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Realtime Free-Form Deformation of Virtual 3D Object Using GPU
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FEMHEZ D 5 121%, V=T =A AT — X BHERT
LRV IOESE, (KEEMT CHBRICEET HME
N5, BHEEEIT O EHEN 5L E LT Free-Form
Deformation (FFD, 2.1 i) 2% % [1]. L»>L, FFD
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ECTIRHHRE 21T 5 7212 NVIDIA tHiZ CUDA[3] %
B - ABRL T2 (3.2 #i). Modat & [4] i%, CT X
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Ba R ET B IO OFRIEITAAEE [1] IR STV
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2.1 Free-Form Deformation
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FFD (2 L 2 BHAR 217 9 13 F 3, LRk H
FRICEBE =R TR 2 ERT 5. RIREROIFE N %
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(n+ D) HOBEAEE 2L %, WEADKESY F L
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FFD Cit, MR EROME (P)) ([CBBs iz &
DT OB S, EREBET 5. THAS N @
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b L DTERONLERZ MV X, TR TEREND.
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AR =R IR CRGERBE 21T O 72D = —F 4
UUAELTIE, R D RS S oMk RiE IR T
HRHEYI 2L — 5. ABIZETIE, REZ=5>0
RRA3 DA RIC & 0 B9 5 Phong O RATE T /LA
9% [5]. Phong ONHET VT, MHEHET S
W, BALERSRZ MUNKRELE D, AR TR, THMR
WCHEBRRI MVERETDHAAL—RY 2—T 4 VT %
FRTZ. AL—=Xvz—F 47 TlE, THRICH T
LR T DIERT v N; OFH &2 ERT 5TH
RIEBRAR 7 bV N %R 5D Z & CTli DR 218 5 I
ERANE

_ XNV
I N

H BT & BB 2T 5 T NTIERRAN Y bV O
FHRDPMIEL 250, HRZEATLTXTORY T
ERAY bvEME L, ERIEEAT D 72w, WAL
WA LETHD.

3. iFmE
3.1 OpenMP

OpneMP (I~ /5 =27 CPU L CREAISIT 57
OOT T T I TXERE TH S [2]. OpenMP Tid,
M0 IR UL e 8 R EI LT A, £ 0 a—
ROFHZ T A T EHAT D, HZF T
A EI04T 5 H4121%, #pragma omp parallel &
WO M SCEBI L, for SLAEWHIMET D EAITIE,
#pragma omp for EWOHMBXEEBMTSH. 20X
{2 OpenMP Ti, #pragma omp ®H & TR EIBN
T5Z&T, RWIZET 2R ECHMN 2R T A2 EDLT
5. Fim, MEUIA Ly REWSEAIZHEIEN, #E3
DOaTIZEV S CEHEAEZIT) 2N TED.

3.2 CUDA TOMEFIE

CUDA %, BHeradit oW MEI R 2175 AR TR S
N7zDT, GPUDN—FU =TI T7 47 AZH
FTHHFP L CHWSINE T e 7T I T RITH L
MNTX 5 [3]. CUDA ICLAILAFEX, kO=Z2>DF
IECHEITS B,

“

1. AB1 CPU LD AEUEH GPU EDAEVIZAS
T—HEar—
2. EE GPUOatv#citE

3. A GPU MG CPUMICH )T —# & a2 —

ZDZODOTFNETFFD L BB MVOFEEITH )
5% GPUlL 4% (M27).

AWFETIE, FFD OB T MV OFEEIT - 7251
Wl %2175 2 & 2% E 9 5. GPUIL Tix, FFD 0E#E~
7 "NVOFHBEBICH T —4% % CPU fill~a & —L T\
LN, REEAERICIZENL S OF — % %, O GPU M

WZa v — LG 570, CPU DAL A3 AN BE /¢
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2 CUDA TOMWLELFNE

T—4#1%, GPU EDOAE VIZMEFFL TR Z, CPU IZH
RHETOBEMET L7200 TE, 7 — X IRERER NS
JoLEZXOND. £IT, T—FOZTELZE(L
T 5H51E% GPU2 (K24) &4%.

