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1. #EBYVIL—#EE

1.1 YI2br9z70OHE

[HEC 2 kv =7 (HEC-MW)] Yuy =7 MIBWTIL, AIREZEE (FEM) . ARIKfRELE
(FVM) 72 &, ISR T2 L-BRER S I 2 b —32 3 LIBT3 EFREO B S &
— 3

T—H% AN
~ b U 7 AR
BRI LS —
Ik AR

REDWL OO Fa A BRI N TV,

ARKv=a2T7 WL PC 7 F7AXNMIT HEC-MW 74 75 U D—8Tdh HNEIEIZL DMLY L —
BT 5FHETH D,
HEC-MW T, MEEE LTk

Conjugate Gradient (CG)

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

Generalized Product-type Bi-Conjugate Gradient (GPBiCG)

ZRMATE S, 1HAIC 1 BHEDOZAN T Y ANR—DIE), 1 HEICEZEBENETLHAIC
B3 o7wy 72470 NR_"=b[ET D, 7ny 7 NOBHENRELTL56. 1 2O e
TLADPTT 1y 7Y A ANETH5EICE L THNIGT 5,

APLEEFIE L L TR, LT OFEICHIET D,

AT ILU(k),/1C(k)#%:

Symmetric Successive Overrelaxation (SSOR)
Block Scaling, Point Jacobi

Multigrid



12 REZZEAL-AREREZOLIE

AR (Finite Element Method, FEM) (2817 2 MBI 7 o 2 3L Fo LB T
b5 (¥ 1.2.1) :

T Tavy T (F Ay 2 ERR)
U alb—ya URIK (B REERRAT, BRI ENT)
RANTuavwy o7 (B aik, s—%~A=7)

ﬁﬂﬂwfﬁﬁ?—5@ﬁ4f(fyynﬁ)i#% IREWD, BIRHEEZ —F LTI #
CIXREET, 2T —F 2o (BT —%) BT 20ERNH D, TNEINLOHEK
(domaln, partition) XM FFHEMED S 7 vt v (Processing Element, PE) (2D % CTHiu
% (K 1.2.2), AREREITEDERE LB L CUIHERNETHI EEZ BN TE T, M#ET
— XN BH 572D, 1 7rtkvH (Processing Element, PE) H7- 0 OFENRITEDE & B
LTS, ARREFRIEDREITEAR S8 BALO AT R LB Ul & 72 2 72 D IESIMEI 1300
LTW5,
FEM OQEIL, #IE. FEHREVTHLOLE . KRR EZHB L, BREA TEL DO XK
AEZEA L THEONLIERMME~ N 7 22 R LALETHELND., BREElttE~ N 7 2%
R L T 5 REBEES. — R R E2 M Z LT E SiLd, FEM OFROIZE A LD

o f[R¥~ bV U AERK
® HIE VN N—|Z X D KRIERE N — kR AR g

ICERIND, R~ MY 7 ZAERICE LTk, BERHEAMICFEITN AR 72D, WWHKIZE S
HY ., FEEHOBEERELUICETT S ENAETH D, WS FEM OFFRIZBWT, @ESHEAET
LHAREMEDR H D DML Y VR —D Ay OHRThHh D, Lizho T, MBI A=y ERL &
1CPU @ PC i} I2BA% &7z FEM 22— RiZIE8IF R L CAS ICENT Z E N AHETH 5,

SEIRRT OEIE LN 1.2.2 I0RT X S ITHIE Y AR —DES 12 TAE L D, = O & K RF]
L., @Y T — 2 Ea2sE., WHGEICHE LEEERERATLI LIk T#HB T LI
95% & 2 2 K O IR LEFER ST D52 L b ARETH D,



Initial Grid Data

Pre-Processing
Partitioning

Data Input/Output

Matrix Assemble

Main
Linear Solvers

Domain Specific
Algorithms/Models

Post Proc.

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 SBT—L2EE

FEM (2R F SN 5 IEREEK T (Unstructured Mesh) ZFEH L7 XU r— 3 2B\,
W2 T — X EERET D 2 d, WHIEHEZ DRI ERT 5 ETCEETHSH, HEC-MW
DR/ A v ¥ 2T —Z [THEX—2A (node-based) L UNEHX—Z (element-based) DfEKS

HOWMFZYR—FLTNDN, T T, HREA— =T v 7EEL G AN — A EIBSH
ZHITEE T 5,

FEM (ZBW\W T, &, RE, Bk s, EARRXOME D X5 REHITHAIZBWTE
End, fEoT, WHIFHHEIC Té%+kw9ﬁ£# i%@ﬁ®%£ﬁ#ﬁ#?&é &#%i

