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1.1 YIFH9z7OHE

[HEC = Frv =7 (HEC-MW)] Yry =2 MZBW T, AREFZEE (FEM)., ARIAERKE
(FVM) 72 &, EEERF 2R LEZBFHEHT Y S 2 b —2 a3 VICBIT 2HEFIEOFHBEAHE R X
— 0%

T =& AT
~ U7 AR
BRIE LN —
TR E

REOW oA T a 2 BRI TW 5,

RKv=a2T7 WL PC 7 F7AXET HEC-MW T4 75 U D—HTdh D MEIEIZLDBIE Y L3 —
WCBET 28 ETH 5,
HEC-MW T, K{E#ELE L TiX

Conjugate Gradient (CG)

Bi-Conjugate Gradient Stabilized (BiCGSTAB)
Generalized Minimal Residual (GMRES)

Generalized Product-type Bi-Conjugate Gradient (GPBiCG)

FRHTXA, 1521 BEEDOR AT VA AA—DF), 1 HEICELARERTET HEEIC
4570 *y7§?4'7°0)/11//\—%>ﬁﬁ,%??“50 Tuy JNOBBHENELTIHEA. 1 2O s
FLAOHTT I A ANETHHEEICE L THXInd 5,

ATLEEFIE L L TR, LT OFEICHIET D,

JRr ILU(k),/1C(k) 1%

Symmetric Successive Overrelaxation (SSOR)
Block Scaling, Point Jacobi

Multigrid



12 REZZEALE-ABRERZOALSIE

FHIREF#VE (Finite Element Method, FEM) (231 2 B R2UE 7 a2 X I TFTDO L B0 T
5 (¥ 1.2.1) :

T -Takvy T (B Ay 2R
VIalb—ya URIR (F o HEERRAT, BRIASARAT)
RAN Tty r Bl Ak, 7—4%~A=27)
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D EIIREET, R T—FaEsEE (RT—%) BT 20ERND L, TNENOHEK

(domain, partition) (X F|FHEMED % 7 2& v (Processing Element, PE) &IV ¥ THi
% (K 1.2.2), AREREITENERE LB L CHWIHERANETH DL EEZ LN TE T, MBS
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L TRV, A IREGETE D ALBIT AR ZEFR AL O SR AT 72 L BEAS s & 72 2 T2 0 W HIM I 130
LCTWb,

FEM OFIX, #IE. FEHRBVTHLOSE S IR TR E B L, BERRE TEHADE K
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PR & 3 2 RHBLE N, — IR F R AR Z L ITmaE Sivd, FEM OFRDIZE A LRSI
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LA REMEN B D DITMIE Y VSR — DG DR TH D, Lieho T, I AAN—DE &R &
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AR OBE TR 1.2.2 127 T LI ITHIE Y A AN—DES T THE L D, = ORE 2 5 KBEF A
L. YT — 2 EE#E, WHRRICHE LEREEERATIZLICk-THBTI LI
95% &z 5 X O 7RWHNLNRELERT HZ L HARETH D,



Initial Grid Data

Pre-Processing
Partitioning

Data Input/Output
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Main _
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Post-Processing
Visualization

1.2.1 Parallel FEM Procedure
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1.2.2 Parallel FEM procedure and distributed local data sets in HEC-MW [5,6,7]

Communication by MPI through Network




1.3 SHERT—4EE
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1.3.1 Element-by-element operations around node C.

Gray meshes are overlapped among domains.
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1.3.2 Node-based partitioning into 4 PEs [5,6,7])



(a) SEND phase

(b) RECEIVE phase 15 6 7

1.3.3 Communication among processors [5,6,7]



1.4 HINEMREE

BN, —RAGBRROMEL LTI ADHEEER E@L%WE (Direct Method) (2] 73R <A#EH]
SAVTEA, KAy (Global) WFNAT D76, WHIFHAE LTV, AR L
7= FiE & L CH& AR 1% (Conjugate Gradient Method, CG) [2] 72 £ D Krylov B 1% (Krylov
Iterative Method) 723EH STV %,

BAGE DR IR BAT I O B A B0 AR IAAF T D720, ERRRBBEICE T 2 72 I3
W3 (Preconditioning) #ZJii L., EA MDA 22 2 724750 % fif < FIEN *ﬁxﬁ’]‘f&bé }i@@@ Aij
LBRFyE & L ClEAR5E4e LU 23f# (Incomplete LU Factorization, ILU) 2 W AE 2 L A%
—/3f# (Incomplete Cholesky Factorization, IC) 72 NI <EHIND (2],

ATLEE S & KAEIEICBIT2HE 7o A3 LT 4 FEICHYEH IS -

(1) 178I_27 ~FE

(2) X7 b~ FLVINFE

(3) X7 b (BILOZFOEKA) OE (DAXPY)
(4) AiTLE

X 1.4.2 [ZR1AESE CG ¥ (1,2) OB FIEEZ R L7ZHDTHD, XD L. 1 BoNE
TUTIZARTHEEZETE e ANRRET S

1THIX T hVFE 1

RT M~ T ~VNFE 2

R7 RV (BEOEOFEHSE) o (DAXPY) 3
RITALER 1

ZDHH (3) ZERS AT vt A TIXEBM OBENEET D, (1) IFEFHEANC 2. THRAZ@EE
Z IR AUX R R BN FRECTH D, (2) (X IMPI_ALLREDUCE ] 72 EOH 7 —F 2 &k
MLUTESICERATRETH D, K 1.43 1% (1) ~ (8) OFTrERIZHONT MPI ZfH L T
FORTRAN Ttk L7207 7T LMl Th 5,

(4) IZOWTIEATLE TR K-> TR S, B2 1F ILU 72 £ O FiEFaTdE %iBR A (Foward
Backward Substitution, FBS) (2 X 0 KGR B OEKGFENEC D720, WIHLRNETH 5,
B 7 oty a2l L2 BSR4, Fill-in @720 ILU (0) AR S LTl % &, B
RUBREHRGH 0 MR D 50%FREZ (S 578 (7). A ZIBRAH o 5T FH R 2 E o m E
DI=DIZRAIR T D, it ZIBARANITUTO L5 2B TH %,

k7
EUECXAWN yk:bk_Zij y; (k=2,N)
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N
LSEZaWN Xk_ﬁk(bk ZUkj yj] (k=N,N—1,---1)

J=k+1

HEC-MW TiZ7 m v 7 ¥ a BiEIC S < RETATAEE (RET ILU (0) %, Localized ILU (0))
(7) AL TW5, RETILU (0) & —o L) ILU (0) #:Th 5, RATILU (0) ET
VR IRRAGH R RIS 0 D OFEE (ThbBAROEE) 20L 752 LI2X-T, i
WELO R L Z TV, WHIEDOE W T ATV X AEZRB LTS (X 1.4.4 ),

ZOWFET, HT vy FIZBWNT, BR=0 07 1 U 7 VR RSO & TR & FE i3
HZELAETHY, BRI EZ LT 5 ENAfEL D, TOBZFIFRERY =2
ERIPLE (2,12) (2SO TH D, X 1.4.5 1XFAT ILU (0) EE2EHLZHAED CG IEDFR
BTNV XATHD, 1 BIOKEFEHZ Y CHEBEMBEESECZ2DIX3ETHY, TDHH 2
DI A D= DIZ A H 7 % BROADCAST 5717 TH Y, Y O 1 ENEET—7 vV EMH
LA —37 v 7kt $ﬁ0)zJa Th D,

T ILU (0) ERIEFIEREIZIFENL TS EB X 6N, 7 e — LBz K-> T b
ﬁ%@lujm)%kw&?ékwkﬁ®%%i%ﬁ?iﬁ%o*&%K%%ﬂﬁjm)@®%@ﬁ
TIE, BEIER A HINT 51F EYUCR N EL 72D (3,5,6,7), fHIkI S AHERNAR CICh D &, WA
A= 7 ERICICRSTLE D, £ 1.4.1 13 3X443 AHEO KRR IRGEIRIZEIT 2 =K
TERRIE BAPEMEAT 2 SR AT IC (0) ATLEE S & O CGIETHE LM TH S, FHEICITH R KF &
¥ &% —® Hitachi SR2201 Z{H L7-, fEEBEOHEIME & IR E TORERFEIIIEM L T
W5, 1PE 205 32PE £ THIZ A TH 30%REDHIMTH 5,

[F#kIZ Hitachi SR2201 ZfEH L C, WHIMERE ORIl 2 325 L7z, X 1.4.6~[X 1.4.8 IT—#k
PR NL RGN 35 1T D IR I FRAT % B 4 7o BB W TR W 72 355 O M B RE (work
ratio= sl B EFH S FFFEATHIME) THD (8,9), TN 6D —ATiX 1PE &7- 0 O M EBX[HE
EINTWD, RARBAEORMBETIL 1024 PE 248 L T 196,608,000 H HEZ OB ZFNTUW 5,
B 1.4.6~X 1.4.8 12k 2% & 1PE H7c v ORERBIN FEm K& FHuX, AR 95% L ETH

éo
R (10) e ZiZAGNnD K oI 1@@]7’0&2“—5’ U7, EiGEIEERT S LIk - T,
FIFHE D6 @ ILU/TIC ABITIB W T S 5ERIC 7 v — VIR & /T 5 Z L IZARE CTh D, L

MU ZNBAEE L R ADITH LN DA {Zjiv NV ZANRTOENTWD EXDARTHDH, WH
ARBEFRIEIZBWN L, BFTHEK S SR8~ N 7 AREREND 20, 20O X5 e FIETAN
FRICB W TIHEA L T2, STk (4) I2BWTIHIES k @ Fill-in L% (2 ILU (k) D
7 a—SAEFHBIZE L THRET STV D, FEFRICLERIORZ R LTV D8, WFIMERRIRER W,
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(a) Calling interface for communication among domains (1x1 scalar and 3x3 block)

1x1 Scalar
allocate (WS (NP), WR(NP), X (NP)
call SOLVER SEND RECV &
& ( NP, NEIBPETOT, NEIBPE, IMPORT INDEX, IMPORT NODE,
& EXPORT INDEX, EXPORT NODE, WS, WR, X , SOLVER COMM, &
& my rank)