GPU2 ® X 9T, 7 —% % GPU LoD A E V ITHAHN
LT %, OpenGL THil 3 AEICHEHT 5720121,
OpenGL 2.0 TiBN & 17z Vertex Buffer Object (VBO) %
WD HENRS D, AWFFEOBREREE CTIE, OpenGL 1.1
FETCLNMERTET, 2.0 2L LoneiditiRE#Riv &
72%. % Z T, The OpenGL Extension Wrangler Library
(GLEW[6]) ®»EA%1T-7-. VBO Ti%, CUDA & ®
MHAEEHZITH> Z &N TE 5. CUDA & OpenGL D#H
HIEAZITV, VBONDT —% % CUDA InbiExE X
iz 25A2E, LTFO=Z20FRIENRSEL 5.

1. VBO Z¥%#E# L, GPUMICT—¥ &2’ —
2. CUDA T TE % & 912 VBO D2 4 Bk
3. CUDA OF#NTT L A& AT

3.3 CUDA TOMELHE|ZDULT

CUDA # AW T HFEZIT O HEITITLEE 7
Uy R, Javs, ALy KOZS>OKBETHEIT 5.
F72, GPU TIEARY MEERGERNA— RU = T
BTHY, 7V v RN GPU, 7oy 7 BFRLEE o = &
I (Streaming Multi-Processor), AL v KRR T 71
Ty Hizxts T 5 (K3).

WAL 2 = » NI, 4 1Z7R7 X 512 VRAM
WCHARTT 72 AREER AT VRV PR Z PR SN
TW5., TNOEFEMTHZET, LV &ER N E
BWT&5.

CUDA TIE, 1 7uv /B0 DLV AFEIZL T
FHTED ALy FERREY, LI RZOFEHEEH]
BWLZene, WHAMLEIZ X 2R/ GO0 [3]. K
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Parallel GPU
Processing Hardware
Grid GPU
Block VRAM
Block MM [ﬂ]
[] []
Block MP
Thread l“‘[ Memory ]
Thread I&] [&]

¥ [ ¥
| Thread @ SP |

3 GPU TOLELDSE]

Streaming Multi-Processor (MP)

Shared Memory
Constant Memory
Texture Memory
Register

Scalar Processor (SP)

4 AWHLEE = N ONEREE

WFFEIZEB W C FFD CRIAZITHRETIE, 1 ALy Fd
FOMAT AL ZAZEN 28 THLI-H, K 256
ALy RETUEEZDETLZENTE D, BRI B
NOFHEEITOBETIE, 1 ALy FHEVEMAT L L
DABKMN B HTH D=0, HARKSI12 ALy FE T
FRENEIT A ENTE S,

4. ALEBEERE O ELESSEER
4.1 ERBRAE

OpenMP |Z & % CPU LT, CUDA IZ &
5 GPU ECoIrFEOIEREE] 2 thig 3 5 7= H D5
B2 % 1T o 7-. KONICA MINOLTA #D =Rt A ¥ v F
T 5 VIVIDI10 % HWTEHI L7231, S5TRTH
DR DU CTALERIRF R O i 51T - 7z

£ 1 MOEROIEAT —5

TH K 90633
WY T | 179801 £
il S 3x3x%x3

FERBELZF 210, GPU DALy 7 2% 3 TR T.
F9, CUDA 1T X B WHIALHIC > T, FFD QU 154
_R7 MVHEOZENFNICOWTIRESR A Ly FEE K
WDEREIToT A28). ®iZ, GPU 2 H Lzt
B OFREEF DAL 2T (4.3 ). &K#%ic, CPU L
TOY 7 NaTis, OpenMP 2 H\ e 4 =27 JLs,

849
(5 3531

5 faofEi L FFD o il 5

2 FERRE

(ON] Windows XP SP3(32bit)
CPU AMD Phenomll X4 2.4GHz (4 Core)

AEY 3GB (800MHz)
BRFEEREE | Visual Studio 2005 Pro (OpenMP 2.0)
CUDA CUDATooIKit 3.0