LW, BimA_N—AOMEESEZHEH L7eSEE. Bt~ MY 7 ZAERICREIND KL 5 RBERENO
LB A B FEUC B W TR ETAIC E i 5 72 D1iE, EEE O — =T v TEENNLETH 5,
1311 2D X RA—NR=F v TEEOFZRLIEbDTHD, 22T, JREBICELNIZERITE
DRI iofﬁﬁéﬂf&@ BRI BT DB H RIS T DM~ N Y 7 2ADR LiIAR IR E
DI Z | WINZEET 27D N F—"—=TF v TBREROFERDLETH D,

HEC-MW Tk [# i 1;. DOFEARICIE MPI [15) ZH L TW\Wb, EoiER SIcEH ST
HHEER T (Structured Grids) _E'g L CiX MPI [E A O EEH O 7 v —F 23 (i ST
WAHD, AIREFRIEICRE SN S IEMEERK T (Unstructured Grids) Tix, 7’127 7 ABIEE DM
BT — 2 H1E & IR 2 3G L < TR b ey,

HEC-MW {28\ T, HfEEIZL FOFHREZATND ¢

BRI E D YT S i

BRI E D YT S i %@@E%

il oD FE R ubéf%nfwéﬁﬁﬁwﬁimaimfméﬁﬁ
SEREOEET—7 v (KE, ZEH)

iR TN—", BRI N—T, W7 —=7

B

Himld, BELVIBENSLTO 3FEBICHEHIND -

® N (Internal Nodes) : &fEIIZE Y 24T 5 L7~ Hi A
® St (External Nodes) : fifEIICE L CTWA D, FEEOBERIZEEFN TV HEIK
® i (Boundary Nodes) : fifEIK DI} & 72 > T B Hi i

X 1.8.21%. BrF—%DOEFTHS, X 1.8.2 £[X 1.8.31281F5% PE#2 IBWT, &iS13LL
TOXolTmEInNS



o N 11,2,3,4,5,6}
® i 17,8,9,10,11,12}
e HEIfM  {1,2,5,6)

JRFTT — Z IS OBET — 7 L OFHRb B ENn D, FERAICRT 2 EIFEEEE A~ TEE
(send) | =iv. 33F§‘E“C WIS E LT 15215 (receive) | &b, X 1.3.2 [Z/RTJRATT — & #i
E 1.8 3 IR TR Ko CIEFICE W FIEREN ER ST D (3,5,6,7,8,9],
HEC-MW TII®KT —ZNOJRTT — % Z BEIZAER T 2720 0> —/v & LTl &I =
— T4 VT4 BHESRNTWD, FIAFIZERIT EROBET —7 oW TIBICE#RT 5 2
LR WA IRERED— RO, FIHARARTH L, EHRSENZHT- > Tk

o KMHMOAMMNYEL/ o TNDH I L
® GHEMOWEEN DN L

WEHETH D, FIZHTLE S & EEEZHENT 256 II3NURZED 572012 (2) NEERR
A THD (7)., ZOmMEKMFZEWT-TFEL LTIMETIS (14) BRR<HALNATND
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1.3.1 Element-by-element operations around node C.

Gray meshes are overlapped among domains.
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o—o—0
1 s 92 s
o o T 2D
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10 9 11 12
8 I - Is %6
1 2 7 7 1 2 3
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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 HINEBMAREE

BN, —WRGRAOfFEL LTI AU ZADOIHEREZR EOEREE (Direct Method) (2] 23 < ]
SN TEA, KW (Global) WEENAET 579, WHIFHREIZITME L T\ e, IFFIEHREIZ@E L
7~ Rk L L THEAEE (Conjugate Gradient Method, CG) (2] 72 & ® Krylov R 1815 (Krylov
Iterative Method) 23{EH STV 5,

BAGE DO WHRRF IR EATH O B A ME AR T D720 ERRRRBIZEN S 5 72 011X
JLER (Preconditioning) % Jii L. [EAEDAG &2 2 2 12470 2 ff < FIED—RITH 5, KIEIEDHT
JLEE L & L ClEAR%E4E LU 0f# (Incomplete LU Factorization, ILU) & 2 WIAREE T L AF
—/3f# (Incomplete Cholesky Factorization, IC) 72 ENLLEHIND (2],

