DR TOYWKRBSEEKCERIATE Y, AkTH 2 LT3, A
RiExd, MeFhediEbhvwe T 3. CORED FCRAEYK OB EEVEY 55
T BHEICONTIRR . |

631 HE

Fig. 6.3IC{FEESICH »CikORBRELZEEIT BN ERT. CC
CRRT I EEPOFER, BEEOFONBEHBET s0TRAL, Thicks
THRIET W 3 REGEOBBIOREN AMBO L EHIRT 2 5ETH 5. Lo
T, BERSYIROERONE & HFEE, BVES2YkoSZROME & 5 e
EOFXoTHilEh, BEEORECELDNEF 4 X7V LOFRE BR
EBLDTHB. CCT, BIEESYRORBERELTEo TR, RERCT
BlpEoE e HARBET 2HERMEIC X7 A2 WAL LTERT 2 AREE
EBETH D, AR THR, HPHREORBOBER2ET A2 77 & LTELUMNA
WELELS. D%, TWASBIREBICAZHEICE, Bk dHREICHD
NTEBAPFIEHFEONS L5 ARELREECEL, VCHBEBERT 38
BICh, DerdIHECHELOATWIWELFIEHT & 5 RS S s
ek EBET 3.

T FYEOEB) R FIR T S HERRET b 7eHicid, FHRABERRHOER BB
BHTHY, LT TRERECEELDAROBEER LRI T 3 7A=Y X4 [SKTK9S)
THwZ. chkc kb, HREOCEM*HNCRET I Cc Tk 3. K HBIER
7A=Y XA, FREER, BB HRERO 3 20BS bR AR 3.
bW TELLFHT 5.

6.3.2 JRETER

BHETRE L ek o5E, BRERH [SKTKI) i X » TEER OS¢
LTRELIBEOEBBEHENZ CLEB/THY, ZLoBSRAREOBERE L
TEBEOEROBREOMARIBENSE. 2L TCh bEEER T DR e
YhOEERE A 2 ERT I ick ), BEEOEN (YoFE% ¥ OTEcE
ERES5LLTnEDd ) AL, WRT<EE: LTREOELBINICE
RIBCceHnTE3. KECUEBOHEROLEZELZ DT, FERETICHL
TRO XS RBLEHATICLCED), ZOBRMOBEBRDXESEC L5TE 3.
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load and pre-process object model data
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read tracker input
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collision detection algorithm

collision face
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manipulation aid
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constraint?
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Fig.6.3: Role of virtual object maﬁipulation aid in the execution flow
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CDRAEWET 5L TOEATICHLT, KRTEL bhEBIIH (attraction) %

BIET 3.
attraction = rC; +vC, | (6.1)

22T, rEX7THEOEEN7 tAr0ATAE, v dERiESSEmkoNoE (B
T, BVEE) oRE<7 A 2EERSEMEONORE (UTF, BEE) okg~s
bADBRTARE, C, C, RFBTHE. BROBSINEFHOET 25, FHEE L
TEREN 3. :

6.3.3 EEHAE

ZARERT B LTRAAHEC XY Roh 3 L, YROFRRUE L ES):HHR
ENTMBCBEINS. FFHRERSRERE L BT AS X5 CEEE L, K
THER—ET 5 X5 clifiBBidh 5. EERSBKRRD M, TH2 b 3.

M, = T(vtz) A(8, 3)T(—viz) | (6.2)

CCT, viz FEMEEOED, A(0,7) REEE2EEECETCTE< ) v 7
2, T, BHEELEBEOWMHOEEERZ PVREEABMN~RZ tr, 0 [3HE
HEREEOER<7 broATAETHS. —F, FABEERE, B#MEEOEDL
POEEBEICTA LAEBORI CHEHAT 2. YhoNBELEBE LcRahT
P DBDEBL, HHVEEH 6.3.4ICR< B HECHBICHIREMRL LS T3 2T,
COELETHRE 3.

