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] ABSTRACT

Virtual surgery is an application of Virtual Reality (VR) in medicine. VR-based
surgical simulator has shown good prospect in application. Visual and haptic feedbacks
are two important ways of interaction between visual surgery system and its user.
Realistic and real-time visual and haptic feedbacks may enhance the immersion of a
visual surgery system.

Deformation of human soft tissue is a common phenomenon in real surgery.
Generally, there are two types of deformation in surgery. The one is small deformation
caused by contact between medical instruments and human organs, such as sunk or
bulging of human skin. The other one is large deformation induced by body moving like
articulated deformation. Simulation to these deformation phenomena is essential to the
visual realism of a simulator. Simulation of deformation in virtual surgery must be both
realistic and real-time.

We in this thesis research the large deformation used in virtual surgery. Different
from small one, large deformation performs large scale deformations and hence involve
the entire mesh model. Physically-based models, especially the linear elastic models,
have been widely employed in simulating local and small deformation on surface
meshes due to their similarity. However, when used to simulate large deformations,
nonlinear elastic models should be considered since linear models often present many
artifacts. Nonlinear models are often too expensive to ensure real-time simulation.
Moreover, the problem scale of large deformation is often quite large. All these facts
prevent us from using physically-based models.

We find geometrically-based methods are suitable for real-time large deformation
modeling due to their efficiency, robustness, and physically plausible feature, which can
meet the requirements of virtual surgery. We use the geometrically-based methods to
simulate large deformation in virtual surgery. Geometrically-based deformation
methods have been extensively researched in the context of computer animation.

We propose a skeleton-driven deformation method based on smooth interpolation
of transformation with cylindrical coordinates. We first extract the skeleton of a mesh.
The deformation of the skin mesh is driven by the moving skeleton. The surface details
can be preserved well due to our smooth interpolation scheme. Besides, our model is
very efficient and can be performed in real-time.

Gradient domain method based on differential coordinates is another popular
geometrically-based mesh deformation method. We augment the existed gradient
domain method with two features and propose a improved gradient domain method. To
make the deformation material-aware, we adjust the weights in the energy function. We
add a virtual node near the model part that may introduce the most volume degrading

during deformation, such as joint part in the articulated deformation. By constructing a
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volume graph around this virtual node, our deformation is calculated using the volume

differential coordinates, which can effectively preserve the volume of the joint part of a
mesh.

We introduce the application of the proposed methods in our virtual surgery system.
The results show the effectiveness and efficiency of our deformation method.

Key Words: Virtual Surgery, Triangular Mesh, Deformation Modeling,
Geometrically-based Deformation Modeling, Differential Coordinates
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RER RPN HIX AP RRE.

SRS, XA EAT U EFERK, RS RER N5
RFFREEREA A RKEAN=AIERR T RAMEE, TR =M g R
AR, SRR, X T4 2000 MTAKEER, it TAUCS B
FBHPEIE, BIFRAES 15 WLl k.
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ERRF AR K PRI R TP A 3
BARE EUBRXTFATHEERENLHR
AXRUNEEENATFROFIFROERFRRGES, LRARBHAM
BT R R, AARAMBANEENE. RFEELNBE

BFARRE, RENMBELRIEDITY RBIMHREAR, ETREENHLIR
HdRE, BESHHTERNER.

6.1 RAKBEHFE

“ERUBXTETFRRL” B—MHEAELEMN PC HLEEST, BT Windows
BIERZEFE, 8 Microsoft® Visual C++ 6.0 JFRIFE L4 OpenGL BB
TIHRM. BARERALRME, BHAMLERE, TBHENKR. REATEHE
PHANToM®fli 5238 B ¥ 4 (1N 6.1) M5 Z AR K GHOST SDK Jj 8t Al k4
TF&RA, CARELEBIATFEA R o il 3 S 15 B B A RO AR S HF o

6.1.1 PHANTOM® i35 X Hig & _

PHANToM®# ti STI A 7] (SensAble Technologies Incorporated) 47 Hifili st
RHE, RATE §E AR T8 DesktopT™ R A (Wl 6.1) . fFHE, AF@E
it M PHANTOM 2R (stylus) 5H&#ATR L. PHANToM® DesktopTM
REMBARIERNE 6.1 FrrC), ATUEH, ETUEZ 6 4~ i ERNZ A ELH
NER (RLEMEEE) , FEWURME3ANMEHENIREEE (REBLE .
PHANToM® DesktopTM % ) TYEX 8] 5 A K/MB B ETE MY, RIBREER
0.02mm, B K5 ATE 6.4N, BT LA & BB T 8 FARMLES AT BT Ko