AL S & EEICBIT52HE 7o 2L T 4 FEEICHEI NS -

(1) 17801~ bAAE

(2) N7 R~ R LNEE

(8) X7 FL (BRUBZEOEKRME) oM (DAXPY)
(4) wifLE

1.4.2 [ZATAAEEAT CG £ (1,2) OREFIEZ RLIEbDOTH D, ZNICEDE, 1 EIOKRE
TUTIORTEREIETSE T A0 ET S

1THI~7 hVHE 1

ARY b~ 7 VNS 2

N7 bv (BROZOERERE) Ol (DAXPY) 3
AL EE 1

Z095b (3) ZBR< AT B A TIHBEKROBENEET D, (1) FFFATNC 2. TR~@EE
% ER T AUL RTINS T RE T 5, (2) 1X TMPI_ALLREDUCE| 72 XD ¥ 7 —F o % fifi
AL THESISERFTRETSH S, K 143 1 (1) ~ (B) OFTrEAICSNT MPT Z#H LT
FORTRAN Citik L7260 70 77 Al TH 5,

(4) [ZHOWTIERTEE FIEIC L » TR S, #1213 ILU 7 & O F LA %IBfE A (Foward
Backward Substitution, FBS) (2 X ¥V KK 72 B OEGFMENE U A T7-0 . WIHELNRETH 5,
H > vty 92 L7z R o84, Fillin @720 ILU (0) EEmAEE LCTERT S L. Al
RUBEEF RS 73 N AR D B0%FEE &2 5w 272 (7], Bt/ RIBROE 2 O W HIMIFEH R R orm k
DIZDIZAR T D, HileERIBRATUTO LS R TH 5,

k-1
ATEAA yk:bk—Zij y; (k=2,---N)
=1
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N
HIBRA xk_f)k(bk— ZUkj yj] (k=N,N—1,---1)

J=k+1

HEC-MW TiZ7 v v 7 ¥ a sz iS5 < | RraileiiE (ReT ILU (0) ¥, Localized ILU (0))
(7) ZEHA LTS, BETILU (0) Eix—fo e ILU (0) :5Th 5, /ATILU (0) T
XA ZIRRAGHE R ICFBIRA D O (ThbBAROEE) 2 0L 352 L12k-T, i
WERD AL TV, WHIEDEWT AT Y XAAZEH LTS (K 1.4.4 28),

ZOREL, H7 ety FICBNT, BER=0 OF 1 U7 VEERSEFO b & CRITLER A FE a3
HZEEEETHY, ERICWHIZAEZE T2 Z ENAREL 2 b, ZOEXFIIRZELY =
ERIALEE (2,12) 1K< b0 TH D, K 1.4.5 13FAT ILU (0) EEEHALESED CG EO
By NIFYXAThHD, 1 BIOKEHEDHZY CHEIBFEENAEC 201X 3ETHY, £DHH 2
DIINFEFHE D= DIZA T 7 % BROADCAST 57215 TH V| %0 O 1 RINEET — 7 V%
L7cA—%7 v 7HEEHROBE TH 5,

JRAT ILU (0) JEIXIFMERICIZEN TV D E B X LN, Za— L R0BIZ L > T
AHD ILU (0) k& Hled 25 & ailE OMRIXM 7 CTldzwy, — B RET ILU (0) Ao R
TIE, B HINT 21 CPOR N EL 725 (3,5,6,7), fHIkEKE HHEHEMNF LT/ b &, *I4
A —U 7 ERICICHR>TLE D, £ 1.4.1 1T 3X443 HHEO R FIRERICEIT 5 =k
TEARIE AT 2 JRET IC (0) RALEESE D CGIETHE LBITH D, FHRICITH TR Wik
iz > % —® Hitachi SR2201 M L7z, SEBEOHEME & HITIR E TORERIEITII L T
W53, 1PE 205 32PE £ CHX 7256 TH S0%EEDMINTH 5,

[F#kIZ Hitachi SR2201 #ffH L C, WHIMEREOFHE 2 35 L=, X 1.4.6~[X 1.4.8 [T—#k
PR RSEIRAZ 35 1 D = IROTAR I WMERRAT % 4k & 22 BIREHALIC B W TRV 2356 O W FIPERE (work
ratio= F BB AFFEITHEER) TH D (8,9, THHDOr—ATIX 1PE 720 O REH L[
EIN TS, RRHBEOMBETIX 1024 PE 244 L T 196,608,000 H HE DB ZfFENTW D,
X 1.4.6~[ 1.4.8 ICX 5 & 1PE &7 0 ORMBHEBER TR E T, WHIMERRIX 95% 2 ETH
Do

Xk (10) 22 SR BND Ko, WYt —F Y 7, s EEERT I LIk oT, I
FIFHE OBE D ILU/IC AHIZ B W T S BRI Vo — L R U 2 /T 5 2 S IE Wi THh 5, L
MUBRNRE ZNBARRE RDDITHONEORIEY M 7 ARBLATNLLEDRTH D, F
ARREFREICB WL, BFTER I SR~ M) 7 ARER IR D72, 20O X 5 2 FIEEARM
ZEICBWTIEERA LTy, Xk (4) I2BWTEIES k @ Fill-in L~v % 65 ILU (k) 0
7 a— " NAEFHRIZE L TRET ST 5, FERICLERINKRZ R LTV DA, WHIERE TR,
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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)