BT, YEOEHE | B REROTECHRT 2 HECOwTR~<2. 1
FIROEE, BVed@PRafRE% 1 ofF>. c o, EBiE3 ghE (EH
LONHE2 BHE & Z0ER~< 27 P AE D O 1 HhE) chBExh s, Wi
CBIL TR, #ed@yikoiko FREMA L) BBRS P EBRRICRET
BriickoTRD B AW, YEoHE X i, A : B *HEELO
BENICETTEM~<7 ba, s &t 2EVEdSPkoARED LML 2Wv) i
EEBR S OB BE~ORE L LT,

X =sA+1tB | (6.3)

THEX b3 —FHEECEL TR, BVedfPkossko (FEREMA L V) H
BREBI DRSS wa, we, Wy & BB FEDOBMNR 7 b (ng,n,,n,) BHWT,

ang = n,w, + Nywe + nyw, (6.4)
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CEZONBHE ang CHREIN 5.

| 2EHROBS, BENSBIRRHIREY 2 oFb, < oBkOEBER 1 (7
REICPEEAHAOWE) TH 5. EBOHEGTHIREORE <7 F L ICEE
HHTH, (6.3) XML L KR CREE NS,

— -

X =50 (6.5)

2L, C BIRENIEBOSEADBMRY b A, s REVEIEIHADARRDE
BRSO C DI~ ORETH 5.

3 EHEOBE L EVER Sk BFRE % 3 0 b, oWk AICHREND
HEHEZE R

6.3.4 JHHBER

Pk OB IFEOTEIC X - THIR S NICRBEZIBRT 570, “BA U R
L7 JRTE S b OFERE 0200 A7 A— 2 kflnd. ChbOAT A—5 i, #i
Sk & BN Sk O TATI O HHCRE & SEHAREO BB R e T 3 BE
BATG A= 2 THD. ~

B4 YEHEE

FREROREZ ) ERLE, Sk sfhoykiciiii i 5 »2H
Wi 2RI 2A—2TH5. FFRRECHZ 2HOEL ) FROEED, thdbDd
HL/INE WHOHEDOHERBICK T 2855, 5L EWHE overlap_threshold & § d/hE
B2 %HG, CO2O0HEBOHREFRT 2. CCCEAVABEOLEWE
overlap_threshold 1%, HFBRIRAE LIERRRBEEZREICOMEST 50, HIFEOLRTF
Y REFFETVS. 2% ), FREFERT IHER L V/NEDDL & Wl overlap_thresh
H%ZFHL, 632TR_ZHIREFET 2HSRIAREDD L & WH overlap_threshold+
HZFHLTw 3.

FRERED S DEERE

R 2 b OEERER, EVedgPitkodSko FaERE2MA Ak v) BOME LEE
SRR OHRE OB OREIEECH 5. C OEEHRED 5 L & WH dist_threshold X
D BAE RolBlBIC, T2 ODYHKEIORREMSRT 5. c T, distthreshold
REAZVEEA BB E 2RI TCEINIENAL X ETH 3.
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dist_threshold = kv/A (6.6)

D% DFRE 2O OERED L ¥ WER, FHRREICS 2 2 -0 0¥k o gl »
REGRELEWERERZTREL &Y, FHEEOHRE BT 3 20 ICiiE
Fi & DB R IA BT R R bR KHHC, #ECREECS 3 20
DY OBEMTERE /N E THE L EWEZEZRETAE 2 Y, BIEERETLE
I ICHVB SRR R A < b TR ORER L RS 5 © L XTE 3.

6.4 EBRFIE

AEHTRES, AR CHAREDREBEREEREEOBRZR~3. K
T 63T TR BERBI OB EOMRETER T 2 O DEROAEL, BAME L
CABVERBIE 2 A U e B RO S Ve %, RS OBMAME ST Ve
2 BB 5 EROFIEICD TR~ 3.