# 6.1 PHANToM® Desktop™ W & Rigkx

mH g
TAFIX ] 16x13x13cm
G2z b FRAH NS A E R
RN E SRR 0.02mm
B AN BT 6.4N
FRLE TAE BT (24 /DED) 1.7N
1 75g
R I175 1 %Y,z
fr EAE R X, Y, z, pitch, roll, yaw
LD I O SN, TRREXK
BITFE # T Intel ) PC #1

B3 H



E B RL B AR KR A B T4+ 248 3

PHANToM® DesktopTM & & it 7 O 5 5IWIERE, FRHER 8.

B 6.1 PHANToM® Desktop™ il 5 2 1] ¥ #%

6.1.2 GHOST %X F 4 &

GHOST (General Haptics Open Software Toolkit) SDK & STI 2 & K
PHANToM®#% % JT K [ —A 4 B ARSI & T B A, TATH RS 8 AR
A% 3.0 GHOST SDK RH C++H X REI R ik, IR T —Fi% i LA
VAR ZERSCRMZRE S, KR RMEAE, FARNARFTEANRTLEE
TR I BAERLE I S P4 . R R st ik 8 PEr A B R 4 R R4 |
AL RIEZH ) F RSO 8, H GHOST SDK #iE AR, ©
"] L FF T STI PHANTOM® R B K fil 38 AL ¥ 4. GHOST [ AR ST (API)
N AR IF RN R U BFMRAER ESMEL R & H, HT 60
fil i #R % . GHOST SDK FEA LU F =AM P8,

(1) GHOST SDK ¥ ki ¥4 34 555 o i BT 48 400 4k LA — AR % 1R =R 4L 2 a3 5
(haptic scene graph) . fEALGEIFE T, WEHEH A7 S AE ERE/R
ROT, HAXT AN R FAE IR, AR RS INEh AR . R
PRI SLEPRH U . T s A A A X T QY s O e S RN 4 7

(2) i A LY 4% 1) 48 i 3R 7~ i o 37 % B B — A7 2. GHOST SDK ¥ &R 45
45 S BT XA SSRGS R R IYRZ BI{ER 51, 3B
S 7 38 5 ik 2 L 2 RN H K

(3) GHOST SDK NEfil it 75t B h A A e R . ERE XN EIE BRI AR
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BB HA KT RER T2 H L3R
SGA, ERNErEEHEEN Y&, GHOST SDK &4 T [

(callback)PLi], FRMMEZ AW MERRABY>EAHEK. BLFE, GHOST

SDK E 4 I 158 %5 OpenGL Hl Open Inventor 7E 4 (] — S5 B FE 22 3k b8 —

RESEM.

— M FR#ER) GHOST SDK M AR E /PN IZEEFHA MR NARFHEN
b0 R, EAIRARIRXEMARET. NARFHEREEFRE—/Mb
W RE, REEE i EHRE. M E#ERARREX DR EF
EEERIRE, CHEFBERRIFME, GHOST SDK KR ZE X
1000Hz. MABRFHELGLANHAREHTHREDER, BERRETREHNE
MUEASE (BREREEHE) , RNETENMESHSEEBRTEBER,
B4R 30Hz £ KIRIBHE .

6.2 MK A

6.2.1 OpenGL BB

OpenGLPIB[ FF 1 B % E(Open Graphic Library), 2—AIhfgi@AT L &% ZE
M=EE A, ERE SGI LXK UAFMLHHENATMEST, Ll SGI &
GL Z4EIEANEMBIEN — M EARXENTFRR =SB RIRE. B,
Microsoft. SGI. IBM. DEC. SUN. HP % K/A##FKA T OpenGL fiih =4 B %
Wi, 2R HES% Ll OpenGL AHEAMIT K H H MW, HPHEEL
7= i B FE 3 5 fE 244 Soft Image #1 3D Studio MAX. 15 E # {4 Open Inventor.
VR #%44 World Tool Kit, CAM %14 ProEngineer. GIS #f ARC/INFO %%, ¥
Microsoft 2 & 7E Windows NT F1 Windows 95 F1£4it T OpenGL ¥4, ifj B OpenGL
EHREEME RS, Eilt OpenGL ZEMMLPHEE ZHNA, REHBMETX
PP ReMS R _L A P % $3FF OpenGL B3k 4%