°g)

3x3 Block
allocate (WS (3*NP), WR(3*NP), X (3*NP)
call SOLVER SEND RECV 3 &
& ( NP, NEIBPETOT, NEIBPE, IMPORT INDEX, IMPORT NODE,
& EXPORT INDEX, EXPORT NODE, WS, WR, X , SOLVER COMM, &
& my rank)

°g)

(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+1), inum, MPI_DOUBLE_PRECISION, &
NEIBPE (neib), O, SOLVER COMM, &
reql (neib), ierr)
enddo

- RECEIVE phase
do neib= 1, NEIBPETOT
istart= IMPORT INDEX (neib-1)
inum = IMPORT INDEX (neib ) - istart
call MPI_IRECV
(WR (istart+1l), inum, MPI DOUBLE PRECISION, &
NEIBPE (neib), O, SOLVER COMM, &
reqg2 (neib), ierr)
enddo

call MPI WAITALL (NEIBPETOT, req2, sta2, ierr)

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

call MPI WAITALL (NEIBPETOT, reqgl, 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 1= 1, N
islL= INL(i-1) + 1
ielL= INL (1 )
WVAL= WW(i,R)

do j= isL, ielL
inod = IAL(7J)

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 (1 )
do j= isU, ieU
inod = IAU(J)
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,2)
enddo

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

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

[X] 1.4.3 Parallelization of typical processes in iterative solvers in FORTRAN with MPI
(5,6,7,8,9]
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(D A3 D & | ®

N 7 N\

1.4.4 Localized ILU(O) Operation: Matrix components whose column numbers are
outside the processor are ignored (set equal to 0) at localized ILU(0O) 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 zUW = -1 (M: preconditioning matrix) Preconditioning
pig= DT ZG-D) Comm.:Scalar—p DOt Product (1)
if i=1
pL= 7O
else

Bioi= Pio1/Pis

pil= zG-1 4 B, pli-D DAXPY (1)
endif
Comm.:Vector=—-
gi=a p® MATVEC
o= psy/ (pWT qli)) Comm.:Scalar = Dot Product (2)
x= gD 4 g pl) DAXPY (2)
riil= pb _ g gt 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 1C(0) preconditioning (Convergence Criteria e=10®).

PE # Iter. # 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

%

™ T
N\ >4

75.0

70.0 [ N T N T N T T T T N N T T T T ST N T T N 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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(a) GFLOPS 8.00
©)
6.00
o o
O 400
i
O
- 0
2.00
[ O
o)
0.00 o .
0 8 16 24 32
PE#
(b) Parallel Speed-UP 27
24 5
5 1 4
D 16
)] L
o
7 : /
8 OO/O/V
0 [ i i i L i
0 8 16 24 32
PE#
105
(c) Parallel Work Ratio
i I
i L
< 100 O O
@ QO Q
~ [ ° e
o
s °
2 95 L
<
@
o
90
0 8 16 24 32
PE#

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
i ,
o 400 )
0_ 3
O 3.00 0
L(I5 L
200 | o)
100 | 0
t O
N o S
0 8 16 24 32 40 48 56 64
PE#
(b) Parallel Speed-UP 64 f /9
56 F
48 F /
S 40 F
T a2k /
o F
N //
8 OO/V
o
0O 8 16 24 32 40 48 56 64
PE#
(c) Parallel Work Ratio 105
X !
° L
g 100 [O-g—0 o 5
=< [ J
o
= [ [
S g5
s | o ?
@
o
P

PE#

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: 3x323% (= 98,304)).
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1.5 Additive Schwartz Domain Decomposition

JFAT ILU (0) BiiLERE 2 AL S ¥ 5 FiE L LT EIR A — 13— F v 7 ki iniER Schwartz
FEIE > EE (Additive Schwartz Domain Decomposition, ASDD) (12) %M L7-, ASDD O F
NEIZLL T B THD -

DITORIMMEZE TS Mz=r Z 2T M: BiEITH, rz: X7 kL, ThdH,
ARFEE A 1.5-14 (a) IR T X912 Q1 BEY Qe @ 2 fHEICH N TWDEHD L RET D
ERTALE I A IR IC B W T, LFO X 9 RATMIcEii S 5,