>3}

3x3 Block
allocate (WS (3*NP), WR(3*NP), X (3*NP)
call SOLVER SEND RECV_3 &
& ( NP, NEIBPETOT, NEIBPE, IMPORT INDEX, IMPORT NODE,
& EXPORTiINDEX, EXPORTiNODE, WS, WR, X , SOLVER_COMM, &
& my rank)

>3}

(b) Subroutines for communication among domains

- SEND phase

do neib= 1, NEIBPETOT
istart= EXPORT_ INDEX (neib-1)
inum = EXPORT INDEX (neib ) - istart
do k= istart+l, istart+inum
WS (k)= X(EXPORT_NODE(k))
enddo
call MPI_ISEND
(WS (istart+1l), inum, MPI DOUBLE PRECISION, &
NEIBPE (neib), O, SOLVER COMM, &
reql (neib), ierr)
enddo

- RECEIVE phase
do neib= 1, NEIBPETOT
istart= IMPORT_INDEX(neib—l)
inum = IMPORT INDEX (neib ) - istart
call MPI_IRECV
(WR (istart+1l), inum, MPI DOUBLE PRECISION, &
NEIBPE (neib), 0, SOLVER COMM, &
reg2 (neib), ierr)
enddo

call MPI WAITALL (NEIBPETOT, reqg2, sta2, ierr)

do neib= 1, NEIBPETOT
istart= IMPORT INDEX (neib-1)
inum = IMPORT INDEX (neib ) - istart
do k= istart+l, istart+inum
X(IMPORT_NODE(k))= WR (k)
enddo
enddo

call MPI WAITALL (NEIBPETOT, reql, stal, ierr)

1.4.1 Communication procedures among domains in HEC-MW [5,6,7,8,9]
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[ 1.4.2 Procedures in CG iterative method [(1,2]
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(a) Matrix-vector products

do i= 1, N

isL= INL(i-1) + 1
iel= INL(i )
WVAL= WW(i,R)

do j= isL, iel
inod = IAL(73)

WVAL= WVAL - AL(j) * WW(inod,Z)
enddo
WW(i,Z)= WVAL * DD(1)
enddo

do i= N, 1, -1
SW = 0.0d0
isU= INU(i-1) + 1
ieU= INU (i )
do j= 1sU, ieU
inod = TIAU(3)
SW= SW + AU(j) * WW(inod, Z)
enddo
WW(i,Z)= WW(i,Z) - DD(i) * SW
enddo

(b) Inner dot products

RHOO= 0.0
do i= 1, N

RHOO= RHOO + WW(i,R) *WW (i, 2Z)
enddo

call MPI allREDUCE (RHOO, RHO, 1, MPI DOUBLE PRECISION, &

& MPI_SUM, SOLVER_COMM, ierr)
(c) DAXPY
do i= 1, N
X (1) = X (1) + ALPHA * WW(i,P)
WW(i,R)= WW(i,R) - ALPHA * WW (i, Q)
enddo

1.4.3 Parallelization of typical processes in iterative solvers in FORTRAN with MPI
(5,6,7,8,9]
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D ARG @ 6B | ® —| | PE

N 7 N
1.4.4 Localized ILU(0) Operation: Matrix components whose column numbers are
outside the processor are ignored (set equal to 0) at localized ILU(O) factorization. For example

the element A on PE#0 has 6 non-zero components but only 1,2,3 are considered and 4,5,6 are
ignored and setto 0 [5,6,7,8,9]
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compute r®= b - Ax(® for some initial guess x(¥

for i= 1,2,...

solve M zW = ri-D (M: preconditioning matrix) Preconditioning
pig= DT ZG-1) Comm.:Scalar— Dot Product (1)
if 1=1

pM= 7

else

Bioi= Pio1/Pios

plil= zU-D 4 B, | p@-1) DAXPY (1)
endif
Comm.:Vector=——s-
gil=a p® MATVEC
;= piq/ (pET gy Comm.:Scalar—p DOt Product (2)
x= gD 4 g pli DAXPY (2)
rdl= =l — g, g DAXPY (3)

check convergence; continue if necessary

end

1.4.5 Parallel CG iterative method by localized preconditioning in HEC-MW

16



& 1.4.1 Homogeneous solid mechanics example with 3x44° DOF on Hitachi SR2201
solved by CG method with localized I1C(0) preconditioning (Convergence Criteria ¢=10%).

PE # Tter. # sec. Speed Up

1 204 233.7

2 253 143.6 1.63

4 259 74.3 3.15

8 264 36.8 6.36

16 262 17.4 13.52

32 268 9.6 24.24

64 274 6.6 35.68
100.0

A

95.0 e{
85.0

80.0

%

™TTT
/

75.0

70.0 [ N N T T T T T T T N T T N N N N T T T R 1
0 128 256 384 512 640 768 896 1024

PE #

1.4.6 Parallel performance for various problem sizes for simple 3D elastic solid
mechanics on Hitachi SR2201. Problem size/PE is fixed. Largest case is 196,608,000 DOF
on 1024 PEs. (Circles: 3x16° (= 12,288) DOF/PE,

Squares: 3x32° (= 98,304), Triangles: 3x40° (= 192,000)).
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O 400
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(b) Parallel Speed-UP 27
24 | =
5 4
D 16
()] L
o
. /9
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O [ i i i L i
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~ [ J O
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@
©
o
90
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1.4.7 Parallel performance for various problem sizes for simple 3D elastic solid
mechanics on Xeon 2.8GHz Cluster. Problem size/PE is fixed. Largest case is 2,359,296 DOF
on 24 PEs. (Black Circles: 3x16° (= 12,288) DOF/PE, White Circles: 3x32° (= 98,304)).
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6.00
(a) GFLOPS
5.00
[ ¢
o 400 F 0
% 3
O 3.00 o
G
200 | °
100 | 0
t O
000
0 8 16 24 32 40 48 56 64
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(b) Parallel Speed-UP 64 ¢ /2
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©
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O
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1.4.8 Parallel performance for various problem sizes for simple 3D elastic solid
mechanics on Hitachi SR2201. Problem size/PE is fixed. Largest case is 6,291,456 DOF on 64
PEs. (Black Circles: 3x16° (= 12,288) DOF/PE, White Circles: 3x32% (= 98,304)).
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1.5 Additive Schwartz Domain Decomposition

JAPT ILU (0) RTALERIE 2 ZEfb & 5 i & LT SEigl A — N — 7 v 75 INER Schwartz
PRIy EYE  (Additive Schwartz Domain Decomposition, ASDD) (12) #3MH L7z, ASDD ®F
NBIZLL F D &0 THD -

UTORIMEZERKTS Mz=r Z 2T M: gill#174, rz: X7 kL, Thd,
ARMEAK 1.5-14 (a) IR T LI Q1 BELO Q2 @ 2 FHIIZ SN THNDEHD ERET D
ERTALE I A EIR IS BT, LF D X D IZRATMIC FElii S b,

_ -1
Z, = MQl o, Zo

1

_ -1
‘ MQZ er

JOFTH 72 BT 2 AT L= D Bl fEE A — " —F v 75l " 1 BLO * 2 ITBWTLT®
HEAEFEETD (K 1.5.1 (b)) :

n _ on-1 -1 n-1 n-1 n _ on-1 -1 n-1 n-1
Zo = Zgl + Mgzl(rgl _Mglzgl _Mrlzr1 ) ZQZ - ZQZ +MQz(er _MQZZQZ _Mrzzrz )

1

ZZTnlXADSS OV IK LI TH 5,
(2) B 3) OFutAXINEE Y IKT,

# 1.5.112 ASDD O % 0 THEN L7 3X 443 HHEO K72 S IRTEIC BT 5 =R TiIE
WP I L 72l CTd Do SHRICIT I K P IE A & o % — @ Hitachi SR2201 &4 JH L 7=,
T TR L2 &L 912, ASDD # L 05 135 & & b ICRKERFEIIHEMT 525, ASDD D& AIC
IV, 1 BOKEHEHZY OFEEITIEMNT 5 OO, FEEIEMIC L b 725 KERE ORI
DEnicmflansd,
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(a) Local operation

(b) Blobal nesting correction

Overlapped

Regions
< >

<

Iy L',

1.5.1 Operations in ASDD for 2 domains [12]
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% 1.5.1 Effect of ASDD for solid mechanics with 3x44° DOF on a Hitachi SR2201.

NO Additive Schwarz WITH Additive
PE# Iter. # Sec. Speedup Iter.# Sec. Speedup
1 204 233.7 144 325.6
2 253 143.6 1.63 144 163.1  1.99
4 259 74.3 3.15 145 82.4 3.95
8 264 36.8 6.36 146 39.7 8.21
16 262 17.4 13.52 144 18.7 17.33
32 268 9.6 24.24 147 10.2 31.80
64 274 6.6 35.68 150 6.5 50.07

Number of ASDD cycle/iteration = 1, Convergence Criteria e=10-8
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1.6 BEEGHEEICET SILETX

1.6.1 HBATMEFEIZOWNT

1611 # &

BRI RS ERIERENE L AT 27 7V r—ra vid, L%, BRBFOLWSBIZHZ
STHFICHETH D, ARBERETHMMBE LM IGEIIE, IERKT 77 ¥ =ik (Augmented
Lagrange Method, ALM) & ~XF A7 4 IEPMEH S D Z L3 < I KD MR EMITRE 2
NREAVT A HAEBEATHZ LIk o TREIND (9), FEMIEEFEIL Newton-Raphson % (NR %)
IZk o T LS, KEMIZIrN T D

—RIZ, ADERREWVIZE, R L S S22 BT 5 2 &£ AT E | Newton-Raphson 750D
#ﬁ‘ﬁ%éfﬁbigﬁ“é}i?ﬁlﬁl%{ T T 50, REBATHDORM B RELS I8 b, Licin-> T, KIEE
I NNR—=DRDI=HIZ1TE ORB\EVLE LT 5, FEHOREOVESFMEMELE HEIEL
Hﬂ?L?’:%ﬁﬁ‘@@fﬁw‘HUL@%%‘ZPKHIK“C‘%Za