6.4.1 EERERBEDMER

Fig. 6.4ic, AR TH ZREFEC S CYROBERELTA S DDk
BEBOERERT. 79749 7RV =225~V a VCER L AKEREOE
A, 704 rFEERERIERX w27 2L 3RTMBE Y F 2L AHE
Yy Z2—ORRr BRI IHEAERENGFRERELHE. Cokd,
BEECRBRTER L ERNREEL Do ELOAWREEEOEHE ¥R T X 3.
FUFAEE 6 BB OMERATE « R HISSE (ADL-1TM) DM v > T C b i
Ve ceicky, REDKRLER Ef EE FRACOBEESREL T
HTED. THE3REBECEH T 5 AOREEEEEN 2155 L TREPKROEE
&W%%ﬁ?écaﬁfﬁé—&%&%&mlofbbWmmq,ﬁ@%@?oﬁ
i - BEROBEIR & BV Pk DM - FEOBBENS L 1531 kit 3
XSRS TV 3.

6.4.2 FCEHEECERNRCEI IERROTE

ELENEE L VERAIRICBEL €, RE U BEHEO A+ R+ 2 ks
ROFEEZRRS. ¥, ERCHYKREBREOELEARE, Thfhcys
WCEBRIER KR T 2 2B TBIBI L 288, BEROFELBR~<3S.
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stereo viewer
with 6 DOF magnetic
tracker

70-inch
display

1280x480 sterxreo

6 DOF
mechanical
tracker

Graphics
ADL-1 workstation
38400bps SGI ONYX
Fastrack
19200bps R4400/150 MHz

Fig.6.4: Hardware configuration for manipulation aid.

AT

C T CRBR L HRVEHBIEOEME 2R T 5272, 1 EAN, 2EHR, 3ME
WY ERET IR EMAB ROk Lk EHAB L, 3EEOVER (Task
A, Task B, TaskC) #E+ 3. Fig. 6.5KCERICHWINEEONREZRT

Task A: 1 TEH#H — Fig. 6.5(a) D & 5 IK/KFEHAICERB X 1uic T(cm) DK E X
D2 ODIFHED 5 b, FRIFIOILHEEZBA CiF o _LEIC 4 DOEEONE LS
FRECEA D X5 KEE 3. '

Task B: 2MEH#R — Fig. 6.5(b) k5 1 T2IEFLTCEWCERACAS LS
CLTEBPN T(cm) DREXD2DODNFERONF CEMT L5, ¥%6D
DIHAONBENIERICER S L 5K, FRIKEINARUKRE X0 HEZEET
%.

Task C: 3K — Fig. 6.5(c) DX CAEWKAEZIELF L TCEACEM
7 3 DDMFEROETIEMT L5, ¥ T OOFRONESERICEL S X
51c, FRICE»NRICKE X DI HEEZERET 5.
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{c) Task C: three-face constraint

Fig.6.5: Experimental tasks for manipulation aid. |

BAEE~ADT 4 —Fisy 2

PVERBIDORIR TR B 2, RVEECH LTRD 3BEHO=— F¥HET 2.
Mode 1: {JO#VEREID, HENAET 4 — ¥y 7 bEEECE L B\

Mode 2:  B{EEICH L THVERBIZS A A v, BRREOBRIECRO 5o
HEHEZERPELEEI k> TRRT 3.

Mode 3: #EFHICH L T6.3E TR EVER 254 5. WRERERZEEX
®3C LTHRRT 5. : ‘
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FLERECRT 5RR

rDEROENE, LTRAZIBEOE— FIKonT, YWHKEBOEE % i
F3C:TH3E BRECIEBRFTCBWT, CTEILTERCHrO>RERIEES
SETT5C LakD, VERTRRE, BEMERE AERE RHNT 5. EREEN
ik, Ykt iHE L Ch bRl 2 EcoRETh Y, HEERARD I vy 7 2H
WCHIEET 5. Lo T—EFR L k2 BERACRBELES C LIFFE %
v %10 EVER%3 3 5. FEMEESEE, Task A, B, C CHEATEL~E4, 6%kl
THAEOFR (BX) ofitds. AEREDL BEUE (GR) 3T 38 (az
imuth, elevation, roll) DFRFEDFITH 5.

