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The speedup of a Surgical Simulator by Conjugate
Gradient Method
Tomokazu YOSHIDA

Abstract
Recently in the field of surgery the surgery with a finesse incision and a micro-
surgery using a robot are the center of attention] They need high technologies[]
On the oter sided a doctor must operate for more than 100 patients for safe
surgery[JActually a doctor can operate for few patients{so they cannot improve
thieir surgical skill easily[] It is wanted that doctors improve their surgical skills
by using a surgical simulator(] If doctors practice surgery as if they really op-
erate for patients by using surgical simulator] their surgical skills will improve
effectively

Now the surgical simulator can perform a calculation for behavior expression
of small changes of an object interactivelyl but cannot perform a calculation
for behavior expression of changes with cutting of an object interactivelyd

In this papaer a calculation for behavior expression is performed by Con-
jugate Gradient method fast to perform a calculation for behavior expression
of changes with cutting of an object interactivelyld

It is common that an organ substitute a finite element model to express
displacement by stress] A conventional Real Time Physics-Based Simulation
Library for the surgical simulator has used Hirota method to perform a calcu-
lation with a Stiffness Matrix of finite element modell] Hirota method limits
transformation to small onel] and perform a calculation under the restriction
that liner property and fixed boundary condition do not changel] Under this re-
striction a Stiffness Matrix is not changed by transformation Therefore once
the inverse matrix of a Stiffness Matrix is found a calculation for expression
of displacement by stress is performed by direct method using the inverse Ma-
trix( Then it is not needed to find the inverse Matrix [ so the calculation is
performed fast with small calculational amountOIn this wayJunder the restric-
tion[J a calculation for expression of displacement by stress is performed fast by
Hirota method[

A calculation for behavior expression of changes with cutting cannot be per-



v

formed by Hirota method Changes with cutting make the restriction meaning-
lessd When the Stiffness Matrix is changed the calculation cannot be performed
by direct method using the inverse Matrix found previously[]

If the calculation for changes withcutting is performed by direct method
using the inverse Matrix[] it is needed that the inverse Matrix is found every
transformationl] To find the inverse Matrix[] it is needed large amount of cal-
culation about O(n?)0 so a fast calculation maintaining an interactivity of the
simulation cannot be performed

To maintain the interactivity the calculation is performed fast by a repeti-
tional method without the inverse Matrix found previously If the calculation
is performed by the repetition method very fastd the interactivity is main-
tainedd In many repetition methodsO I chose Conjugate Gradient methodO I
implemented Conjugate Gradient method with preprocessing by the incomplete
Cholesky resolutiondusing of a numerical computation librarydusing a list data
structure of Matrix datall and using parallel computing O to perform the cal-
culation more fast[]

The problem to solve by Conjugate Gradient method is a calculation for
expression of displacement by stress of the simulation of palpation of aortall
There are three finite element models of aortal] The first model has 197 nodes[]
second has 799 nodes and third has 1661 nodesl In additiond for comparison
I performed the same calculation by the direct method with LU resolution

As aresultin the model of 197 nodesOthe direct method with LU resolution
was higher-speed than with Conjugate Gradient method and was carried out
in 0.016208[s|0 In the model of 799 nodes and the model of 1661 nodesO the
Conjugate Gradient method using a list data structure of Matrix data and using
parallel computing was carried out in 0.472755[s] and 1.224938[s|0]

Therfore a calculation for expression of displacement by stress of changes
with cutting without Hirota method is effectively performed by direct method in
a particular model with 197 nodes[] and is effectively performed by Conjugate
Gradient method of repetition method in a coarse model with 799 and 1661

nodes[]
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000000 00000obobobOdMatrix Builder ODODOODODO0OOOOOO

gogoddoobobobbbioooooououobobbbboboooooo

gogddooooobobbbboooooogoogooo
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0)00000002003004005006007M0080000
gogodoobbbooobuo2bbd0o0oouoobbobbbuooooo

godoooobobbooooouoboobbobbooobobbobbuouooo

Joo0booobobooooos1agoobobo Lyobobooooboboon

godoooooobobooooobbbb oo ooooooo

CG 24000000000D0O0O0O0DODODDOOO0ODDODDOOOODOO

LibCG (a)0032000000000000000O00O0OCODOOOOOO
0000 BLASOODOOOO ATLASOOOOOODOOODOOOOOOO
gog

SparseCG ()0 0330000000000000000000OO000O0OO
gboboboobobooboobd
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LU O00bdboooobobooboboLgbobooboboooboon
gboLvoboobobobobooboobooboon