ILUIC FRORMLEFEZMEMNT 256, 208 ) 2ERREICE 258k & LTI T o
Eobornbironsd .

e TnvuXxL
® 7\ Fill-in L ~1
o F—XJLT

1612 JAavxyy

SWRIETERDFORBEIZB DX, SE RS0 3 FOEME S EHBEEL L TH > TW5,
ZZT. M 16117 TR9I23X37ry 7 IClT 5% LU Nz, stA7 ey 7IEAT 5,
Zhs, ILU/IC ZRETEE O 7 0y 7k 3—Y 3 Th s, 71y~ ILU/AC (BILU/BIC) RiALER
Thsd, ZOXIRUHEEATHZ LIZL-T, &HiA EO=AHEXRFICFHEIND D,
FHHBEZMNICHET 256 SR LT X0 VR ETAEN AR 2 D,

1.6.1.3 FEL)Fill-in L)L

HEWC. BILU/BIC piflEIZB W TIEWL~L® Fill-in Z%&E <45 BILU (n) /BIC (n) HijXL
HIZOWTHFT 2 (In) (X Fill-in Loob), EEETHEA SN2 LU 2 (H25WIT T A
DHEE) OT NI ALFILUTOLEEBY THD -
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Gaussian Elimination
doi=2,n
dok=1, 1-1
ajk ‘= ajk/akk
doj=k+1,n
ajj ‘= aij - aik¥akj
enddo
enddo
enddo

564 LU 3 Clx, 0RO ONCEEO Fill-in 8338435720, b & OITFINBE T 584 LU 4
fIRIZ Ko THER SN 2 WATHNIEATIN E 2 D alietEn ® 5, ILU (n) F£721LIC (n) X n) L
N ® Fill-in 2K T2 FiETH D, In) OEBRRKEWVIFE, DROBETE R, JVEEL
TRTLEAT SIS SN D8, HHEE, ATV Da 2 MIEL 25, K LH5FICB WL, Fill-in
EHFST. AV UFAATHIERI CIER vy Y — U B REET AL FORT ILU (0) /IC (0)
ATALERAS . R DOBLENHIRFEHI N TN D,

ILU(0)
doi=2,n
dok=1, i-1
if (G,k) € NonZero(A)) then

ajk ‘= ajk/axk

endif
doj=k+1,n
if (G,j)) € NonZero(A)) then
aij ‘= ajj - aik*akj
endif
enddo
enddo

enddo

—F In] Lrd Fill-in #%[E3 % ILU (n) /IC (n) #EOT7 LTV AATLUTOLEBY TH

5o
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ILU(n)
LEV;=0 if (G,j)) € NonZero(A)) otherwise LEVi= p+1
doi=2,n
dok=1, 11
if (LEVik < p) then
ajk ‘= ajk/axk
endif
doj=k+1,n
if (LEVy = min(LEV3;,14LEVik+ LEVy) < p) then
ajj ‘= ajj - aik*akj
endif
enddo
enddo
enddo

1.6.1.4 Selective Blocking

Fill-in LUV AL & 5 FEITIN 2 T, #ARERT I [Selective Blocking | 5% B3 L7z (9],

lSelective Blocking | 5%, #EfiERIC L > TIRES N, NT AT 4 I K VR o TV LT T8
il 8 27— 7 (9) IC BT D Hi AN e T D HiAE 5 A b o TR L 27 /v—7 (ISelective Block |
F 7213 [Super Node]) 12725 K51 A—% VU7 L, Z® [Selective Block] WIZ5E4: LU 4y fi#
FHEAT L FIETHD, “REMEDOYE. 25 [Selective Block | (28 £ AHimE%E NB &9
5 &, (BXNB) X (3XNB) 7w v 7 (2T 2582 LU R0 EL 725 (K 1.6.238 KU 1.6.3
ZH), DF V| BIRHEGEO Y mt 2TV T, HEAES 7V — IR T D AR LTI e
ER 7R EH S v H,

Z @ [Selective Block ] ®# z 1%, [Clustered Element-by-Element (CEBE) | {£& 5 W X7
2y 7 ICTEEFHULIELDOTH D, 2 b OFET, BREREZ ER O SO 7 7 X % (Cluster)
WZEIL, %27 7 AZNICEBENRUHZEANT LD THL, 77 AZDORE IIIMEEITERS
LEMARETH LN, KERHEDRELGEDLIZDODONTA—HL L TEXH LN TE%, CEBE
BIL7 T AZDOREEDEHRBEFR CIZRTEGAICEEELRFEL RRTIeNnTE S, —KH
27 TAZDREESHREVIEELE LIEBOER GO0, K 1.6.4 18T L) I8 IEICR T
LHEPE A NIRRT S, WHEHE A RO ML — RATZ7RBLT L HEHABTIERVWDS, 7T AH
DREINVREWVIZEHML THERNTH D,

[Selective Blocking| Ti&. CEBE £ EI2B17 57 7 A X [FTEME 7NV —7DIFRIZE -
TREIND, lx D7 7 A2ORKE ST CEBE & HERT 5 & — I/ SV, il 21X, Bl
RITN—=TI RIS RVEROLGE. ZOHKBEMT TREI=1] O TRAZEHRT 22 LIk
%, Selective Blocking | {EIZE T VA 7 vHT7-0 OFHE 2 A ML, 7 7 AKX MO Fill-in %5 &
L7eWAiE, BILU (0) /BIC (0) EIFIFFR%HTH D,
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1.6.1.5 &HFEDFH
# 1.6.1 1%, ¥ 1.6.6 [ZRTHRROBBEIZOWT, 71y 7 Bl o4 Ric20» T MPC
(Multi-Point Constraint) ZfFa# L7, #IEFHFMITICOWTOREK R TH S, 3X3Tn v
PR A B AT 5 Z L2k Y, Fill-in 25 L7\ IC ERTLEE (BIC (0)) I TEWTHA=106 D
BICHEEZERT D Z ENa[FEL /o 7z, Fillin R T5 2 L2k, EBICHIRNICHESD
ZLENHEETH DM, SB-BIC (0) mifi#e (BIC (0) mi#LBil [Selective Blocking| A —# U
T EMABEDETZFE) L2 bODRRONERBN Lo Tc (£ 1.6.1),

SB-BIC (0) 13K E ToxERFE BIC (1) <° BIC (2) (Fill'in L~v=1F7X2D7 1
v 7 IC ifALER) LB L CTEZ W, 1 EOKEH - OFHE 2 X FAMEW=, FHEREH 2N 72 <
7%, SB-BIC (0) Ti&., [Selective Block] [H® Fill-in [Z&E Tk 57, [Selective Block |
WO Fill-in OHZEZFE STV L0, FHRa 2 b L#EAE Y &EFRICE -~ K 5 BILU (0)
/BIC (0) LIFIER%ETH D,

[Selective Blocking| %% L7-aiLBIZ X 5 Krylov )KEfRIEIIEE L BEEEONA TV ¥
RIRIE L R ENTE S, T74bb, MR 7V —7 BT 28I LT, milEtick
WTREBENRAHE P EH SN TWD, ZOFEIREEDODR, Ar—J T  LEEED
LEMDW ST HAGRATRELBEZD ZENTE D,
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1.6.2 WHIEHEFE

AT ILU/IC RiALEN I ZhRA PR F1ETh 525, EAERMEICE L QXL E 2 Tk Tk

2V, & 1.6.21FF 1.6.1 TRLEMEICE D2~ M) 7 RICELT, SPEDPC 7 I AZ ML
CTJRAT ICCGIEIZ X » CRIEARZFEM L 7B Thd 5, 7ok #HIk/ FIIL METIS O H 0 k-way METIS
EEALTWD, #EERICED EXTFAT o BoMmeE & HIZBORITE/ L, A=106 DA 1T
WETORKEREN 10 FO4—F —THML TW5, IR CEMES 7 v — 7128+ 5 HiA
MO SN DERE (T720b HEMEE]) 25, HEMERIHFELTWDSD, ZhboilT
ledge-cut] MEL TWAHZDTHDLEEZLND (9],

ZD X 97 Tedge-cut] ZRIET 272, R CEEMEI R 7V — 7B T 80843 Uik
BT D XD BRI B A AR Lz, S oIC, kB OARNEEL D L5 7%, AfH
fl o FiEb O CRR Lz (K 1.6.5),

# 1.6.21%, ZOFHLWEESEEZEN L THONIFEMBRTH L, KERKIT, WTho
ATALEE FIEIZB W TH IR E IR L TH LD LTWnWb T Enbnsd,
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163 RVFIT—4H

1631 # =

i AT IZBR%E S N2 AT BE FiE S L OHI BIFIEO R & LZEMHEIC OV T, ZFfEO =k
JLRH R A L CRGE % S0 L 7=,

1.6.6 1X. FHF—DHAEXNRTHLH, 3 DOHMBIRT vy VbR SN D% (57 m >y
7ETNV) L ZRITCHEIERINT O 72D OFREMFIT OV THB L b D TH D, Z OFHHEEFITIE,
IR T Loz, MIEZ S HE (Multiple Point Constraint, MPC) O3B 27—
WOEEIAIZEH ST 5,

RME 7 N — T 2 KT D SR O EIEIXR —TH D,

RME 7 N — T T D AR O EMII = MICB D THRIRE L TV 5,
BRI BT DR NEIELTE B IC A D&, HIROBEIIALTHY . Lics > THIC
BT OBERLALETH D,

NINT BT K DR S TN — T T 2B RICE SN D,

M111) B R T AERENK 1.6.7 ITRT XD ICEBEMEIS 7V —TDOHIRIZE > TEMIND,

ZO M7 AEFZOMIPEIEITF VT o BURHET D, K 1.6.8 1T B ER & 7 N — 7 OITHI AL & 7~ d,
AR O X 512 (x,y,2) ZHROEMBZE SN TS,

RIVT A FRKREL R DIFTE, RONREM & 22 5 PMREATHIOSMEERIIRELS 2D, LIk
ST, NPT A BRREL 2D L, KEEOINRITENT D, 20X F~v—7 THROMEB K
VARG OBRMERRAT T o D23, 15 5 5 #NL— R TR UL IR AT 2 7 < 6 & RIERIC . KR
BT 2 EIINEECH D, MBITET LV ERRAFIFIIUTOLEBY TH S -