_ -1 _ -1
Zo, =Mg Iy, 2o =Mg 1,

2

JHFTHI 2R TR 2 BT L= Bic, a4 — " —F v 75l « 1 BI ¢« 2 IZBWTLLTFD
SHEEZEmT S (X 1.5.1 (b)) :

n _ n-1 -1 n-1 n-1 n _ on-1 -1 n-1 n-1
291 - Zgl + Mgl(rgl —Mlegl _Mrlzr1 ) ZQZ - 292 + MQz(rQZ _MQZZQZ _Mrzzrz )

ZZTnlLADSS OV IR LE TH %,
(2) BEW (3) OF v RAZIIRE THY KT,

# 1.5.11X ASDD O#h%H% 0 TR L7z 3X 443 HHEO kRN IREKIC BT 5 2Rl
PR I L7261 Cd Do FHRICITHUT R PG WA & o~ % — @ Hitachi SR2201 Z {5/ L 7=,
FTTIR L7z X 912, ASDD # L oA 13 s & & b I KAEREITI M 5 43, ASDD O AZ
E0. 1 HOKEHES Y OFERITEMT 2 b O0, SEEEEEMIC & b7 5 KR E O I
HbEnicmflansg,
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(a) Local operation

(b) Blobal nesting correction

Overlapped

Regions
< P

<

Iy Iy

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 €=10-8
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1.6 BEHHBEICET IALEFE

1.6.1 FRAMEBFEKIZDOINT

1611 # E

PRI RS ERIEMIENZ 6T 57 7V r—ra i, L7, BRRFEOIRNSHIChT-
STHEICHETH D, ARBERETHEMBBE LM HEIIE BT 77 Y =5 (Augmented
Lagrange Method, ALM) & X7 fIERFEH SND Z ERE L, BT L2 MRSHIERE 72
REALT A HAEBATDHZ LIk oTRIND (9], ML Newton-Raphson % (NR i£)
IZ X > THIBAL S 7, RAERIZIE LTV D,

— I, ADER KR EWVIZE, FE X S M2 5 2 £ A T&, Newton-Raphson £ED
HRRIE R RIS 5 AR BT T 205 BREATHNDO SRR KREL 2D, L > T, KEIE
I NN=DNRD - OIZITL L DA EZNEE T 5, FIFBORE WVESFMIMEZ #E GEITIEE
E LTAGEED @S WETILEEFER A IR TH D,

ILU/IC ROBHMETIEEZEHT 256, 20X 9 Z2ESMMEICET 250k E LTI O
Xobonbironsd .

e JuvxLU
® 7\ Fill-in L ~L
o IF—xyor

1612 JAavxyy

SWRITEER D OIS NI, FHiiH 720 3 FMOEMESZHBEEL L THo T,
ZIZT W 161IRT LI 3X3 T ry 7 IZlTL5%2 LU ffz, xA7w vy 7ITEAT D,
Zhs, ILU/IC ZRETEE O 70 v 7{p3—Y 3 > Th b, 71 v ILU/AC (BILU/BIC) RijALER
Thsd, ZOXIRNHEEATHZ LIZL ST, FHiR EO=AHEIIFRFICHEIND -,
FHBEZMNICEHAET 2856 & L T XY S RN aT AN FREE 72 5,

1.6.1.3 RUL Fill-in LRJL

He T, BILU/BIC FiLEICBWTIHEW L~ Fill-in #%ZE 35 BILU (n) /BIC (n) R
HIZHOWTHHT S (In] (X Fill-in LoUL), EEETHEMA SN D72 LU 40 (250U 2
DEEE) OT VT XAILUTOEEY THD
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Gaussian Elimination
doi=2,n
dok=1, i-1
ajk ‘= ajk/akk
doj=k+1,n
aij ‘= ajj - aik*ay
enddo
enddo
enddo

564 LU 3 Clk, 207 NC L&D Fill-in REAT 5720, b &L DTN T 54 LU 4
fEIZ K > THER S N D WATINIEATIN E R DA REMEN S 5, ILU (n) 72T IC (n) & Tn) b
Ny D Fill-in Z3FA T2 FETH D, In)] OEBRREWVITE, DBORKEITEH RV KOLEL
T-RILEATHI NG N D, FHEE, ATV 03X MIEL< 725, — R TLESFIZBV I, Fill-in
ZFFST. AV DFTATINE R LR v sy N Z — 2 2 RFFT 5 U TR $ ILU (0) /IC (0)
ATALERZS . D RDOBLAN DI HEH STV D,

ILU(0)
doi1=2,n
dok=1, i-1
if (,k) € NonZero(A)) then
ajk ‘= ajk/akk
endif
doj=k+1,n
if ((4,j)) € NonZero(A)) then
aij ‘= aij - aik*akj
endif
enddo
enddo
enddo