VEESHRIZRAT B KR

COEBTR, Yihitd 251 ONBECEET 50 ET 5RE L BT 5.
A TE S ORI DO AP0 DN VERK TRHME X ) dhE R BRI,
VEERKT Lcd LTYHROFREEELEECch 2R CRRT 5. Lido
TREEERTREER2EL 5 HVEERREAD DL 2 5. HHREWR Task A,
B,CoxhZhicd LT, 3BEOVEEKT&ME 4(mm), 3(mm), 2(mm) T Mode
1 23 2EONEERTAS. ThLhick LT 10 EORFTOEVERTARE %
B 3.

6.4.3 HitROIEELILETIER

6.3 TR~ A BV D HEDIGAR & LT, AEEVERmBIE2FIHE L A FREFEARD
WA cVEER, SEHFOBARE 2L CVEE & BT 2RO FELC DO WTRR 5.

EEANT

cetlk, FORBLLSBEOEALHAWT, 2t h) OBICHEAR LT 51
RN & L. Fig. 6.6 Fig. 6.TICERKOVHIERE &, ERINAdH20D
TRd. HxofBE (BER) & B K&, @iEyoxrhicfleTEr)
V7 Lie. ERENAHT2TL ) OlE, 7%, Sidthfhs L% 145(mm) (K
), 47(mm), 72(mm)TH5%. FEREAH o0 ) OPHPILTEERTHE, K
D3IFBHoE—VYEHEAEL .

{RABVESE - 7B L (virtual without assist) —{RERAKZH T, HVEHIE
ZRHOBRBCTROP-AHRE B BT 222 R 1LT, »e20) 2#
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ESGES

RB(EE - wiBBHY  (virtual with assist) — FEEALAWT, BVEmpEFIEL
THe2UY) 285 LT3 cot TMRAEGEEEILE TS C LT, BEECE
~T 5.

EEHE  (real) — EHOBEARLHNT, ot ) BRI TS.

BEAROYHHELE S b 272t ) BRI CTE e dicid, FEOHEA, EHORA,
CFROEED, 5O0WAD 5 b 3o EOHEEEES ¢ CRET 3 BERD
3. RIEHAR 6.41CRZEY, 6 ERHEOEMRNE /HERHSEE (ADL-1T™)
Dt E B CChoMBE L FRI2ELEEc i ckoTl oFoEEX L 3.
& CCRBYER L SV FI U C T 5 70D, ERIOBARLIES < EilicK
LTROA—AER .

o BURES B0 5 | ROECHAGT 5.
o BEELEERLYHEEES ¢F, TEIHCHES ¢3.
o R L ZRALIA O IC it % .

o HARTHFFLCTH LIBT3 ok, HBREONPEERY MO
DECBWCK L ZTE AR

o BEICEMN MK, MoMATRELCVIEcE»dcircEh
.

IEMECET 5K

COKBRO BN, ETRRZ3EEDE— FLDOWT, BMAMILCOEES
MB35 eThs. EHRECRERTCENT, CTEBETERCHOREIE
%&%TT%C&%*b,W%%%%ﬁaﬁ%£§%%MT5.W%%%ﬁﬁm
RUOBAZ LR L THroBBOWARFHRT 3 T coRllcd 3. 3EEN -
P& 8 EVERE T 5. BEMEERER, ERTBEARFEAMOTH (BX) ofic
5. FEYDOHMAEHATH 220 ) AL TEIHES, SHAROAIZER Y 216
TNhTwo i), ERERZETEMICEAIT 2 ct3TEhv. 2T, AERTR
BERT L OFEMRZERRA2(mm) & LCRMb 3L e L
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Fig. 6.6: Initial positions of blocks for toy snail.

Fig.6.7: Finished construction of toy snail.