Y UHE=1.00, K7V =030 D—kRMHENLRD 3OO T vy 7 HFATND, —Ik
BMIET A Y RNT AN v 7 SEREZEEZHHL TS,

K70y 7 OERIZH > T8/ MPC &R EHA SN TWS, LER->T, K 1.6.8 IZR
TROWCKEME RN —T IR T D2EREITR RS (2 F£72133),

x=0 B LV y=0 DEIZE W TERFRERASFMEREH SN T D,

x=Xmax £ L O y=Ymax D23 TP RS 13w H STz,

z=0 OBV TEEEER RN EH ST %,

z=Zmax OEIZEBWTIL z FIZ—F AR B2 )T 5TV 5,

PRl Z B D BB A2 EE LR WEAITIE, REITINIRRIEE &b, Lics > THiEs
fidik (CG k) OBHAMNFEETH 5,

ZOFHBEMICBITIEZOIRITIAETIIERTH S,
X 1.6.9 R8T _FBHOMHTET VL, WA ARLICB T 2E I 2 —v 3> (9) I

28



SNHBHERTBERE L T2 A v 2 ThbD, ZOFETFIITREMNT L— FHEE GBOIRE) Liksr
IABT L— bk RWIKE) D 2 DO HRER STV 5D, BRI 27,195 TH Y, — KK
TAVNRTARY v 7 KR ER 23,831 HALMERIN TS, @i 7wy 7TV ERBEOL
REMFEHEHALTWAA, ZOWMBARET L TIX, z=Zmax OHEIZIIT D z J7lA~D [ 53 47 fif
HTERLS, FEFEIC 2 FAIZKRE S-1.0 DEBESMEENEH SN TWD, £ xBE Wy I
I ~ORREER S A S TR, iR B ARET LTI, FEZOBRITAHAIT, Hiric
FoTFIFEFIZRESEATVDL LD b H D, MMEEHS T 0y 72TV ERK—KT, Yo7
=1.00, K7 V=030 Th 5,

PIF, 2o 2 BEOHEET MIZHOWT, 1 PE (CompaqAlpha 21164/600MHz) (2 X - T/)
BB Z 2354 . B2 SR2201 (238 W T Flat-MPI W4 70 75 2 v ZEF &2 H LT
FHb U736 O KBIBEH G 2 =3,

1632 RUFI—Y | (BEHTAVIETI)

FPRVICK 1.6.6 (TG 7T 0y 7 BT MIZONWT RIAT A FAERTA—2 L LT HEx
ZeRTALEE Y E A A Lo, BEEIE 1 fEIRIC DWW TN L, Compaq Alpha 21164/600MHz % i ] L
oo TOXRYTF—I T, UFOLOIRETAVEMBHLTND -

NX1=20, NX2=20, NY=15, NZ1=20, NZ2=20 (X 1.6.6 (a))
BEFEH=24,000, HiLi%k=27,888, HMHEX=283,664

# 163 IMEEDOIURRNZ R LTI b D TH L, T /VT ¢ 58 104 LY K& <725 & BIC(0)
TR L7 <72 %, BIC (1), BIC (2) & SB-BIC (0) IHJA&IFHD~XF /T 4 Xt L TLET
&5, SB-BIC (0) I% BIC (1), BIC (2) &bl U CUR E CTORMEEFUITZ N 03 G REE 134
<, RBIIEHTH D,

e T, AT FiEO L EM 2 M Al O E A E I B & Xk (1,3) ITRENEFEIC L -
THERI L7z, Z 2 ClANE S & OREATHITH D . M IZRTLEATHI O HATHI T 5,

KIEEITANICB VT, b H i

K = Emax / Emin

ICE>THDLNLD, 22T Emax, Emin (ZIMIAlO R KRB L OR/NEAETH D,
# 1.6.4 [IHAMLEFECBNT, Hx R2ST AT A BITHLTH LMD Emax, Emin B3ET «
DETH S, #£ 1.6.3~F 1.6.4128 5L, BIC (0) LIAORTLABFETIE, JRFEADO~T LT 4
BBV TR TORAMEITITIERCMETH Y. 1.00 1TV, BIC (1) & BIC (2) #5i% SB-BIC
(0) LB LTHT/NSW x BELND,

29



1633 RUFT—V Il (BEEAAXRETI)

M 1.6.9 27T KO ICHEMERBIRE S S IolM B RET VICONWT, XFAT A FAENRTA—H
ELT, el FEEZEA L, BHEIX 1 Skl > W T%ElE L. Compaq Alpha
21164/600MHz #fifH L7, ZOXRF~—7 Tk, UFOLHIRETNVEMEHL TS -

# 165 [ IXEEDOINARNAEZ R LTS D TH D, T /VT 58 104 LW K& <72 % & BIC(0)
IR L2 < 725, BIC (1), BIC (2) & SB-BIC (0) IFZA#IFAD =TT 4 BT L TLET
573, BIC (1) & BIC (2) 1337 /L7 4 3573 102 205 104 ([ZHIIN$ 5 & RAE[EE A 45 (BIC

(1) X201 205 2592, BIC (2) 1176 7°5 232), SB-BIC (0) % BIC (1), BIC (2) & ki
L CTIUR E CORBERIBULZ WG ERRIIES . KbIENTH D,

# 1.6.6 [ IFRILEETIEICBWT, a7 o FucB L <, IMIAl o E A ES A0 D15
51 % Emax, Emin B LY kDA TH %, SB-BIC (0) IZ2WTIE~NF AT 4 BB ZEL L TH, Enax,
Emin B XY «DOEIZZL L7223, BIC (1) & BIC (2) 122\ Tk, ~SF /LT ¢ 58 1022005 104
NS5 & xDEREEINT S, Zhud#E 1.6.5 12k L7z BIC (1) & BIC (2) O RIEA M
L7ZDIZKHE LT D, ZOFEFITIEZ, BRAES 7 e v 727V E T 5 LTRIRITHEMETH
", %//nﬁﬁ%TEWTThfwé%@%%é BROEBHIL, FBREATHIAL MIA]O R
EOMICERICEET S, SB-BIC (0) 320X 2EHTIZBWTHLHEEL TS,

7 ey 7 BIOEEARONTNOET MZEWNTEH, [MIAlOSAHEHIIRTLETED
WA DFMNE N DT A—F THh D, i 7T ay 7T MTHE N TIE, BIC (1) B XW BIC
(2) 1289 % 45513 SB-BIC(0) ®Z 4L & bhlis L T/ & < R £ TORKEREIT D 720 (£ 1.6.2
~F# 1.6.4), —H M HRKETVIZE WL, XFT AT 4 HB8 104 LW b R&E< AR5 &, BIC (1)
BLOBIC (2) 2T 55M4%1% SB-BIC (0) oZn LV b RkELRDM, WK E TOXEREK
70y (R 1.6.5 BLUFE 1.6.6),
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1.6.4 KBEIBHNHE

1641 BEIJOVvIETI
X 1.6.6 23S 7my 7 ETNIONT, KEFEHELZER L7z, UTOLIRET VA
FHLTW5 :

NX1=70, NX2=70, NY=40, NZ1=70, NZ2=70 (¥ 1.6.6 (a))
PWHRE="784,000, FHifS%=823,813, HHE$=2,471,439

BRI TR OW T, Hia 2T o BB L CWsIE R 2 50 L7z, WA EICH - -
TiE, 1.6.3 Tk~ 7- iR EI S B FEEZMEH Lz, FHEICH - > TILH L SR2201 % 16~
128 PE i L7-, W7 n /I 75 /E LTk Flat-MPI 2 L 7=,

# 1.6.71% 128 PE # il L 7= E OIS T 23 EM R TH D, T T 1 Fpd 104
IV R&< 5L BIC (0) 3K LR 725, BIC (1), BIC (2) & SB-BIC (0) (XJA&FHD
FNT 4 K L TRETH S, SB-BIC (0) 1% BIC (1), BIC (2) &Lb#z L CTUURE TOMIE
FEIEIZ VA EHRERFIZELS . RbIENTH D, £ 1.6.8 L1¥ 1.6.10 (XI[F UHE% PE (% 16
D 128 £ TEL S TN HAORKERTH S, BIC (1) ZPEHN 64 L V/hIne 2EY AR
B TENT, BIC (2) ITE - TiX 128 PE OEAOAFEBAIEETH -7, £ 1.6.8 L[X 1.6.10
MH D & 91z, BIC (0) & SB-BIC (0) (2B W T, PE¥% 16 205 128 [k &€ 5 &, R/
FTRTALER O 2 C AR RIEUTIE KT 5 23, 16 PE /5 128 PE TOMIT 11%fEE TH 5, 16 PE
DEEEEHELTH L, 128PE 2B 2 I#HFIL 120 L ETH S,

1611 KRB TIEICB T D NEAET Y 4 XL THEELZL DO TH S, HIL SR2201
DETaEyTDAETYIZ256MB THLHLMN, 209 H7 7V r—3 g VIR EREZROIX 224MB
Thbd, FlziE, BIC (2) 1£14.4 GBDOAEY #ME LT 50, 64 PE TIIFHAREAEY OF
FHiE. 224MBX64,71000=14.34GB TH %72, 64 PE TIZEN 2\ &5 Z &1272 %, SB-BIC

(0) OMEAEYAFERIT BIC (0) SIFERLETHY, BIC (1) @ 50%LL F, BIC (2) ® 25%
FRETH S, SB-BIC (0) DMERAE U FEITHEMEROL, 4 [Selective Block] DA X
LoTEAL S B0, WFhizt Xk, BIC (1) X BIC (2) :Hi#gd D &7,

1642 BEMBAXETI

P B AE T /LIZOW T, SB-BIC (0) AIALEEZ 6 LC, KBRISIGR 2 %0 L7z, FHHEIC
BH7- o> TITH SR2201 % 16~128 PE il L7, ¥ 1.6.9 2R T A v v =% 7 a—rL 2 A
L LA BTz 997,422 Hisi, 960,509 EHREDOMTE T LV AMH Lz, BB HBEHIL 2,992,264 T
Hb,

7 1.6.9 L [¥ 1.6.12/%[F UM% PE&% 16 05 128 £ TAL S THRW =GO/ ETH 5,
BIC (0) & SB-BIC (0) 128\ T, PE % 16 25 128 I8 bS5 &, RATRIALE O 2T
EEE I KT 525, 16 PE 205 128 PE TOEMIT 15%EE CTH D, 16 PE DA Z LML T 5
&, 128PE 2B} D IE=R T 107 TH 5,
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%= 1.6.1

Iterations/computation time for convergence (¢=10®) on a single PE of Intel Xeon

2.8 GHz by preconditioned CG for the 3D elastic fault-zone contact problem in 1.6.6
(83,664 DOF).: BIC(n): Block IC with n-level fill-in, SB-BIC(0): BIC(0) with the selective blocking

reordering.
Preconditioning A Iteration Set-up Solve Set-up+Solve Single Memory Size
s (sec.) (sec.) (sec.) Iteration (MB)
(sec.)