SparseLU LUOOOOOO0O0OOOOOOOLUOODOOOOOOOOOOO
gpbooboobooobooboLvbogoooobooboooboboon
gbobobooogbobboooobobobooodn

gobbobooobobbbooooboboooobo

0200000000000

aortal97 aorta791 aortal661
CG 0.188503[s] | 4.892315[s] | 27.473117[s]
LibCG 0.102798[s] | 2.825731][s] | 16.323603[s]
SparseCG | 0.061617[s] | 0.508868[s] | 2.069610]s]
[s]
[s]

LU 0.234710[s] | 10.845323[s] | 92.085955s]
SparseLU | 0.016208]s] | 0.535902[s] | 3.653248]s]

0300400 50000000000000SparseCG’O00000O00O0OO0O

O00000000000000000 (Cholesky(a)) DO ODDOODODODOOOODO

good

TimeOfCG 0000000 0OD0OOOODOO

TimeOfAll DO0O0O0O0OO0O0OO0ODOOOOOOODOOODOOODOODOOO
ERN

Loop OOOODOODOOODOO

gobo
OOo0ooeOO7DO8DOO00ODOODOODOOOO20'CcGOOOOO

gbobgoobooboboobbobos43booboboooboobobon

gbgs3440000000-000000D0O0OODOO20000000000

gobboooobbodd

ParallelCG(a) CGUUOOOOOOOODDOOOODOOOOO
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U3 0bbugobobbioogobbbdd aortal97

TimeOfCG | TimeOfAll | Loop
SparseCG 0.061617[s] | 0.061617[s] | 320[C |
Cholesky(a) | 0.051107[s] | 6.009937[s] | 241[0 ]
04 000000000000000000 aorta799
TimeOfCG | TimeOfAll Loop
SparseCG 0.508868[s] | 0.508868[s] | 514[0 ]
Cholesky(a) | 0.400253[s] | 702.852370]s| | 399[C |
Os5 00000o0bo0ooooooddnon aortale6l
TimeOfCG TimeOfAll Loop
SparseCG 2.069610]s] 2.069610]s] 700[OC |
Cholesky(a) | 1.549494[s| | 21630.654495[s] | 523[0 ]

ggobbboobbbboboddgd2g0ogoobobboobbbooadad
00000000000000000000000000 ParallelCG(a)’ 00
0000 500 ParallelCG(by 00000060000

06:20000000000 aortal97

10 20 40 80
ParallelCG (a) | 0.618354s] | 0.970383[s] | 0.855004[s] | 1.604196]s]
ParallelCG(b) | 0.196604[s] | 0.292872[s] | 0.256248]s] | 0.324446]s]
0720000000000 aorta799
10 20 40 80
ParallelCG (a) | 16.660599]s] | 9.128374[s] | 4.979070[s] | 3.809046]s]
ParallelCG (b) | 4.918082[s] | 2.728668[s] | 1.616742[s] | 1.135356]s]
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820000000000 aortal66l

10 20 40 80
ParallelCG(a) | 96.494240[s] | 62.579170]s] | 31.983287[s] | 15.060825]s]
ParallelCG(b) | 27.928371[s] | 14.519821[s] | 7.861081[s] | 4.627766]s]

120 30
100 < 25 \\
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60 —nrts f99 4t 15 — e 700
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0 0 ———
1% o5 4B 88 1% 2t s e
DS BEE D52 HalE]
0 5: 00000 ParallelCG(a) 0 6: 00000 ParallelCG(b)

050 OO0

5.1 UUO0O0OO0OOOO
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goddoodooooooooobooooooooooooooooaa
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300400 s5000000b000booobboononoooboboa
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5.3 ULUUOoOOooo

0oddoodoooooodooooooooooooooooooon
godooooooooooooooooooooooooooooood
00000 0ITBL(Information Technology Based Laboratory) 00 000 OO
O0000000000000000000 TiS(Test of Iterative Solvers)[4] O
0o

O000000TiSOOODO ’aortal97’0aorta799’0 ’aortal661’ 0 30 00 0 O
0-0oodoooogdooooooooobogooooooooonod
godoobooooooooooooooooad