—F In] LoUL® Fill-in 2%E3 2% ILU (n) /IC (n) EOTNAVITY XLNIZLUTDOLEBY TH
b
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ILU(n)
LEV;i=0 if (G,j) € NonZero(A)) otherwise LEVi= p+1
doi=2,n
dok=1, i-1
if LEVik < p) then
ajk ‘= ajk/akk
endif
doj=k+1,n
if (LEV;; = min(LEVij,1+LEVik+ LEVy) < p) then
aij = aij - aik*akj
endif
enddo
enddo
enddo

1.6.1.4 Selective Blocking

Fill-in LUV AR & 2 FEICIN 2 T, #AkRER 12 [Selective Blocking | £ % ¥ L7- (9],

[Selective Blocking | {1, A ERIC L > TIRES I, XT AT 4 FIZ L VRS v T LTe T4
i 7 V=71 (9) ISR DI, Eke T D HiNE T EZ b - TR L7/ —7 ([Selective Block |
F721% [Super Node|) (2725 L9124 —% U7 L, Z® [Selective Block] MIZ524 LU 4y fi#
ZEAT A FETHS, RS, % [Selective Block | 125 £ 5 Himda NB &
5L, (3XNB) X (3XNB) 7 r vy 7 ICBT55%E LU nfnsnEE7es (K 1.6.2 8LV 1.6.3
ZH), DF V| WIREEEO 7 v RN T, #EARER Z L — 7B T D ERRICE L CiiE R
7R B S b,

Z ® T[Selective Block] ™% z 51, [Clustered Element-by-Element (CEBE) | & 5 W L7
2y 7 ICTIEEFLULIZLDTH D, 26 DOFET, REREREZEBOH R D27 7 A% (Cluster)
WZHEIL, %27 7 AZNICEBENRLUHEZEANT 56D THDL, 7 7 AZORE IIEREITRS
ZEMARETH LN, RKEBRHBENELELILOORTA—H L L TEXDHIENTES, CEBE
B 7 7 AZDORESIDVERBER IR AICESELRFLRRT LR TE D, — K
7 TAZDREEPREVIEELE LTLPOENFOND 2, K 1.6.4 (TR X9 ICHEKEICET
HEFH A NIRRT 2, POREFHFE I A RO M L— FA 78T LHHETIZRVA, 7 T2 H
DREIVPREWVIZEHML THERNTH 5,

[Selective Blocking| Tix. CEBE &2 EICBIT 57 7 2 X THMELS 7V —7DFHRICE -
THRESIND, flxD7 T A2 DRKESILCEBE L& BT 5 & — T/, B2, HibE
RITN—=TI RIS RVEHROLGE., ZOHAEMT TRKEI=1] OV TRAFEZFRT 22 LTk
%, [Selective Blocking | {EIZB T2V A 7 vHT-0 OFE 2 A ML, 7 T AKX MO Fill-in %% &
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L7eWig&iE, BILU (0) /BIC (0) &IZIERI%ETH D,

1.6.1.5 &ZFFEDOFHM
# 1.6.1 1. ¥ 1.6.6 [ TIREROREICHOWT, 7 v 7 Blogimm o Hiaic>nT MPC

(Multi-Point Constraint) S:fFZfR L7-. WMEFMEITICOWTOHEMETH D, 3X3 T a7y
W ZE AT 5 Z LIk V| Fill-in 238 L7220 IC EERTLEE (BIC (0)) 2 THWT HA=106 D
BICHAEEZERT L ENaREL o7z, Fillin IR T2 L2 LV, S HICHENITHEESED
ZEMARETH DD, SB-BIC (0) miflEE (BIC (0) mii#L#E L [Selective Blocking| A —# U v
T afBEDELTE) LD bOBRRLIENRNZ Lo Tc (R 1.6.1),

SB-BIC (0) 1ZICRE ToOEREIE BIC (1) X° BIC (2) (Fill-in L~ v=1 %72Z2 D7 m
> 7 1C AALER) L EER L CEZ WA, 1 EIOKE HTZ 0 OFHER 2 2 M MRV 26| FHEREHE 23D 72 <
7%, SB-BIC (0) <Ti&, lSelective Block] [E]® Fill-in (3ZE T 57, [Selective Block |
WO Fill-in OABEINTNLH720, R a2 b, LEEAEY EFBEICH~7 X 512 BILU (0)
/BIC (0) SIZIZR%ETH D,

[Selective Blocking | % % & L 7= HTALEEIZ X D Krylov K E LI EE EEEEONA 7V v
NgIEE R T 2 R TE D, T2pb, #HS 7V — 7B 28I L T, mTlEicEs
WTIREBEN BN EH SN TWD, ZOFEFIKEEONR, A5 —J78 U7 4 L EHEEED
LEMEDOM G AT IRELZEZX D ENTE D,
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1.6.2 HHHEFE