Diagonal 102 1531 <0.01 75.1 75.1 0.049 119

Scaling 106 No Conv.

IC(0) 102 401 0.02 39.2 39.2 0.098 119

(Scalar Type) 106 No Conv.

BIC(0) 102 388 0.02 37.4 37.4 0.097 59
106 2590 0.01 252.3 252.3 0.097

BIC(1) 102 77 8.5 11.7 20.2 0.152 176
106 78 8.5 11.8 20.3 0.152

BIC(2) 102 59 16.9 13.9 30.8 0.236 319
106 59 16.9 13.9 30.8 0.236

SB-BIC(0) 100 114 0.10 12.9 13.0 0.113 67
106 114 0.10 12.9 13.0 0.113
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Mp=q where M=(L+D)D-1(D+U)
Forward Substitution
(L+D)p= q : p=D(q-Lp)
Backward Substitution
(I+ D! U)pnew= pold : p=p — D1 Up

do i= 1, N

SWl= Z(3*i-2)

SW2= Z(3*1i-1)

SW3= Z(3*1 )

isL= INL(i-1)+1

iel= INL (1)

do j= isL, ielL

k= IAL(J)

X1l= Z(3*%k-2,72)
X2= Z3*k-1,7)
X3= WW(3*k ,Z)
SWwl= SwWl - AL(1,1,j)*X1l - AL(1,2,3j)*X2 - AL(1,3,7j)*X3
SW2= SW2 - AL(2,1,3)*X1l - AL(2,2,7)*X2 - AL(2,3,7)*X3
SW3= SW3 - AL(3,1,3j)*X1 - AL(3,2,3)*X2 - AL(3,3,7)*X3

enddo

X1= SW1
X2= SW2
X3= SW3

X2= X2 - ALU(2,1,1i)*x1
X3= X3 - ALU(3,1,1)*Xl - ALU(3,2,i) *X2

X3= ALU(3,3,i)* X3

X2= ALU(2,2,1)*( X2 - ALU(2,3,1)*X3 )

X1= ALU(1,1,i)*( X1 - ALU(1,3,1i)*X3 - ALU(1,2,1)*X2)
WW (3*1-2,2) = X1

WW (3*1i-1,2) = X2

Wi (3*1i ,2)= X3

enddo
WW (:,Z) : work vector
INL (:) : coefficient index of the lower triangular matrix (LTM)
IAL (:) : connected nodes of LTM

AL (3,3,:): 3x3 coefficient matrix component of the LTM
ALU (3,3,:): 3x3 LU factorization for each 'node'

1.6.1 Procedure of the 3x3 block ILU(0) preconditioning: forward substitution[9]
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(a) Initial Coef. Matrix

finstrongly coupled groups Q
(each small square:3X3) &\\

(b) Reordered/Blocked Matrix

1.6.2 Procedure of the selective blocking : Strongly coupled elements are put into the
same selective block. (a) searching for strongly coupled components and (b) reordering and
selective blocking. Full LU factorization procedure is applied to each selective block. Coupled
finite-element nodes in contact groups can be solved in direct method during preconditioning
procedure. In SB-BIC(0) (BIC(0) preconditioning combined with the selective blocking
reordering), no inter-block fill-in is considered. Only inter-node fill-in in each selective block is
considered in SB-BIC(0) [9].
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do ib= 1, NBLOCKtot
NBOsize= BLOCKstack (ib) - BLOCKstack (ib-1)

(FORWARD SUBSTITUTIONS)

do i= 1, NBOsize

ii= i + iBS

WVAL1= 0.d0

WVAL2= 0.d0

WVAL3= 0.d0

do j= 1, NBOsize
WR1= WKB(3*j-2)
WR2= WKB (3*j-1)
WR3= WKB(3*j )

WVAL1= WVAL1 + ALU(3*i-2,3*3-2,ib) * WR1 &
& + ALU(3*i-2,3*j-1,ib) * WR2 &
& + ALU(3*1i-2,3*j ib) * WR3

WVAL2= WVAL2 + ALU(3*i-1,3*j- 2 ib) * WR1 &
& + ALU(3*i-1,3*j-1,ib) * WR2 &
& + ALU(3*i-1,3*3j ,ib) * WR3

WVAL3= WVAL3 + ALU(3*i ,3*j-2,ib) * WR1 &
& + ALU(3*i ,3*3-1,ib) * WR2 &
& + ALU(3*1i ,3*3 ib) * WR3

enddo

WW(3*1i-2, %)= WVALL
WW(3*1ii-1,2)= WVAL2
WW(3*ii ,2)= WVAL3
enddo
enddo

1.6.3 Procedure of the selective blocking: Full LU factorization procedure for a (3xNB) x
(3xNB) size selective block. [9]

Time for One Iteration
Cycle

(2}
c
§e
[< .
[} Total Time for
P Convergence ?
Qo ~
= S
= S o
~
~
. ~ ~
Iterations for SO
Convergence

q
Size of Block

1.6.4 Trade-off between convergence and computational cost per one iteration cycle

according to block size in CEBE type method.
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& 1.6.2 Iterations/computation time for convergence (¢=10®) on 8 PEs of Intel Xeon 2.8

GHz cluster by preconditioned CG for the 3D elastic fault-zone contact problem (83,664 DOF).:
BIC(n): Block IC with n-level fill-in, SB-BIC(0): BIC(0) with the selective blocking reordering.
Effect of repartitioning method in 1.6.6 is evaluated.

ORIGINAL Partitioning IMPROVED Partitioning
Preconditioning A  Iterations  Set-up+Solve Iterations Set-up+Solve
(sec.) (sec.)
BIC(0) 102 703 7.5 489 5.3
106 4825 50.6 3477 37.5
BIC(1) 102 613 11.3 123 2.7
106 2701 47.7 123 2.7
BIC(2) 102 610 19.5 112 4.7
106 2448 73.9 112 4.7
SB-BIC(0) 100 655 10.9 165 2.9
106 3498 58.2 166 2.9
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o0 0 0 o
o0 0 0 0 —
BEFORE repartitioning
o0 0 0 o _ _
.......................................................... Nodes in contact pairs are on
O—O——O——0O0—=0O separated domains.
O—O—C0O—C0O——=0

AFTER repartitioning

Nodes in contact pairs are on
same domain but inter-domain
.............................................................. |0ad iS not balanced_

oo 0 o o
o0 0 0 o —
SRR RPN SRR ..... AFTER repartitioning &
O O—0O—0O load-balancing
&0 (OO Nodes in contact pairs are on
same domain and load is
O—O——C0O—C0O—=0 balanced.

O—O0—CO—C0C——=0

1.6.5 Partitioning strategy for the nodes in contact groups [9]
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z= NZ1+NZ2+1

z=NZ1+1

Contact
Groups

z=NZ1
X
—
N
/ <
z=0 -
A N1 AA  nx2
— —
+ +
— — N
X X X
o e =z zZ
L 4 | & s
X
=z

MPC at inter-zone boundaries

Symmetric condition at the x=0 and y=0 surfaces
Dirichlet fixed condition at the z=0 surface
Uniform distributed load at the z= Zmax surface

(a) Model and boundary conditions

(b) Node, elements and contact groups

1.6.6 Description of the simple block model [9]
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OO

4< >7
OO

00—

—O=O— L O=(O
put 111-type element with Large stiffness for contact pairs.

1.6.7 111-type element (Rod/Beam) is put in each contact group and very large stiffness
corresponding to penalty is applied [9]
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2hu = Au, + Ay,
2hu,=Au,; + Au,
2hu, 0= Ay, + Auy,

3 nodes form Au = Ay,
1 selective block. Au,,= Ay,
Au,= Ay,

2 nodes form
0 1 1 selective block.

1.6.8 Matrix operation of nodes in a contact group [9]
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1.6.9 Description of the Southwest Japan model This model consists crust (dark gray)
and subduction plate (light gray). 27,195 nodes and 23,831 tri-linear (1st order) hexahedral
elements are included [9].
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& 1.6.3 Iterations/CPU time (includes factorization) for convergence (¢=10"®) on a single
PE of COMPAQ Alpha 21164/600MHz by preconditioned CG for the 3D elastic contact problem
for simple block model with MPC condition in 1.6.6 (83,664DOF).: BIC(n): Block IC with
n-level fill-in, SB-BIC(0): BIC(0) with the selective blocking reordering.

Preconditioning A Tter # sec.
BIC(0) 102 388 202.
104 No Conv. N/A
BIC(1) 102 77 89.
106 77 89.
1010 78 90.
BIC(2) 102 59 135.
106 59 135.
1010 60 137.
SB-BIC(0) 102 114 61.
106 114 61.
1010 114 61.

% 1.6.4 Largest and smallest eigenvalues (Emin, Emax) @and k= Emax/Emin Of [M]'l[A] for a
wide range of penalty parameter values: 3D elastic contact problem for simple block model with
MPC condition in 1.6.6 (83,664DOF).