O00O0aortal 97’ 000-0000000000O0TSOODOOOOOO0O0
oo inoooo

SAT +CG

1le2 T T T T T T T T
—+— HONE ,CG
—s—  J=PRE ,CG
—#— IU ,CG
) —=8— S5S0R ,CG
led = 7 HYBRID,CG
%& : —s— IS ,CG
SRR
A

le=2

le=4

le=6

le=8

le-18 [

1 i 1 1 i
2688 308 408 568 6aa 7an 808 988 1888

le-12

O 11: TiS aortal97

0000000000000 00000O0O00o0ooooo (ILu)o 2000
O000000O0O0O00OD0O0O0OD0ODO0ODO0O0O0ODOOODODOODOOOO (SSOR)
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goooooooooogooosSsorRbobooooooooooooooooboog
gobobooodn

54 O0OUOOOOOOO
gebd70O8UUibUidbbUioUobbooobbooobbuoooboobo

00 (ParallelCG(a)) 0000000000000 0000000000 (Par-

allelCG(b)) 00 000000000000 00000 DO ParallelCG(a) OO

goggbobooobobobooboboooobooobbobob-buudduuuguo

gogodouobobobobbboooooooououbobobbbobooooooo

gogodouobobobobbboooooooououbobobbbobooooooo

gogooooo

oo o2b0bbbbbbbbbbbboobool

ggoouoboboobobbooooooooon

'ParallelCG(a)) D0 0000 900 'ParallelCG(b)y) 000000 100000

0000000000 D=aortal97 000000000 40000000
000o00obDo0000o0oooobobbooooognecal’ O OOOO

gogouooooobobooooo

(p,my) 00DD0DO0DO0Op, 0000000 r,0000

Ap, 000D A0O0OUOO0Op, OOODOODOODOODODO Ap,0OODO

(prAp,) 000D p, 00000 Ap, 0000

Tpir, e,y 000000000000000

Bceast:p, MPIOOOOOOO (MPIBecast) DOO0OOOOO p, 00000
0000000000000 (@Muoooooon)

Bceast:err,o, 5 MPIODOOOOOO (MPIBeast)DOOOO0OOO err, o, 50
O0000000000000D0000(@Ooooooon)

Gather:local:Ap, MPIOOOOO0OO (MPIGather) D0 O OO0OOODOOO
0000000 Ap, 0000000000 ODODOOODOOO(M@MOD)

Reduce:local:(p,, ry), (P, APy), (*it1, Ap,;) 000O0D00O (MPIReduce)O
goodoooboobobbboooooooooobbbbboooooo
O000000oo(@ooon)
01000000-0000000000000000 200 (Beast:py,

Gather:local: Ap,) 0000000000 90000000000O0OOOOOO
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000 700 (Reduce:local:(py, rx),Reduce:local:(p,,, Apy.),Beast:a,

Beast:err,Reduce:local:(ry41, Ap;,),Beast:3,Gather:local:p, ., ) 00000 0O
goouoobobbobbooobobbbbuoooooooobbbobbuooooo
guoooobooobboogod

gogouoobbooobobuo200uobbuoooobbuoooobboooo

gobooboggo

09 00000000 'Paral-

1elCG(a)’

local:(py, )
Reduce:local:(py,, T1)
local: Ap,

local:(py, Apy,)
Reduce:local:(py,, Apy)
Bceast:a

local:xy 1

local:rj.

Bceast:err

local: (7441, APjy 1)
Reduce:local:(ry+1, Apy 1)
Beast:

local:p;,,

Gather:local:p,.

0.000429]s
0.000453s
0.001005]s
0.000571[s
0.000590]s
0.000570]s
0.000571[s
0.000571[s
0.000572]s
0.000571s
0.000592]s
0.000571[s
0.000570]s
[

]
]
]
]
]
]
]
]
]
]
]
]
]
0.000591s]

010 00000000 '"Paral-

1elCG(b)’
(Pg, k) 0.000500(s]
Beast:p, 0.000474]s]
local: Ap,, 0.000518]s]
Gather:local: Ap,, | 0.000526[s]
(Pr, Apy.) 0.000498]s]
Thin 0.000500]s]
. 0.000500]s]
Pt 0.000500]s]

gobboboooobobbbooodgboobooooboboooobobobod
gobbobuogoooobbooooobobooooobobbooooobon
0000000000000 00000000000 ParallelCG(b)y00O0O00
O0060000rta799’ 000000 8000 4300 aortal661’0 0000
gsibbe4ddbnonuoooonn
gogoboboobbs3i1bos2bb33gooooonoooooboooogd
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O0oboOoboOob 200600 700 8000 aortar99’0 'aortal661’ 0 0 O O
g-bogbboobbuogoobboobbooboboooboooboon
gobbboooobbbuoooobbbuoobbboooobbbooan
gobboooobbbuoooobb1nngoo.