OpenGL H—RF| 554, & O REHIRIERSEHBOLE AP AR, EHEAEH
=HLEIRER RIFHBETEER OpenGL TN BHRTHM=4EFIF RARH, £
ME=ZHE IR TAEREARA R BAEREN—XKTF R TR, OpenGL TEARE
EAEREE, ENRGOE. SHEBEMSIEHBIE.

OpenGL # TAENF M E XU ERZFIER ZBRBEAME X i, 57
RLErRBEZMEBELER:

B85 HEANAEER, WA, &, UK. MESESJUTER, 4l

FoL: RENRE=ZRTE LHOMVE, EEMAH.
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RBRI B A TR A T T2 AR X
=5 HBRNEE, GR, %,
B, BB OB MARSAE R ERENSE, WL,
TEIXVUSE AT, th AT RS HAT S0 M B — L5 4E,  Eotn B 375 kb B4
&. BINREWNE 6.2 Fik.

o BTHIR ra -ﬁggg
fﬁg?f o] it ol s e m;w
Kl 6.2 OpenGL B L4 iR

FIAERIEERLH, SEREEXNERS, —BEHEET OpenGL EWE
RHEEATHI o

6.2.2VRML &%

VRMLPOIHIE (yirtyal Reality Modeling Language) , B EfIIRsL 1% AIE &,
R—MATHR=ZHEREXEAENHAMXREST. BEEE R Web I8
VRML 5 HTML. Java. #4&fF BREHARGHIHSGE SRR, BR—FFHH=4
HBERE Web FHAKTE K, VRML KA B KEEE, ©ELMNTE Internet b
57 3D 2 AR IL T B R A — AN T O .

BT VRML 5 EELK, £ET Web 9, febtdzEi, HHXBRBAIE
RUZXMEAERTRK, BNy REFERAHRE.

BAVFT R BRI R 2 UL VRML R R R R

R ) VRML 4R LAY B4 WRL 45 B FISCA S E A WRZUEZ K R)
SR SIS, E—REEWT 4 4MNES:

(1) 3Xf3k: 62T VRML SUHHETT, REXHFMRAFR. 5F VRML 2.0, &

&: #VRML V2.0 utf8 .

(2) H8: U#SHHER—BXFE.
() WE: HREBNEL. TUHEREAGRPHER. TARESTSE, Q.

Cylinder { ... }#RHIst &G 7P B — AN EAEA A
(4) BE: BATHARESEN SMEYE, ERNT KN,

%34 W



BEBTRHFE AR IR AR T #7183

Lup
Cylinder { height 2.0
radius 0.5 }
RART—MEH 2.0, F2E 0.5 R,
BATFEF P EXMBEXWEEE VRML SCH#ATERE, SRECGH AT A A B
FE. LR, EHE RS ERES.

6.2.3 TAUCS E

TAUCS!™ MR DLt 514 e R R I — AN T R s ¥, TR TERE
B SRR PR KBRS E. BiBHRER 2.2 /K.

7£ TAUCS B, B4 TR FHEXFRIEEHEMSHEY, HRiBHM Cholesky
SEFAR, (HZEH MATLAB6 (IR B4 M Cholesky MR ERLEMD) |, &
B TS B ARR K HIR & T R E.

PEAhiEiE A TSNS R Cholesky M RHIAR, F4MRI R4 REEBIREFLE
W, CURE T UK,

PErp R4 TRERERIAHTE. =AMEMEATERKRAR. BN EHTSRE.

PERIRIR G T B REM A i, B — MERFSCHERR, AR
FEATS. FISHE, REBmA— N TENRmRERE.

FEIERR Ut BT B SR, BE RN A 2 M E R BG T H L
B,
TAUCS B 1R s ¥ FERIXURE BE ) IF pie B o
Ait, TAUCS FEZEfF R R EE RIS EAER— RS, DREREIE
WisAT, [FIEHRE A R Pt 2.