Preconditioning A=t A=1° A=t

BIC(0) Emin  4.845568E-03  4.865363E-07  4.865374E-11
Emax  1.975620E+00  1.999998E+00  2.000000E+00
K 4.077170E+02  4.110686E+06  4.110681E+10

BIC(1) Emin  8.901426E-01  8.890643E-01  8.890641E-01
Emax  1.013930E+00  1.013863E+00  1.013863E+00
K 1.139065E+00  1.140371E+00  1.140371E+00

BIC(2) Emin  9.003662E-01  8.992896E-01  8.992895E-01
Emax  1.020256E+00  1.020144E+00  1.020144E+00

K

1.133157E+00

1.134388E+00

1.134389E+00

SB'BIC(O) Emin
Emax

K

6.814392E-01
1.005071E+00
1.474924E+00

6.816873E-01
1.005071E+00
1.474387E+00

6.816873E-01
1.005071E+00
1.474387E+00
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& 1.6.5 Iterations/CPU time (includes factorization) for convergence (¢=10"®) on a single
PE of COMPAQ Alpha 21164/600MHz by preconditioned CG for the 3D elastic contact problem
for Southwestern Japan model with MPC condition in 1.6.9 (81,585DOF).: BIC(n): Block IC

with n-level fill-in, SB-BIC(0): BIC(0) with the selective blocking reordering.

Preconditioning A Tter # sec.
BIC(0) 102 344 172.
104 No Conv. N/A
BIC(1) 102 201 192.
104 256 237.
106 256 237.
108 258 240.
1010 259 241.
BIC(2) 102 176 288.
104 229 360.
106 230 361.
108 230 361.
1010 232 364.
SB-BIC(0) 102 297 149.
104 295 148.
106 295 148.
108 295 148.
1010 295 148.
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& 1.6.6 Largest and smallest eigenvalues (Emin, Emax) and k= Emax/Emin Of [M][A] for a
wide range of penalty parameter values: 3D elastic contact problem for Southwestern Japan
model with MPC condition in 1.6.9 (81,585DOF).

Preconditioning A=1’ A=t A=1° A=t

BIC(0)  Emin 1.970395E-02 1.999700E-04 1.999997E-06  2.000000E-10
Emax 1.005194E+00 1.005194E+00 1.005194E+00 1.005194E+00
K 5.101486E+01 5.026725E+03 5.025979E+05 5.025971E+09

BIC(1)  Emin 3.351178E-01  2.294832E-01 2.286390E-01 2.286306E-01
Emax 1.142246E+00 1.142041E+00 1.142039E+00 1.142039E+00
K 3.408491E+00 4.976580E+00 4.994944E+00 4.995128E+00

BIC(2)  Emin 3.558432E-01  2.364909E-01 2.346180E-01 2.345990E-01
Emax 1.058883E+00 1.088397E+00 1.089189E+00 1.089196E+00

K

2.975702E+00

4.602277E+00

4.642391E+00

4.642800E+00

SB'BIC(O) Emin
Emax

K

2.380572E-01
1.005194E+00
4.222491E+00

2.506369E-01
1.005455E+00
4.011600E+00

2.507947E-01
1.005465E+00
4.009117E+00

2.507963E-01
1.005466E+00
4.009092E+00
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F 1.6.7 lterations/elapsed execution time (includes factorization, communication
overhead) for convergence (e=10®) on a Hitachi SR2201 with 128 PEs using preconditioned
CG for the 3D elastic contact problem for simple block model with MPC condition in 1.6.6

(2,471,439 DOF). Domains are partitioned according to the contact group information.: BIC(n):
Block IC with n-level fill-in, SB-BIC(0): BIC(0) with the selective blocking reordering.

Preconditioning 2 Tter # sec.
BIC(0) 102 998 118.
104 No Conv. N/A
BIC(1) 102 419 98.
106 419 98.
1010 421 99.
BIC(2) 102 394 171.
106 394 171.
1010 396 172.
SB-BIC(0) 102 565 71.
106 566 71.
1010 567 72.
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# 1.6.8 lterations/elapsed execution time (includes factorization, communication
overhead) for convergence (¢=10"®) on a Hitachi SR2201 with 16 to 128 PEs using
preconditioned CG for the 3D elastic contact problem for simple block model with MPC
condition in 1.6.6 (2,471,439 DOF). Domains are partitioned according to the contact group
information.: BIC(n): Block IC with n-level fill-in, SB-BIC(0): BIC(0) with the selective blocking

reordering.
A=102

Preconditioning 16 PEs 32 PEs 64 PEs 128 PEs

BIC(0) iters 956 975 986 998
sec. 919 469 236 118
ratio 16.0 31.4 62.5 124.4

BIC(1)  iters 396 419
sec. N/A N/A 190 98
ratio 64.0 124.3

BIC(2) iters 394
sec. N/A N/A N/A 171
ratio

SB-BIC(0) iters 508 529 541 565
sec. 540 282 144 71
ratio. 16.0 30.7 60.2 120.7

A=106

Preconditioning 16 PEs 32 PEs 64 PEs 128 PEs

BIC(1)  iters 395 419
sec. N/A N/A 190 98
ratio 64.0 124.2

BIC(2) iters 394
sec. N/A N/A N/A 171
ratio

SB-BIC(0) iters 510 532 543 566
sec. 542 283 144 71
ratio 16.0 30.6 60.5 121.9
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(b) Iteration number for convergence

1.6.10 Parallel performance based on elapsed execution time including communication
and iterations for convergence (¢=10®) on a Hitachi SR2201 with 16 to 128 PEs using
preconditioned CG for the 3D elastic contact problem with MPC condition (A=10%) in 1.6.6
(2,471,439 DOF). Domains are partitioned according to the contact group information. (White
Circles: SB-BIC(0), Black-Circles: BIC(0)).
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100 ¢

128 PEs: 28.76B
BIC(2): 14.4GB

n 64 PEs: 14.3GB

GB

10 b BIC(1): (8).3968

32 PEs: 7.1768
SB-BIC(0): 3.52GB

o A <= 16 PEs: 3.58GB
BIC(0): 3.10GB

8 PEs: 1.79GB

1.6.11 Required memory size of CG solvers with various types preconditioners for the

3D elastic contact problem with MPC condition (A=10?) in 1.6.6 (2,471,439 DOF) and

available memory size on Hitachi SR2201 (Black-Circles: BIC(0), White-Circles: BIC(1),
Black-Squares: BIC(2), White Triangles: SB-BIC(0)).

% 1.6.9 lterations/elapsed execution time (including factorization, communication
overhead) for convergence (e=10®) on a Hitachi SR2201 with 16 to 128 PEs using SB-BIC(0)
CG for the 3D elastic contact problem for Southwest Japan model with MPC condition (1=10°)

in 1.6.9 (2,992,264 DOF). Domains are partitioned according to the contact group

information.
Preconditioning 16 PEs 32 PEs 64 PEs 128 PEs
SB-BIC(0) iters 1665 1686 1710 1912
sec. 1901. 993. 506. 284.
ratio 16.0 30.6 60.1 107.2
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(b) Iteration number for convergence

1.6.12 Parallel performance based on elapsed execution time including communication
and iterations for convergence (¢=10®) on a Hitachi SR2201 with 16 to 128 PEs using

SB-BIC(0) CG for the 3D elastic contact problem with MPC condition (A=10°) in 1.6.9
(2,992,266 DOF). Domains are partitioned according to the contact group information.
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1.7 Sparse Approximate Inverse (SAl)

SAI & Nl T4l THh v LLFICrRT R (1.7-1) O/ R EEIC X - TREITS A O
TH) % % & 9 RETEITHI MY 2 KD DD TH S -

min HAM_l - E”F2 = Z minrl ||Amk - ek"22 (1.7.2)
g=1 MR

2L, X7 R M3 THI M O k BIE OBy X7 R L e IXENAATAI E @ k FIB OFIERSY
ERLTWD, X7 ML m i ZRAT-DOEBEZF/IMET 5 K5I RDIIE LW, FHREEZ D
EREBDIT, HHUORTAHEITY M O nBEORFTLE2IEL THE, Z0HEPosEHED
HEROHT L2 %25, KbEZ2FEE LTI, BTABTS] M OIEY 0 BEEONE 25K
FTHIA LRICICT 52 & Th b, ILU RATLE & [FEE, Fill-in 2 7808, ATAEITSI M OPERET
B 58, FHER, FEARE LICHINT 5, AT M OIEL R EROITA T v 7 Ah
Hhd, ) DBEROITA T v 7 AT IR BROIIA Ty 7 AERE | L325L, K
1.7-Di1

Z min [, 3 m, @) - e (D), (1.7.2)

my (J) )er’

PR ZEIRETE S, 22T (1.6-2) 1Z. n AD IXJI kDO E/N_FE .

min AT, ) m@) - em),° @ <k < n (1.7.3)
my (J)ER

DHFEEZMNINATRH) ZEMTEHD T, X (1.7-3) O/ _F %% CPU ICHHEITEID Y
TT, jﬁiu CHET DN 22D, K (1.7-3) O/ REMBIL Givens [HI#ATTH & L
T QR SR L - THES = L NAIEETH 5,

HEC-MW TiX LAPACK ® DGELS [(13] #ffiH L CT\5,

1.6.6 \Z/RT 7 vy 7 OBEAERE (9) 22T, SAI Z@#HH L CEE L., fthompifis Fik
Ll U7zl 2R d, X 1.6.6 (2R3 il 7 L—7" (Contact Groups) %k d 5 Himlc~~F /L7
4 M H T DA WHEHEIZB WX Z b OFUEMNIE Ul Bz 5 8554E (coupled partition)

WYL SR D = }:Zp%u HNTWD (9], Wz, [ UfEK EIZ/Z2 04 (decoupled) XN ASFEF
BV, £ 1.7.112RT X912, SALE Tdecoupled partition] DOHE S BRI EKEZRT Z &N
DD, R L1208 T LI MOFELLE L T, Iset-up) ICHRZZEL TS OO0, iR
BIFRINKEZRLTWDLZ ENRb0D, fIHBUWD NTRA—=F 5/ NS THZEICL- T, KIEEK
D Y, FHERERNITIEINT 5,
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% 1.7.1 Comparison of preconditioners for simple block prblem with 27,888 nodes (83,664

DOF), SAl works well for 8PE case in "decoupled" partitioning, Xeon 2.8GHz Cluster.