{ELhERIZRAY HKER

COEBETIE, P20 Y %51 NI RBECHAILT 0 ICET 3R % g
T 5. RERDOEHRZEDOFERED b N VK TREME 3(mm) LD d/h& k-
BER, TOBAROEBHAKT L LThhkoFERE2 LI T2 iE
FHCHRRT 3 (REERKOHE) . KAERTCIEHOBMAOEH S, KM & O
BERRZE R H/A2(mm) L LTHMED S C L L LTWEOT, AETHNE, REEK
OVEEM T RMBEE 2(mm) & LTEREfTA\», WELLHETIETH3. La
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LIRAEVESR » fiBi A Lo e— FeRVEZENFEBCEELD DL AD, BEA YO
BEINEE PR T CEAVE L A TFHEROBRECTFRTE L. 20D CTH,
W%%T%#@%3mmga?5.%n%nmﬁLTSEwaﬁwﬁﬁﬁ%%ﬁﬁ%
RT3 ' :

6.5 MEMELIHMEIET SEROBE LR

BB L VERDRICBI T 2 BB ER 2 T Ao . S ZDPREDI B, 44
i Fig. 640TECREMEROEERVEL RTICRBR L 2 & 235 3 8iEC, 1
ZREORBRR R CHEEBEETH 5. wTFhoHBRECH LT, RO
REVERDBE— FILDOWT, ZOREHECHECERRENE 74— F Ny 7k
FCDONTEREI LS e DOFERBERT 2. FAZEROBIcR+oakE%:
L o¥le. ABERTCHWANI A—4, C,=3.0, C,=1.0, overlap_threshold
=005 H=+=005 k=057T»5%. Fi, EBRPEIEP 15-30 7 1 —LE%
DEBEHERERBON T V.

6.5.1 EEHEIHTSRBRR
BRI ICE T S HBREIRE Tk o LRI, BRICH L TERT 3.

BER S HEREDRE L

Task A I3V 5 BERERRES & VERTERARE OB & R T MBI AH & LT 2R
HOMREE Fig. 6.81ICKT. HVERENSS 588 (Mode 3), FEMENEE & Vrseyng
FRRWTFhIFHLT, BREHBIEAVES (Mode 1 & 2) IKHT/hEL (ER)
BoTwn3. LHL, Model & 2 0ffjTit, 2hiBEREAZRELILAW. Th
B, BREBHOBRE CRO»- BEm a2 bitsctickocifRts e
»5 Mode 2 TOHVEE~ORFER, BAkOMBRDEIEIC B TRICILA L
Wil R Y TR, BICEHT & ok & OBEBOBRE > bEREBEINLEE L
b—ET 5. Fig. 6.9/ Task B ICsx3 2 EREORERETH 2. cob2id h e
i8I B 5 55 (Mode 3) DREMERZE & VERERBRIZ TN D BEREI A A VWIS
(Mode 1 & 2) IKHRT/RE L (§HL) BoTw3. LML Fig. 6.8icH~3E, &
NoDF =27 A —7EHLPICSHEEI N TS, Thid, Task A X9 % Task B
I LCOLHBEOFIRIC X 2REBBIC X 2R BKRE W LS T LR RLTW
3.
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#nT, Fig. 6.10& Fig. 6.11{%, ZhEh Task A & B OVEEKDWT,
LR UBRE T 2 AR L ERTRRNEOBRERITHERTSH 5. »wTh
DV D VT, EVERIBIARD 258 (Mode 3) DF — % A — 7k EVERBIA &
VEE (Mode 1 & 2) o2 & oMY, LOMERMREORRIVIBEEZECTHZLE
2%. Thidg, AERBGATERRZEORKEL 2525, HRATLIERICEA
b nhbTHDLELDbNS. Task B ORVEMEIZS 5 5& (Mode 3) ICiE,
ANAHBHEREED | BREOR2TH B ), AEBRBXERL) L 25 ¥
AEEeEcEILTd, Model & 2 OfTH, ThBEERERZLRbIE .