FERNPIEI S, BHES S L R BB E %, TAUCS ERER
EEHE, CREBRAHMEGEEERRKWMEERNBLNE, BHERRYG L
MHEH—MRBAKIA.

6.3 LT

AVH IR BRI, REMRR . RE AT SRR 22 5 IR A
RS,

6.3.1 REAIZE

BAME#TABEOER EBEXTANERE N R SIER], AT AU
VRML &5 RiI&N) legwrl U . AEREFMEY, FELSENEREAH
FISH




PR B AR K F R AE B T L2083

THRE RN, 0AE leg.ont SCFA. R EA SIS A SCHF B

BN legwrl SUHRIEE, BATHE T — ML 5 SH XK S FE BRI,
CRBTFRMERCHEHTE AE. EENHERZAT, Wl T —ANER
RRRIEHBIMUFR, REFFHEME. BIEA—ADTA, RBiE—RAESE
FRZRAXNR, RELIE XA SRR MABRER.

legwrl XM EHRFERT 4 K58, BRANMERER, AREEEL,
EREHTTRERRERENERER. BITTEMMER TSN T:

(1) T AARE R

coord DEF GEOMETRY-COORD Coordinate { point [

~-52.890 86.280 -227.327, -34.840 80.990 -227.327, -23.690 79.620 -227.327,

oooooo

-156.320 -273.030 258.346, -96.580 -128.160 258.346]}

EXHF BT AR B =N EEIE AR R ENBEHET, 857
DR BAESEIT. ERRE R, BENLUESRIFH=TARKE
ARBTRE =) &

Q) MRZERERER

normal Normal { vector [0.1665 0.4943 -0.8532, 0.0994 0.5202 -0.8482, 0.2737
0.6930 -0.6669,

-0.2865 -0.3161 0.9044, 0.8985 0.3207 -0.2999, ] }

normalPerVertex TRUE

E5TARARRERRL, SAMATAMERER = MELENT SRR, T
HZHRREIT, SHMERBLRZ RAESHRIT. ERRONER, BE LES
RHM=TARKRKFEARERNER= 8.

Q) TREEER CAETAER

coordIndex [31, 30, 101, -1, 44, 30, 31, -1, 43, 42, 113, -1, 43, 32, 42, -1,

1962, 1892, 1891, -1, 1966, 1886, 1885, -1]

RAFFEERA TR ETAZHXR, I=ZAEHNER. S AEFH=
MRAR, XHBRAEARNFESHR, FSHESREIF, S4MEAKERR-1
kIt .

@ HEEENSEER

normallndex [36, 35, 106, -1, 49, 35, 36, -1, 48, 47, 118, -1, 48, 37, 47, -1,

2009, 1928, 1927, -1, 2013, 1921, 1920, -1, ]}
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EERF AR N ETRER T8
ST A AR BELL, XARORERME T A AR S T A A & A 5
. EXEGAEAESAAEAR, XHEBEASA ST SHR, FEiEom
. GAEHERE-1 BT
BETRAE legent XHHEEL. leg.ont SCAT IBEE R — R & LIF
PR, HEBEAWT:
S 30

v 80 z-227.586334
{-52.84 86.23

| -57.594839)
v 82 7 -210.749664
{-55.69 89.38

------

S AR MABHEN SN 2 REBERE LA SRR AT & 2, &
“O PRATERTBREMNEANASRATE x, vy IE. RIVEEITERZE
FBAER AN EHET.

6.3.2 HEMRT

FAIA Vertex3d KA BArER, FEAESHAE, KEER
B, AIBEAESE, FHETHRMMAXE BHTIRIE. Wk62, 63 Fir:
# 6.2 Vertex3d 2 3 BHUR I 51 AR X

Bl B R A2 R BX
m_Coord[3] R ER
m_Normal REER &
m_Color J=y:afgen
m_Flag REIBREAL
m_ArrayVertexNeighbor —IRARIE P R
m_ArrayFaceNeighbor — AR N