O11: 00b00o0booboobooboobobbo

10 20 40 80
aortal97 | 0.066832[s] | 0.161722[s] | 0.204712[s] | 0.323220[s]
aorta799 | 0.535384[s] | 0.509541[s] | 0.472755[s] | 0.510860[s]
aortal661 | 2.316988[s| | 1.719447[s] | 1.510846]s] | 1.224938s]

0000000 aorta799’ 000000 400 0.472755[s]0 ’aortal661’ O O
0000800 1.224938[s| 0 000000000 OOOOOOOOO

5.5 UUOUOOUOObOOODOO
gobbobooooobbboooobobobooooboboboooobboboa
good
gbbooboobooboobooboobooboobooboobo
gbggobuoobooboobuoobooboob 200000000000
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gboooob 1200 1300 400000000000 3300000000
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0000 (SparseCG) DO O OO0

012 000:00,000:000000000 aortal97

gooo goobooo

0o0:00 0.061617[s| | 320[0]

000:000000 |0.045090[s] | 220[0]
013:000:00,000:000000000 aorta799

gooo goobooo

000:00 0.508868s] |  514[0]

000:000000 | 0.476992]s] | 446[0]
014: 000:00,000:000000000 aortal661

gooo gobooo

0oo:00 2.069610[s] | 700[0 ]
000:000000 | 1.837363[s] | 615[0]

01200 1300 400000000000 0OO00O0DOODOOOOOO0Od
gobbbooobbbuoooobbbuooobbboooobbbooan
gbgubdoboobobboboobuodbuodgboobobbobobobon
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gobbbuooobbbodoodgbobbbooodobboboooobbbod
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000000 (00000000000 O0)DoooooOoOOooooooooo
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gobooood

HEN

gogouoobbobbibiodoooouobobbbboooooooobbod
gbbgbobodbbuogbbuoooboobooobboouooobooob
gobboobooooobobboooooboboooobod

gobboboooobobbbooogbobobooooboboboooobobobod
O000D0O0Db0b00000boobO0bOoOdRevolveeDOOOODOOOOO
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goboobobobobooboo4b0obbobbooboobooboobo
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gobbboogobboboooobobbuooobobboooobobbooan
gobbobuoogoboooodao
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goooooboobobooboobooogooobooboobobo cGoooog
gobbooboooobboboooobobooon

A.l2 JO0O0O0OODOOODODOODOOOOOO
gobobobobon0 MatrixBuilder UD OO O0OOUOOOOOOOOOO
0000000000 DO00D00O0D0Condensation 0000000 ODOOO
gobbbooobbobuoooobobbuoooobboooobbobooan
gobboboogobboboooobbbuooobobboooobbbooan
gobboboogobboboooobbbuooobobboooobbbooan
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000 ghjkDegijkODOODODOODOODODDOODODDOOODOODOOODOOODOOO
O000DbO0b000 Al0DD0O0ODOO0OO0ODOObDOObO A20000D0DOO
gooooogo



6*12

g (3n+3)*(3n+3)
0A1l: 00000 mRE1/igOL-aS

OA2. 000000000

goooooooooobobobobobobobbbobooooooooogd
3n*3n00000Bn+3)*3n+3)03n*3n 00 0000000000000 0OO
gboobobobooboobbo3g3gbooooboobooboonbbon
gboobuooboobooboooboobooboobooboobon
gooobgon

gbogobobbobooboobooboob

K,,=VB'DB (A1)

goovoboboooboopbOboo-goboobooopboo-obobOon
gobooog

gbooobooobd K, 00obboooboobb-0boobbg BU
go-0oobdobobpooobobobooooobo-boboobdo BO
O0ghjkOODOODOOODODOOOODOOOoDOOooooboobooboo
gobboboooobbbuoooobbbuooobbboooobbbooan
goboobbooogbbobuoooobobbuoooon