JBET ILU/C RiALERIZZhSRAG 2 HI BT T35 Th 52, EBAEMEICE L QXL E 2 FIE T

2, & 1.6.21FFK 1.6.1 TRLULEZMEICES2~ MY 7 XICBALT, SPEDOPCZ A ZfEH L
TURATICCGIEIC L » TRHAZ SN L 726 Th 5, 7ok fEEk 2L METIS ®H @ k-way METIS
ZREHL TS, SHEMRICED EXTFT AT A HOEME & HICIRITE(L L, A=108 DA I1TIX
WETORERED 10 fEO4—F—THEML TWD, ZIILFE CHEME S 27 L — 712 @d 5 i
MO ENLEE (T2bb THEMEE])) 2, EHEHERMFAEL WD, ZAbH0DT
ledge-cut] WAELTWAHZOTHDHEEZLND (9],

ZD & 57 Tedge-cut) ZMEET 2726, [A CHE R 7 L — 72 BT 2 Him 2337 CfElkic
BT 5 XD Rk IR A EITFE A Lo, S 612, SEREOAmMBYEL 2D K5k, AW
Flor FELOFECRRE L (M 1.6.5),

£ 1.6.21%, ZOHLWEEBSFEZEN L TRONALFEMRTH 5, MEEEIZ, WTho
ATALEE PRI W T HIER L L CE LB L TWD Z bbb,
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163 RVFT—Y

1631 # E

PR P E S U7 AL BE 15 d8 K OV B FIE DR R L LEPEIC OV T, ZHHO =k
JCRFEG] & L CHGEZ FhE L 7=,

1.6.6 1L, FE—DHENETHL, 3 DOHEMBIKRT v v 7 OB END G (h 70y
7ETIN) & ZIRTTHERIET O T2 D OB REIMFIZHOVWTHA L7 b DO TH 5, Z OFHHEFITIL,
PIFIORT Loz, MIEL AfE (Multiple Point Constraint, MPC) DSt efilfi 7 —>7
NOEHERICHEN Sh TV D,

® PR U — T AT DA H R OEREILIR —Th D,
Peftli R 7 N — T T D2 B E A OENII = HIIZB W TR I LTV 5,
BRI BT DWUNMEE T BRI E D& BiIROEBEIIRETHY . Lo - THARIC
BT 5BRLALETH D,

® ST o BT X DR BERRELR S — T BT A A ELRICE S D,

M11) B R 7 ZAEBEHENK 1.6.7 IZRT LI ICKEME L7 V—T ORI S L > TEASND,
IO T ABEROMIPEIZST AT 4 BUIHRIET D, K 1.6.8 1Tk E S 7 — T DITHIALE & 7R T,
FIR D X 912 (x,y,2) = HHOEABZHRE I TWD,

NINT ABPRELSRDIEE, RN & 72 2 PREBATHI O RMLBIIRE < 2%, LI
ST, NPT A BRREL 2D & KEEORRITEAT S, o F~—7 THO MEA K
IIHRTE DFEIEREMNT CTd 2 23, 15 b 2 — Rk HRRAIFEMIG AR E 2 i < e L RRRIC . A
BT ZLIIREETH D, T ET NV EERRMIUTOLEY TH D -

® T UUHE=1.00, K7V =030 DN 62253 070y 7 2EFEALTNWD, —IK
MIET A VT A MY w7 NEREREZFHEHL TS,

® HXTuy OB TR MPC &MEREHA SN TS, LeR->T, M 1.6.8 17

TR ICKBME S — TR T 2 REIE RS (2 721X 3),

x=0 B LV y=0 OISV TEMHEER LN EH ST b,

x=Xmax 3 L O y=Ymax OEIZE W TIR RS T H S Tunzeny,

z=0 OBV TEIEERERFMENEH STV 5,

z=7Zmax OEIZEBWTIE z FRIZ— RO ER T 5TV D,

Pefiii 1236 1T 2 BRI A B IE L 2 WA IR, REBATHNIHRIEE & 72D, Lo THhEs

Bz (CG k) OEANFETH D,

ZOFREFNCE T D2 EREOBRITIETCLIERTH D,
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B 1.6.9 1T ZFBOMHTET VIL, W AARKICEIT A 2HE I 21— (9) 1T
ENDHEMERBIRE b T2 A vy 2aThbD, ZOET/IREMT L— Nk GBOIKE) Ltk
ABT L— bk (W) D 2 DOEFZ BRI LTV D, sk 27,195 TH Y | — K
TAYNRT AN 7 RNmEEREFRE 23,831 HNLHERINTWD, BSH7ry 7TV EEKOE
REMZBEHALTWAN, ZOWEMBHAETT/VTIE., z=Zmax OEIZBIT D z JiH~0 3 [ 55 4 fif
BETIERLS, FEFRIZ 2 FAICKRE E-1.0 DEBESMMENEHN SN TWD, £z, xBE Wy 5
M A~OXFRER M A STy, PR B ARET LT, ZERZOBRITABAT, BT
Lo THEFRIIRKRELEALTHDI LD LH D, MEEMS 70y 7TV ERBE—HET, YV 7%
=1.00, K7 Y t=0.30 TH 5,