#* 3 NVIDIA Geforce 9600GT D A~ 7

Version 1.1
AEY 512MB
7ty Yk 64
CUlCR P2 1.62GHz
CPU 725 GPU | 1.69GB/s
AE VYN NIE | GPU 25 CPU | 1.44GB/s
GPU 2°5 GPU | 37.18GB/s

CUDA |2 X% ZoDREFEDOE (T o7 (4.4 ).
42 BRERLvY FEORAE

CUDA TSI 21T 5 1= i2iE, AL v REL 7
vy VBERETLOILENHS. FFD O A Ly R
a, 70y 7 8E [(JAEE) /), IER7 MAVOFHEO A
Ly % B, 7y 2% [(KY) I U8)/B] &ET5.
ZIZT, [1EEE~0Y EFREKETH. ALY R
], 7y rBEEOIL DI ET D L MBS —FEH
272 5000, MWHENEFESLS GPU IZL > TERARD=D, A
KOAEZEIIIREINTWARY. 2T, KR o, %
KD D=0, FED, {ERART SAFHETOA L Y Rk
PRI R O BAR 2 R ~T=. o & 2~256, B & 3~512 &
LT, WPREEMI A L7=. FFD Ti, TESAHIC LD
Tuy 0 BEBEIETWER, SRoWIRET VTR
a=1DEET 0y 7N 0633 L7y, HHTEST
oy 7 8o R (65535) @A TCLES. Tay7id2
WIETEHEINTEY, 1 RETHO[(FY I H)/2] &
BETE, a=1 THLAENMTZS. LML, 2KT
TUHLEIT- 26 &, 1 IRC TR AT 285 DN
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Proc. time [ms]
Bl

910

0 L L L L L L L 10°
2 Al

90 b 5, =10

65
60 910"
55 F
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0 64 128 192 256 320 384 448 512
Threads (B)

Proc. time [ms]
1

7 ALy FEIZxHT 2IEM 7 hVEHE O EE RS
R A=R ¢

ERALELDE WL, AROMAFEEIERH I TR LT,
BN TE RN, FZTAIZETIE, a22& LT
L RITOMER L=, ER7 VRS REBEOBE T
B>3 L LT

FFD, E#A7 SRR OMERF OELZ ZnETh
X6, X703, £, WSODPD AL v REITHY
5 BRI A 5% 4 1SR, 2, ALPRRRRIE
10000 BRIy & UCRH L.

6, ¥4 XV, FFD OMLEERIZ A L v N 64,
128, 256 ® & 2L TWD., TOHFTHLAL v R
64 O L EN—FBUHEFRNEN -T2 EBDND.
CUDA TiX, —>®7 v v 7 ) Warp & FHEIE 2 HAL
THEITEND. 1Warp=32 ALy RThH®H, 320
EE DALy FECCHUEMEMNEHIN IO THD.
A RO FEBRICIBNT S 32 OFE5 TR R 23 EiE L T
W5,

7, #4100, BERAT MVHEOLEERRIT 64,
128, 192, 256, 512 L X IZHEMELTEY, FFD LA
FEIZ 32 O S CAUUERRFMAEM L TV 5D, FRlcA Ly
REEAY 192 O & & BN —FNBIERBNE -T2 &b
N5,

WHEH 2=y N Try 73 1R LIRS, &

(5£35)

F4 ALy FEICHT 208 (9600GT, HAZ [ms])
ALy N[ FFD | N7 B VRS

63 2.135 5.576
64 2.108 5.562
65 3.183 5.958
127 2.196 5.562
128 2.186 5.548
129 3.181 5.727
191 2475 5.511
192 2.469 5.498
193 2.571 5.731
255 2232 5.570
256 2.226 5.556
257 - 5.948
511 - 5.529
512 - 5.522

2.1936

2.1934

21932 -

2.1930 -

2.1928 -

Proc. time [ms]

2.1926 -

2.1924 -

21922

2.1920

2.1918 L L L
1416 1424 1432 1440

Threads

8 Ty ZEITKT % FFD DL ]

mfEH L7 GPU TRRIFFAE 2=y NI 8 THS.
FFD CTA L v Fix 64 L35 L, 7oy 73 1417
L0 8DEHE IR, FITTuy 7 HN 8D
BN 72 VT VBRI N S DI SN2 2R~ D
7=, T2 T TN T ey 7 Ay 1417~
1442 £ T ST, WFER OB EZRH . D
FERAEX 8 IZrT. 8 L v, 8DfF%k (1424, 1432,
1440) Fit%2 T, & DEELEEMNER I TWD 0,
ZFOHMPIZIT LS b TNTHDLZ b, Ty 7 HOR
i3 ThRnwZ e L.