Vertex3d KW UFH—AMMABHTHLE. HRAMSHFEEFLSER,
WRE AN EERE— T Vertex3d KEIXRIFEERK, BMEBEHIET AL
L — TR PR,

EBITRH



Bl e e NS 2 i el A 2 TR e J VA7

% 6.3 Vertex3d KTk H A& X

BRI B AR =X
Get 33 S AR
Set WE S A BR
GetNormal "R SKER &
SetNormal WE Bk M 2
HasNeighbor HWT— AR T A
GetVertexNeighbor ] 7 8 Wl ol i 0
GetFaceNeighbor BE—HA R _ R
NbVertexNeighbor — AR S AN B
NbFaceNeighbor — AR A A B
AddNeighbor 7 — AR 8
RemoveNeighbor TE—FRAR3E A I BR A
GetNormal — BN HITH
GetNormal — AR T

Vertex3d RE% T KEMTIRKERE, XRET X EROBREMBHYE, %
ERERFHERTURSFEREN T RNRERENER, AREHEEFE
BTFE MNP RERTEXMHE.

X F M legent ICAFRIEIR BT LA AR, BFRMNEAFETENEE
R, BHBIHCENIFBIE =44 PR m_Section H.

6.3.3 #HAMItH

BRI ENTFHIRRZIE, ETROTERZINT X SEIEH T,
BATAT LAZ R BA TR A B BT _ B S AR BB 48, ARG IRIE 28
ML B = AR R E I R R BT AR . W RBR & L3R H A
HE B REBRINIES), MERNEINHHIEHA, PR SNT AL, 44
FHHEARER, ERENGUREREE, YR g SR ERERE
rte, RETENSERRERFHBRERR, WL EREAUR MM ELRE
Hodi, ATUAERMAEERS. XML REWE 6.3 Bk
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EpR AR RFII AR T8 3
- PR
__l__/
B ETI
|
v
EL%%E%&%:]
R R RNAE)
|
A FH ORI
BRI AR
["ﬁméﬁﬁ ]
v

M R & IR AR
B, FHRR S S R E

| AT
=

l TR

K2

T

— BWRBYE?

Bl
R —

I BT ] -

&R
6.3 ERFIER

6.3.4 AL

BRI S wRTE IR 6.4 Fir. RERF 58 EHEAE CSoftOrganModel H —
AEED, WDEEXMEOREERNERERBNRES, UHER,. MR
WFAT I R

XAREIEASEEEIRNT S RSB ERRE L, &2
BEEIE RS AP 2 AR B R BRI B s AN T D S 4Y e R A R e o S
PREA T, RSN R R DA IR A S R RAR SRRRFH K E1T.
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[ BB AR RSB A B T2 247 18 3C

OO R

| WL E RS H |

!

| #T BRI |
ax

s 2
<<i§£%§ﬁ$%§i::>———

i
| EHERAIR |
. l“‘

v

| su@rnxnnE |

4
T RE4R?

=) ' )

( &R )

6.4 B HIMITRIE
6.4 LHLR

R GEAT LU BT R PR B RLHAT R & A HE TR

REF, BN MAESEETERTIBRERR, EEAHEHAREKX
A3 90 B, FERZKTREBZ i 30 BEE] 180 B MIMERARE, ATLLELATE
EREHIRZREE, EMEXWEIERERE BT B FBRHRHRTER
ghid, RN ZRNERARE, RERZEXR, ATEXREZRSL, FE 6
BRMEPR KR EEAEEER . RAPITRRWE 6.5, KRR T 5 HIME
T AN R AR BB TR ROR

GARAREREHBRRTEVEFERER, XTEEEHNAERRELABE
FUFRIEFRAARER, MEREROEMAF LR RERYE, HBER%R
PORERLE 15~40 11, EABRIFHIERE.
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FLtE RES5RE
71 THERE

E—NBIEUFRRLF, MABEEBITERR. SHRBRZ LA
D), EXEFERRT AMEREOEBEMRTEE LN RS E. EHFRHLRES,
BATRERS EE R FUB TR S, RoES, FARMSEREHIER,
BERARANELEME S, WREMBRXTFAKEELZN . FXHTHEE
BEHUT=AJHE:

() 3= T HEHNREEETROTE. BENIER - B RES T

2, SR RASHERNESE, WTRRINWTEREETNGER.
Ft, o7 CUE AR B L EA R ERE R RITEENEE
FORETRSMEHE, BETHEENERELR.