SBR = O — RRAOIER

1@@%&%%@%%%%@%%E@ﬁ@@ﬁﬁﬁbi’b?’c. Task A & B iKcxf LG,

BB T & OFEMERE DT Lo b DR ENE Fig. 6.12¢ Fig. 6.13iC
T SBBEC, BVEHBIED 2854 (Mode 3) OUEHEIEE XIRVEREIS K S
(Mode 1 & 2) X ) d/hX K AoTWw3. %L CEERRIHOBERECRD» > A &EH
R EEE 2584 (Mode 2) DIERIZ TR A WEE (Mode 1) X H 3Bk
BECESA>Tn3. 5BOWBRERFRMETD 52D, MOREREFICHT
SR KERRE L ho T3 BB FICEAEZRLC»5. kI, Task A &
B icst3 3 8RBT L 0AEEREOFEE, Fig. 6.14%k Fig. 6.151K/R3 X5
i<, E:RBOBEABR O
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Fig.6.8: Distance accuracy for Task A of one subject.
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Fig.6.9: Distance accuracy for Task B of one subject.
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Fig.6.10: Angular accuracy for Task A of one subject.
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Fig.6.11: Angular accuracy for Task B of one subject.
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Fig.6.12: Average distance accuracy for Task A.
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Fig.6.13: Average distance accuracy for Task B.
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Mode1 0
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Mode 3 B3
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Fig.6.14: Average angular accuracy for Task A.
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Fig.6.15: Average angular accuracy for Task B.
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BFRBIEDER

Task A & B OVESEIC 0T 2 #VERIBIO%IFR % Table 6.2IC/R$. T ZTHWTWw
5{HL, ratio %, BRVEREENRED 286 (Mode 3) 07— 4 (FEEEERZE, MAEHRE,
VERSE TR OBVERBIR A VEE (Model) 07— X K3 2HA&L LT, gain=
(1 — ratio) x 100(%) TRO LN BETH 5. ThENEEREC & OFHHEE LB
HFOFEHL TS, Fit, Task A X v b Task B K LCOHRY 4 v, +
bbb, HOWRIC K ZBEMBIC X 2HRERKEN LS5 T LERLTVE.
Nk, Task B 1 X VS OEARERSBEXRD 3 OCHEIEREIN R h EHEE
BVERTH 385, BEaBIBndhEBVeEsRBR T ahEREED 1 HhED
HTHY, Task A CEVEMBIZRT T 2G5 CBEEXABLATRE AL
WEHHE B) tHRTHAEVvAEDLEELLNS. COEECREEOHHE R
hTwnkwnicd, Task B 0FEICEET 251 v iZERE100(%) 243, DlEosE
BfERIC I hid Task B DA, #RE L RVERENC X - TR BERVEDOREREERE
ZHI60(%) M LL, FERICVESERE D 40(%) CHFITEC B C L ibah 5.

Fig. 6.16{%, Table 6.20fH* W Oo»DERELSbE T uy ML, #HiE
HECHRENIEHERLBONIHHR (1 v) OBRICOVWTRLELD DT
H3. oFh, Task A B3BEHE, TaskB X5 HHE, TaskC 26 HRELH
IRLTWw3 0T Table 6.20 %k 5 A% [ v#8oh 33, HEMEIAZ LCEHAEY: 1
DHIPRLAVES, Bohd54 b 0L A5k FCcH5. Fig. 6.16Tit, Ta-
ble 6. 20{HZEMERZE L L DCHETVS. DEVT—EhbTRD 55, BRL
| HRVERBNIC X o THRT s Bk OEBME MEORE, TOREBLRIMR (7
4 v) OEHRICD TS 3BEDHEMROH»H 3 b0 L Ebh 3.

Table 6.2: Average gains for Tasks A and B (%).

Task A | Task B
dist. accuracy 35 59

ang. accuracy ! 99

completion time 21 41
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