1l PE

SAI/GPBiCG SAI/BiCGSTAB
ITERS 190 187
set-up 10.7 10.7
solver 23.9 17.3
8 PEs (decoupled)

SAI/GPBiCG SAI/BiCGSTAB
ITERs 191 193
set-up 1.0 1.0
solver 4.1 3.0
8 PEs (coupled)

SAI/GPBiCG SAI/BiCGSTAB
ITERS
set-up
solver

114
<0.01
18.6

3498
<0.01
56.9

166
<0.01
2.8

SB-BILU(0)CG BILU(1l)-CG

SB-BILU(0)CG BILU(1l)-CG

2701
0.5
46.9

SB-BILU(0)CG BILU(1l)-CG

123
0.5
2.2

% 1.7.2 Comparison of preconditioners for simple block prblem with 2.4M DOF, coupled
partittioing, Xeon 2.8GHz Cluster with 32 PEs.

SAI/BICGSTAB
Time BlC(l)-CGBlC(Z)—CGSB'CB'GC(O)
0.20-0.20|0.10-0.10|0.05-0.05
ITERS 382 333 535 843 671 545
Solver | 87.4 1176 | 1240 | 1360 | 1217 | 1191
Setupt | 1095 | 1496 | 1240 | 1552 | 1427 | 2002
Solver
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1.8 BEHEHZEMPC
1.8.1 BE

MPC EEOMAIAFIZEE LTI, MHAIRABLDEZG IHD, XFAT A IERBRHEND Z 3%
W, LrL, 2086, FRERANESRGEL D KEEICX2RKMBPRE L, BEEORANLY
WL TWD, —FH, KEBERBEZ W RE TGS, BEEREORMIIARRETHY . KEEOF]
RANRMEE 2D,

T, NFNT 4 IEE DD MPC &FOFMAARTEE LT, BHRENEEEZEATD,
HHEWEEEZHWESES, MPC ICX VA INLIE =Y R—EKobD L LTET MET
Ga LEMR TR L 25720, NFAT 4 EO LD ITHBRAPESRME LD 2 LR,

B, BHEEMEIEICLD MPC &£MHEOMAIARIT, ~ Y v 7 ZAOEEaDT a7 7 A )VHRE
HaInbd, HECMW o~ ~Y v 7 23FFEEa iy OAHZkF L T\% (CRS : Compressed Row
Storage) 72, IFER DT T 7 A NEETET DIZOIITAMERLAN LI L2 | RFE LR
Y,

ZZ T, LFIEARTHIEICEY, = 8Y v 7 2ZAKIZIE MPC &2 HAAE T, YA N—D%
KEOHTMPC I L HMRBEBELEET L HEERAT 5,

1.8.2 MPC RTLER{+ & R1EE

fr < REHFBRABFLUTO LTRSS D,

Ku =f (1.8.1)

Bu=g (1.8.2)

T KIFRE~ FY v 7 ZA(NxN)  uiZRAmE~27 b (IxN) FidhHE~7 b (IxN ),
BRI gIIZENENZRMERMEZXITHRE~ MY v 7 ABLOERNZ PV THY . ZriR
KO AEM LD L, RESFTENETAMxNBLUIxM TH 5%,

(1.8.276 M EOUEEEREZRD, TN HAEHEE L, LSO DM HBEIZ OV TO L’
XEf o mBEZD,

EHBED S b, MY HBHEORPNEREZFORMEANZ brzu (IxN) [ uiu Lo
DEWATHNZ T L35 & (1.8.2) DR EMIE

u=Tu +u, (1.8.3)

DRTRTZENTE D, LEL, U ZBBLOGNLIREDERNT bV THD,
el ZiE, N=5, U;—u, =108, ZaMREFT. 1.8.2DFA T,
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b oo1 —ﬂﬁt}:ﬁ]

(1.8-3) DA Tix,

u] [1 0 0 0 Olfu] (O
u,| (01 .0 0 Offu,| |O
U r={0 0 1 0 Ofuj;+40
u| [0 0 0 1 Offuy|l |0
usJ |0 0 0 1 offu |1
EERbIho,

(1.8.3) (1.8 DIZRA L, EHEHEELADIZBET L L,

KTu’:f—Kug

XL, BT EHRICT A0, WEOENL T 2t 5L
TKTU =T (f-Ku,) (1.8.4)

NEFELND, (1.8.490, REMICH &, ZRMREMAALTE TR TH D,

1.8k L CREMELZFEAT S, 2ok, T KT ZBicidmies, ToT Loddhz
VEISE U TEORET Y, M 1.8 1 ICHEARELZEA L-BADT VI XAERT, @HED
KEHBEICHETE~ R v 7 A« R7 MAETENICHOWT, KAFETETBIOT & ofozEn
Wz HZ LT s D, TIHIZEALEATHTH S0, TOHE a2 MK MA 5 Z L AATHE
Th5,

ek, (1.8.DIZBWT, TKT ORI 2178 LOFNTIZT RTONRAD Z LicRb,
fESME—TIx e\, Lav L, EMEZ A L2 5E. RAS7 MLopifE e LCREE B B ERK
BEOLTHZ LT, EERY FL - BEERY L L BICHEBABERSITFEIC0 L2220, {EEH
R ) % SRR L 72 CORMMFTRETH 5.,
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r,=T"(f-Ku, )-T"KTu,
Po = (rO' ro)
Po =T,
fork=0,1,---

. =T'KTp,

Px
(P 9)
Uiq = Ui + Py
M =N~y
checkconvergence; continueif necessary
Pra = (rk+1' rk+l)
b= Pust

Pk

Pt = Nea + BiPy
end

u:Tu’+ug

a, =

1.8.1 Conjugate Gradient method with direct elimination of multi-point constrained
DOFs.
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1.8.3 RN

AFETIE, FBEITH T KT 25 L TWARY, 207k, 7r vy s ILU fiAfE L7y
7 SSOR RiALERIZEI L Cld, @% OB AEMA 45 2 L3t Lrl, Kbl
ATALPEZ WA 25 2 L I3WRECTh 5, K & TKT O#EW L, L AMHEIED ) - 72 H B EE I B
DATHIRR A T D1, EBEDOL SR ST X BBV TIE, 2 H B EICH L THEE m DK
FEZEAUZEREL 2, LER->T, KETKTAARE AR bIFTlER, KabiioLr
RILERIC K> T, ATLERO MR E155 Z LIXTHETH 5,

Ty IR —) v ZRIABICE LT, TKT o5t 7 a Y 27 7213 2 FEICEHE - i
HAaZMINEL, TREROESAAr—) v 72 AT 52 LIk 0, 2R ETLES o] fE
Th b,

Z 2. HHEWEIC LS MPC CTiX, BB FTO X 51275 -

7'v v 7 ILU FiALE - K %% &2 L7-RiidLE
7' v v 7 SSOR FijfLEE ; K %% &l L7-RiidLeE

TayrxtaAr—0 7 T KT %% L2 L-ais

HHEHZEIC L 2 MPC B & AR ARGEICHEH L7256 07 03U A b %K 1.8.2 1258
—a—o
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r,=T"(f—Ku, )-T"KTu,
fork=0,1,---
solveMz* =r*

Pk:(rkvzk)
ifk=0

else

By =B

Pr

Py =Zy + BiPis
endif
q, =T KTp,

Pk
(Px. )

Ujq = Ui + Py

Mea =N — a0y

checkconvergence; continueif necessary
end
u=Tu'+u,

o =

1.8.2 Preconditioned Conjugate Gradient method with direct elimination of multi-point
constrained DOFs.
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1.84 RVFIT—4H

X 1.8.3 IZRTETNMIZTZWLT MPCCG ExEEH L, T AT 11E (X7 =104 &

el U7e, £ oA, AR - SHREH & B2, 50~90% LR35 2 & & H

BLOFE 1.8.2),

(a) Simple block model

(b) Clip model

1.8.3 Test models for MPCCG.

F 1.8.1 Number of iterations and CPU time for the simple block model.

Iterations CPU Time (sec) CPU Time per Iteration (sec)
MPCCG 165 6.21 3.76x1072
Penalty+CG 1,075 37.35 3.47x1072

#< 1.8.2  Number of iterations and CPU time for the clip model.

Iterations CPU Time (sec) CPU Time per lIteration (sec)
MPCCG 33,349 143 4.18x10°
Penalty+CG 69,365 279 3.97x10°
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1.9 XKB#E/—F#H., 2Ha7HEFILITIVXL

AIREFE TR O KRE o a2 G 5, KEEY W A—ICBT 28 7527 FLVREIZIER L,
Z¥= 7 CPU THERK S L2 W FIEH RIS M 7= mid b 21T 9

%4527 CPU % #HE#5#, L7~ SMP (symmetric multiprocessor) 7 7 A% Tlx, &/ — Kbz
DOaTENRKREL 2D (K 1.9.1), /—FERREWEE MPLORICE D7 T v Ml Fi{kT
E BEESHRL., SWIETHESIERG LN R R ENTIREND, 2D L5 RERICEN
TiEX, /— FATIL OpenMP 22 XX b A Ly RilfFl, 7 — RHETIL MPIL (2 X 5654 H iz,
NAT Y RIWFE R A E B 2 DD,

Flo, FHRICEZ 227 ML 2 T MR 2 5. 3 fF- LHINL TW <A, BATHIAN
7 MREIZAEY OV NIBIZ L > THIBRE ST 2720, a7 HEBH 2 5 & WHHERIZHE D TV,
ZI T ZHATRETONRT =~ U A EOTOITIE F v v a2 ENT 20BN TL %,
27T, 7uv7Z7 CRS (Compressed Row Storage) 74—~ haBHTHZ LIZLVFrv v
2 ZiEM Lc@msba EBLL T\ 5D,

core | core | core | core | core | core | core | core | core | core | core | core | core [ core | core | core

CPU CPU CPU CpPU

Shared memory

core | core | core | core | core | core | core | core | core | core | core | core | core [ core | core | core

CPU CPU CPU CPU

Shared memory

core | core | core | core | core | core | core | core | core | core | core | core | core | core | core | core