PLEX Y, APIFM O ERTIT o = 64, B =192
E95.

4.3 GPU ZEFROUMERFMNEL

GPU ONN— R = 72X T, LEFFN ED X H I
EAT DDA T > 72, ik LM L7 GPU
1% NVIDIA Geforce 285GTX (285GTX) TH 1, A2y
7 &F 5127/ T. 9600GT 2t~ 7 1t v I35 4
E, AFUANRCRNIRITHN3IHBER-oTNA. FEHLE
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7% 5 NVIDIA Geforce 285GTX D A~y 7

Version 1.3
AE 1GB
AN N " 240
CUl(ER 2 1.48GHz
CPU 7»5 GPU | 241GB/s
AE YUY NIE | GPU 76 CPU | 2.11GB/s
GPU 7»5 GPU | 124.64GB/s

T
285GTX ——
9600GT

Proc. time [ms]

L L L L
192 320 384 448

9 Rl vy F¥ICxd % FFD OB (GPU O L)

0S, CUDA Toolkit D/X— g IR —Th 5.

285GTX 1B\ T GPU2 TO XLy FEICHT 5
FFD & L7 bV ERE OABEERERIXIK 9, 10 &
etz D= 9600GT D ALBEEER] & FHH5 L T\
4. ¥£7-, 285GTX TV oA EZH &ML TWb T
W, FFD IZBWT 512 ALy RETEET S 2 LRTH
BETHoT~.

—H oA Ly FToBEMREZR 6 0L 5Tk
D, FFD TiZ A L v FE 64, ERT b OHET
XA Ly REN 448 0 L & DML R S B Th - 7-.
285GTX IZRBWTH, Warp DEHTHBH 32 ALy KT
EIERER A ERE SN TV B,

9600GT (o = 64, B8 = 192) & 285GTX (a = 64,
B = 448) DOIESIITRIT DB Ol A £ 7 12
Y

6 Al v FEUTxH 2 08HE (285GTX, HAL [ms])
ALy ¥ | FFD | IER~27 ML ORH

63 1.484 1.855
64 1.481 1.825
65 1.644 1.872
447 1.521 1.819
448 1.516 1.783
449 1.540 1.823

(5£35)

851

10

T
285GTX
9600GT -------

Proc. time [ms]

L L
384 448 512

10 ALy FEITHT DB 2 ML O QLELI
M (GPU D)

#7 GPU IZ L AP O bl (BEAT [ms])

GPU [ FFD [ i~y Mvitsi [ At
9600GT [ 2.108 5.498 7.606
285GTX | 1.481 1783 3.264

# 8 FFD, EM~7 MGHHE QMR (AL [ms])

#Ex% | CPUL | CPU4 | GPUI [ GPU2
FFD 1264.570 | 320.300 | 3.873 | 2.108
Ui kv | 58430 | 14.680 | 8.577 | 5.498
ki) 1323.000 | 334.980 | 12450 | 7.606
fps | 0756 | 2985 |80.321 | 131.475

4.4 LIBEFMED ELE

WHE L TV » 7L a 7Lz k%5 CPUL,
OpenMP % AW TIFHE L7z 4 2 7ALERIZ L 5 CPUA4,
GPU1, GPU2 OALFEEM D23 8 1ZR-T. AL
7= GPU 1% 9600GT T&% v, GPUl, GPU2 T» FFD T
DALy REUT 64, 7 BLVOFHAETOA L v R
X192 Th 5.

45 E=

—f#IZ, 10[fps] LA b (ALEREFR 100[ms] LAT) THiF
PTZ25E, ANMIFEmEBFHTELOTY T LEA L
LERN KB R EE L 72 5.