() R T HA R RT . RIEBXT 3D AR, FIFE
B E QTR AR ARAR S BoR SEBLK TS B TR 2E , AR L AR RS 0 (R A A
FEAEARHR R T KRR, NTIFERATES LR R T MR R S R
LANHBNRIBHTFE, FEEREEUTFARNENENESRNE
Ko RMITEWREHET N THERBEXRTE HiZ3)#LnER.

(3) MIH BRI AR TR T EHAT T Bt . St iR R 7 %t
BEPATRFNRE, WHAEPE X ERHE SRR ES,
FEAABTTHEITHE, RMERNERERTHRERATEHE LHIKE.
Fitt, BATFEHAT T S0, HMT EFRESMRIMBEEXTERMAR.
B BT R A S AR TR O T H LA AR B )

BT R T RSB SS T FARBIFE AT, A ORI T7 AR T LURI R o 4 Hg 2

T RTER AR, WX RES.

72 THEEHE

RERDFRRLEHE AR RN LR EBANREES, E5RHIEFE
EXRBATAN R EAE T ILA T E:

(1) e R TR . YL BT Ae A0 B 1% Lt E K Rl %?Eaﬁu 25Hz ULk,

BMOHEERFZEST 25Hz, FMASABINGE ERESEME. RTED

RiR% & E, RIFEREIXT 300Hz UL L, MdtA feosmanBigsttt. g

Bl R &M EERRMER ) AT RE, HiE®a %4
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@m&ﬁ%ﬁﬁﬁ Wik, HATAILUETH— ST, B3 E s RIS

Z RN X AR IER TR R T

(2) A GPU X EEHATINE . ITEREM T HFLE GPU L ERRMENH
%, EfRAT GPU EEREH T HNMRE, BRENERNENZE
B GPU L5ek, A TRELEE, TUERLERRRIIM T ETRE
Mz HAE GPU L5

Q) REBRAKERI T E. BAMHFEEGTERTDES LRRIHBFHK
R, BEEA M E T INERESRRER TRl R M. ikt
FERTUABETEAER TERERNES, kW RS
%, W&ﬁm&ﬁﬁﬁﬁhmiﬁ&ﬂ+%ﬁiﬁ%£m%im&& Ay
BEAKIER . ErULERARE A BRI &,
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Hﬁ

B

FEME, RELBGHBRAOPMEE LHEZETRIOBLES. BEMBHLIKEK
HOKEH . BEHAEENBSRE N, KESLH™EEN. FHEANAER
W, MEHRE T THREFRZNEDS, BEBRMNFERNTAIDEHRER, XL
ERZ DL T, FRNEEHEBIRE 8. R EEIWAGE, BE
B, BREH. BT, HIRENISRE, RREMERKENEVIRG
T BRI HE, ERENENEERZREER. £FETH, BEMFEHEA,
BTHRMERN, AERHRTRETH, MEEBERTHRFO. BEMNEN
FiR. BRAIEN, KTRERIZEINER. EEMRXEHTRZIF, #ERE
FERIEFFMI AR L FFRB L R AR R R

BIEE G EHIHA R RRIUN L EEBRITIL, REHEIERRATFHA,
FERBHRSRET, MNELREBIET EHMRNERN2BEFR, RN
BroURE T EENFHBIER . BWFERTEMEIIMES TROKER B 5H,
FEEIMGTRTTE, 0], NRERSHED, MWBESRFLHRE. FANEERE
BARERART, hEEZE, %0, BFORMEREEESREN,
5t —BHTREMMREARNERESMAGEER, X TFREZEIME
EHBBIMRERES TR . AERESERENREN, ZRA0,
B b ATTARAE HI R S I DK I LS AR

BRI E, Rel, XIRMAXTROFEE, IOIBIRERX, BTFEEMRA
HAE, EWREENNER RINATRRSER: EREFIREHNR, BIIX
RERS B FARBY

FERHBRAETTHRAN, KBETRE®, FERKK. HOIRRMAE L
2, BERUMAKNER, MA-ESMREELHE, FHEFH. BHROE
AL, BRMARHEHR, HFR, EHARIMNER. BREAFRIE
B A A — IR, Mt BE R8T, MARKTTA TERRMgEH
TARKHIHE .
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