U = a1+ T+ agy + oyz

A-2



v o= a5+ g+ ary + agz (A.2)
W = g+ QT + oY + 2

U00DwzD000000wvy 000000 w:z00000000O0O0O00000
goooon

OO0 o0 o0, 00000 u,0v,0w,0u,0---Gv,00000000
raUy,0z,02,0-- -2, 0000000 uUo,0w,0u,0---Gvy, OO O a0 apd
el O 2,0y, 02,0x,0---2,00000000000000

ug = u(w;,Yi, %) = a1 + aox; + sy + oz
vy = v(T, Y, ) = a5 + agt; + ary; + agz;
wy = w(Ti,Yi, 2i) = g + a10T; + 1Y + 0122 (A.3)
up = w(@n, Y, 2n) = 01 + T + agyn + oz
...... :
wr = W(Tk, Yr, 26) = Qg + Q10Tk + 1Yk + Q122

obbbddloemUab -y, JOOODDODODUOO0O0OODOOOOO0

Ca,=u,Ca, =v,Ca,=w (A.4)
oooooon
1 xy vy, 24
1 =z z
O — h Yn Zh (A.5)
]_ ZL‘j yj Zj
Lo e |
| a7 ] [ (673 ] i Qg ]
Qo o o
o, = 2 , O, = 0 , O, = 10 (A.6)
as (0%¢ 11
| Q4 | | A8 | | Q12 |
_ Ug _ _ Ug - _ Wgq _
U v w
u=| " ,U = " W = " ) (A.7)
Uy Uj wj
i U | i Vi | i Wi |




O0o0OooOocoboooocec'ooooo
a,=C"1u,a,=C"1v,a,=C"1w (A.8)

gobbbtudtilaoJa,Ua, DOOO0OOaU---Ly, 00000000

00 a,0an0 a;0 agl by -+ - M, 0000
| ag ap a; a ]
o L A (A.9)
Cg Ch G Ck
| dy dn dj dy |
ogoooo
a1 = aguy + apuy + auj + apuy (A.10)
ay = bgug + bpup + bju; + bruy (A.11)
a3 = CqlUg + cpup + cjuj + crpuy (A.12)
ay = dyug + dpup, + djuj + diug (A.13)
as = agUy + apvp + ;v + agvy (A.14)
...... : (A.15)
ary = dywy + dywy, + djw; + diwy, (A.16)
(A.17)

000000000000 00 (A3) 0000000000000 00ooo
goobooon

u = (ag+byx+ cyy+dyz)ug + (ap + bpx + cry + dpz)uy,

+(a; + bz + cjy + djz)u; + (a + bpx + cpy + di2)uy

v = (ag+byx + cgy + dgz)vg + (an + brx + cpy + dpz)vp
+(a; + bjx + cjy + djz)v; + (ag + bpx + cy + diz)v,, (A18)

w = (ag+byx + cgy + dgz)wy + (ap + bpx + cpy + dpz)wy,
+(aj + bj + ¢y + diz)w; + (ax + bew + cry + diz)wy
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ce 8x’€y 6y’€z 0z (A-19)
ov  Ou ow Ov _ ou n ow (A.20)

’yxy:%+aiy>’7yz:aiy+%77zx PR %
O00d000e,Ue,0e, Uy yy079., O Ou,0v,0w,0u,0-- - Gy, OO OO

Er = bgug + bhuh + bjUj + bkuk (A21)
€y = Cqlig + cpup + cjuj + cpuy (A.22)
g, = dgug + dhuh + dju]' + dkuk (A23)

Yoy = Colg + Chup + cju; + cpug + byvy + bruy, + bjv; + brv,  (A.24)
Yz = dgvg + dpvy, + djv; + dpvg + cowy + cpwp, + cjw; + cpwy (AL25)
Vex = bg’wg + bpwy, + bjwj + bpwy, + dgug + dpup, + dju]- + dpuy (A26)

gobbboooobbbuoooobobobooobbobuoooon

€= DBé (A.27)
gono
- - i ug i
Ex
Up,
€y
Uj
€z
€ = ,5 = Uk ) (A28)
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’Vyz .
’)/Zl'
L J | wy |

by by b b 0O 0 0O 0O 0 0 0 O
0 0 0 0 ¢ cp ce 0 0 0 O
0o 0 0 0 0 O 0 dy dy d; d
B g Th Ty T (A.29)
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