# 8 X v, CPU4 Tix CPU1 &b, FFD, Ef~X7
MVEHE O WIS BRI AN 1/4 FREE L 720, CPU £
D> 2 TN E Y B THNR TR LA
FULITA T2 2 &M bh D, LinL, M L— M 3fps
CHERFRALBLER TE TV, GPUL Tk CPU4 &
Fe~X, FFD TRUERRFRIAS 1% P2, B bPAEET
58% FEE L 720, ALBEL — X 80fps & FEIRFRALER AN AT
e & 72~ 7=. FFD T, THAZ L IZBEAMNL LT D
728, WIHLOHEBIEFIZKEL, GPUEZHWD Z &
TRIBICAEEFRE N EE CE B2 b, ERY
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N VEHE T FIALERRT I RIS M B 72 72, FFD 12k
RTWHHIHE OB FIT/ N EWA, GPU B om#E R A€ Y
T 7R, WBROBRIIT LV EE N ERTE L
ZEzobnb.

CPU & GPU M7 — X ik % 2%/t L7= GPU2 @
ALEERERTIZ, GPU1L & b~ FFD T 54% FREE, JE#RAN
7 MVORIHET64% FRFEL 72V, ME L — MY 1314ps
Wi kL=, SRR LIRS —% (M5, £1) ©
Bér, FED I LI, THAT — X DiRkaE< 2 2N
T&7e., Z2OTF—Z&2IRATRELAZENTES

(TEAH) X (XYZ Hh7—#) X (float #Y)
=(HET—#)
90633 x 3 x 4 ~ 1[MB]

T

&)

Fio, ERAST MVEERETE, AT -2 LET—4 0
kA A ZENTER., 2072 BIIRATRED
HTEWTED

(HRT—2)+ (RV T8 x (17 —4#) X (int 1)

=(HR +HT—%)

RN

1087596 + 179801 x 3 x 4 ~ 3[M B] 6)

F£7 LY, GPU 2Z ¥ L7-%4, FFD TIXALHEEHE
2145, R MVOR R CITAEEE R 3.1 f5&
2o 7=, 285GTX 1Z 9600GT 2kt L, F'mt v HEHAHK
4%, GPU [0 2 € VEREEE K 3 fFicm LTS
25, EEREEIL 09 FICIE T LTS (K3, £52%
). FFD o#HE ik, X Q3) TrRT LI, =27
oty YHiz OFHEENRS NS, Tat N
DORE L, BEEEIETORESHEZRENT, HEY
WHELHE N E D Lol B2 NS, B2 L
FE T, GPU MO T — Z MRkl B\ Lo, e
FEfm ElicoZeniol=t &2 b 5.

9, 1028V T, 285GTX 1T A L v REIZxT 5
SLBERER] O ZE B 3 72y, 2k, CUDA Tik Warp =
EIZALEEE LT Y, Streaming Multi-Processor 23 A €
U SEIRIZ T — & OFEAIAHDTE T LTz Warp 7 6 LEE %
ToTWA72, GPURID AE VELEHENHETH
% 285GTX TITABEEF OB NV iehotz b EZ D
na.

5. F&H

FFD IZ X 2RO A HERIZSOWT, BEFEOMEZE
UTIVE A LTHIET 5 720 O @@ LRI SV TS L
7-. CUDA % M\ T GPU kT FFD (2 X A {RAE =k T
WRO BHER &, BRMEROMEZ, IR
252 ETUHOEBLEIT o7z, HELHEZ T 5,
GPU O/— KD = 7 O ETERT %729 O & d b
FEILOWTHE L, S8oRElE LTA Ly g,
Ty 7D BMR A BRI R D 7. AL L AL
P& CPU 4 &9 GPU 17 9 1%k (GPU2) TiT,
TEASEL 9 LR, RU I8 18 HELEE O E R 2R Ik
F—H2DOHBEEE, 131[fps] REOEHF L — LT, U

(5£35)

852

TNEA LIS HZ LN TE. A%IF, BRHERIC
B DEMEEICOWTRET 2 Z ERRETH 5.
HEF

AWFFEDO—EBITT X« = ZENTERFIRBLE OBFFEE %
Bk o> 348 2 2 1 THEM S 7.
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