CpPU CpPU CpPU CpU

Shared memory p—

1.9.1 SMP cluster with multicore CPUs.
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1.10 RILFFT Yy Fi&

1.10.1 Bt E

WHORBIETA v v a4 RITHY T 2R 2R - 2280 OB ICITE LTV b 23, i1
DD H B, BEVEEORSIIKEZBRY KL TH2RNRIER L2V, O BFE2#ERT5 2
LT, REERSZRMOICHESELZE2HOE LETERYALT 7Y v RIETH B,

~NVF Uy RIEOKKBIE T 2 FIROME 2 LN icrd[16][17] :

® Ay aTHRELHEA
® FREZMA v 2 ITHIBRUT{ (restriction)
® Ayl aTHIEXRDOKEFHE
® il A v Lo ~HHIE R % FE R A (prolongation)
® A v o TOME TR
1.10.2 &t&EF &

D VEEF L ~UL (fine grid level) [ZEBWTLL FOMA TR EZMH L2525 ¢
Keup =f

22T, Ko ZHWHEF L ~UL (coarse grid level) ([CHIT 5~ MU v 7 2 &35 & MWK
T LULZBT HHEIZLLTO X S IZiidk s

- . B .
U(FH) = Ug) +Re_eKeRe_(F- KFU(FI))
ZZ T,

Reoop MO 5 Bl T~ DO il 4~ L — % (prolongation operator, i i)
Re_c MIAWEEF 2 B HL WS~ DAl A L — % (restriction operator, il FRAfi[H#])

ZOLDMMFHEICL T, MOV TERELZHE L, TREHWEFTHIEL., Ok E
ERIDWDE ISR L CIREA M ET 2 W) T nb A2 EETE 5,
7B, Resp & Re_ICHE, —MRICULTORER® 5 -

RC:>F = C(R F=C )T
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ZIT, clFEEOEHTH B,

1L wEbsherRERKu =f 2rukrRoEmnl, #HE2ud =S (K., )L+ 5,

HE 1 Sp (72 & 1% Gauss-Seidel) 1fEFEA 7 (smoothing operator) & MEEiL A,

2. MWK TIRTEER =f-Kul 2k 5,

3. FHIRMM AL —% Re_c 12X > T, MW FIRTOERELZH W I 5
e = RF:CrF

4. FRAKAUG =1, (EERICET2HEAAROT EEHRR] LIES) 28T Tl
<O

5. HLVE TR TOBTE SRR OM AU, 205, FERMH AL —4 Re_p 12 Lo T & T
2B T B IEERAUY =R _ AU 23R 5,

6. MOV TTOMEBERCL>TEHTS : ul™ =ul + Au®

PLED 7 vt AN IEEELL NI/ 5 £ Tl v iIk7,

EFEIF 2LV DEEDT o ATHLIN, Thid, BEOAy v aMEIZhZY . HIRHICE
i AHZ IR, WROMENFREE 725, TOMRFEM R FELZK 1.10.1 BELOK 1.10.2 (2R

T, wAF Ty RiEE, VA=t LT, £7-. CG ERE., MOKEE Y MV R—ORHLE L L
THRIHAT S Z EmafaeTd A 17118,

60



fine

v

coarse

fine

v

coarse

@) @)
@) @)
\ Restriction
O O Prolongation
@) 00O
o O
V-Cycle W-Cycle

1.10.1 Multigrid Method: V-Cycle and W-Cycle

@)

@)
\ Restrictio

i O ci O Prolongatio

o) Interpolate coarse
f solution as initial
guess on fine grid

@) @) @)

1.10.2 Full Multigrid (FMG)
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1.10.3RILFHY) v FRTILIE

~NVF 7Yy RiExE CGIER EONREMEORTILEEE LTRHATAZ b AEETHD, LLFIZE
OFEEM 1.10.3 1277, 28, T MG IZ~LF 27V v REHLETH Y . 1.10.4 2 F Dt
TN I

r,=f-Ku,
for k =0..maxiter
z¥ = MG(K,rk,initial_zk,y,yl,yz)
pe=z,)
ifk=0
Po=T
else
,Bk :&
Py
P =Zy + BiPis
endif
a, =Kp,
Px
ak = =
(pk’qk)
U =U + Py
Mea =N~ 0y
checkconvergence; continueif necessary
end

1.10.3 Multigrid preconditioned Conjugate Gradient method.
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MG (K o .U, 7, 411, 11, )
{

if level=coarsest_éwvel
solveK  qu=f
else
u = pre_smoothing(K,,.,,f,u, 1)
r = restric(f -K,,u)
Au. =initial_Au

forn=1.y
AU =MG(K 1, 1Al 7, 44, 1)
end

u = u+ prolongate(Au,. )

u = post_smoohing(K,,,.f,u, 1z,)
endif
return u

1.10.4 Multigrid preconditioner
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O Avrvaipk
© HEEHEA KA
® MEROAHSE

REDA Ea—FNn—Ry=T7Y 7 N7 ORERFEBICLY, M2 e LT
QD RIFF TR/ FH AN FBRICIR o TETND, TNPRX T T 7 4 7 AL DHFERE R LT
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Do T LT RMM T — 22O a L Ca—ZIZIBE LT, T4 AZRICBEFELTZD T 5D
WEPENSEDTH D, BT, AHEDOTDICE RERAEYNMELRY 7 FAT L h~v T
FNETOOLHNETH D, £ 2 CREMFZREZIZFE U FIFH R T bAs L CLE W,
OB E NI I o T Al T — 2 & L CTIREFEFT 2 L DI L7z, ZORFFRRD 2 DD FETE— RN
ARECH D,

DY —="—= 7 T4 T FE—F

SRV — A= TCa =T b ONE FEER, MRLEDONTA—2—) ZFET L, £
AR UG RT — 2 2 7 7 AV L, EBEOWBIZZ FA4T7 o b~ 2 TTH, £D
B —HF =T AVS 2 D70 77 L EHWT  ZOBBETY = —T 4 VIR RR EDRT A—F
BIEETE D,

ZOHEEEDZEICEIVYHE KR T =X LR VNSNS DO TAE Y FIRBEMTE 5,
JIAT I~ THHEDS D AIHUENTE LR EDA Y v F3b 5,

Q)Y —R—F— R

ZOE— RN, QLEo T Z T X CEHEY——T{ToTLEI D TH D, FFRY
DFRNTFERT — 2 ZME L7207 = A~y g Lz LT — 2 2 EEAKR LIRGFT 5, =
DAFULT — 2GR T — 2 A R T —EThHh D, ZDE— FTAERS N AT —
ZIE—UORMIERE G A TN RNV BICHADOEEZIT O 2O THLHIRENPLETH D,

RO CRBME /T — X 2O EXIZZDOE—FEAWD LR TH S,

B 2.2.1 \Z HEC-MW AL T A4 77 U O EZ =T, FHREEY 2 —/EA vy a7 —& Ll
NT A =GR X ORHALHE T D) & i iATe, HREZBODND 1 XA LA T v 7T LIZERE
THHEEY 2= VRN AY— 5, BOBODH A LAT v THIC2—F—1T, LR, TR,
RN 2= L F ) 7R EOMBNEZIRETE D, LITHBONT A —ZDZNENIRETE
BBl ZIE  BER A EZEZTZRY a—L Lo 2 ) v IR DI TOEMEMRK L E 2 ERTE 5,
2 DAY afBOT —HIZONTELDDEA LAT v TNHDHT —ZIZONTE»r HIZt &
SHERVLERZENRDH D, TOBE, HEMEREOT X LERTEOEETIEHRETE VWS R
EL AT — 2 L LM R T — 2 L LTIRIFTE 5 2 L IHERICTH D, T, FHEOBRFT
RN O 2B CTHEEL . & LARSG (LD NT A =20 E LRV EE2ET) b
WA Z T LT A—FEHTOR ) AX— T HZENRTES, 29 LTRICHERRERE
T5ZEERIT 5,

Pr—=N— e 7 T4 T FE— FICOUMNIBRRG R 2T o 72%, ——F— RN TARDOHIOD
RIAZTOREDFIEFEDTH D,
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2.3  AHABEEMHmZONT

HEC-MW WHI AL T A 7 F U Tk, 2B T, X7 bb, TUINEROEDIKEX 2T 7 =
v DENETEL TS, SRIOV U —RRTIE, ABTT—FOERRBBERL DT> TWH
%o LFTIE, W12 U—RARDOFDOWFNIARY =L Z ) 7 W —T 2 AL F Y v
TERNT D, WO CTHERBFHOE Y 2 — MO0 Tk 5,

231 JYU—RR

(1) HH—7 = 2L &Y 7 (Parallel Surface Rendering:PSR)
YP—=T =222 Y E 3 WAL W TR ICEEREMN TH 5, TS LY SRR HE
DT =B A EFFMPOEICR R T D2 ENTES, LTFIZ 320812 RT,

a. BERFEORKR
RAFRmMOEFRITIABIITONS, L LEEBEOERNH LKL, ZNENICLRTEZ DT 5
ZEICLY, BARIEE TR R TE D, M 2.3.1 ITERKRR O Z 77,

X 231 BERFBDOERTRH (T—2EMH . EEXE BEHEHEK, RIST fRIEK)
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b. SFEH
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c. EEHmEOYIY O
BEOEEHEHOY Y O TCOTFT—2 e ErnT 5, I FETE2Z6015, 2.3.3 137
A AR O BT OFITH 5,

X 232 6 0NFEMEFAYVYATODT—E20H (T—21RE . MHK)

X 2.3.3 BAEBEAOHMEREN, HHSGR (T—21RHE : RIST ffiiERK)

(2) WAHIARY =2—2u L&Y (Parallel Volume Rendering:PVR)
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2.3.4 Supervoxel-based partition in the PVR module

® EILT-HiET — & DR

A — =R BT L AFESE%,. K7 ot RIFEICA— =R B ANE VIR NS,
FNEFNOT R RAZEBNTEFOLA L — U ZRBAZIT Y, TROLLIROMm R E D
e ERDD, WICHENPOEE 7 BLITHEY T, ZONBMER 7 BLEDORRERD, %
DIRTOMNBT —HOEE RO T —~ v T~OEMREITH, ZOWNBEIEREOHFIZHED D, =
I LTCZDRA—=R—=R 7 BT 2 EHE T — % ZE%T 2.

o SEIHE T — X OfiA
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