LR, 2h b 2 EDFHEET VICHOWT, 1 PE (Compaq Alpha 21164/600MHz) (2 X - T/h
R 2 iR\ 72854, B2 SR2201 (28 W T Flat-MPI 470 75 2 > 75 )L &2 L Cilf:
FIb L= 3556 O KIFEH R 2 R~ T,

1632 RUFI—Y | (BHIOVIETI)

FPTEVICK 1.6.6 IZR-THE T2y 7 EFNIZONWT REAT A HERFTA—2 L LT fFix
TR FEAE A Uiz, 3R 1 fEIRIC DWW C3ENE L, Compaq Alpha 21164/600MHz % ffi H L
oo TOXRYFv—TTiE, UTFOLIRETVEFEHL TS :

NX1=20, NX2=20, NY=15, NZ1=20, NZ2=20 (X 1.6.6 (a))
EHEK=24,000, Hifi%k=27,888, HHE=283,664

# 163 EIXEEOWHRNZ R LT D TH DT T 503 104 LY K& <72 % & BIC(0)
IR L722< 725, BIC (1), BIC (2) & SB-BIC (0) [FZRHPHD ST T 4 Ik L TLET
%, SB-BIC (0) I% BIC (1), BIC (2) & ik L TR E T EIEILZ O33R R I3
<, RbLFENTH D,

BT, ATLEE FiE 02 ENE 2 M Al O B A E IS & Sk (1,3) IORENEFIEICL-
THERI L 7=, Z 2 ClAIZ S & R EITHICH Y | MV IZATLEITHI O HITHITH 5,

SFRIEELTANC BT, Sl

K= Emax / Emin

ICE->THEBND, 22T Emax, EmnlZIMIAlO KRB L OR/NEAETH 5,

# 1.6.4 I ZBATFETFIEICB W T, AR T LT A BT L TH OIS Enax, Emin BL O k1
DETH D, £ 1.6.3~FK 1.6.412 L5 &, BIC (0) LIS OFTLEEFIE T, REHO~F VT ¢
BIZBW TR TOEAMIZIZIER CMTH Y, 1.00 123, BIC (1) & BIC (2) 751 SB-BIC
(0) LHELTETF/NIW x BfEHND,
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1633 RUFT—7 1l (BAEXRETI)

B 1.6.9 \ZRT K ICHEMERIREZ S TZlHEHARET LIZOWNWT, XTI T A HENRTA—H
ELT, HRazpiiB FEEZEMA L, FHEIX 1 KIS DWW TSN L, Compaq Alpha
21164/600MHz Z i L7, ZOXUF~—27 TiE, UFOXHIRETAEZHEHLTND :

£ 165 I IXEEDOWNARNZ R LTb D TH DT AT 53 104 LY K& 72 % & BIC(0)
IFINHR L7722 < 725, BIC (1), BIC (2) & SB-BIC (0) IZ/AFPHDORFILT 4 ikt L CTLET
575, BIC (1) & BIC (2) 1Z-3F VT ¢ $h3 10275 104 (2895 & SRR A 8+ 5 (BIC

(1) 1% 201 75 25912, BIC (2) X176 75 232), SB-BIC (0) (% BIC (1), BIC (2) & kg
L CTIUR E COREREFEIIZ WG ERHITES . bR TH D,

# 1.6.6 IFATLIETIEICB VT, a7 o BB L <. IMIAlOBEA B4 D15
5% Emax, Emin 8 LY « 1OETH 5, SB-BIC (0) IZDOWTIEATFT VT 4 HNZEL L TH | Enax,
Enmin 8 X « TOEIFZEL L2WA, BIC (1) & BIC (2) IZ2W Tk, T v7 0528 102006
10412832 & O OMEBNEMT 5, Zhud®E 1.6.5 1Z/x L7z BIC (1) & BIC (2) ORI
WML 72DIZHIE L TWD, ZOFREEITIE, BRRES T ey 77 VLT 2 LRITHE
HTHO, Ay vaBREABHATEATHNDEZ O LD, BROET, HRETHIAL [MI1[A]
DFEAE ST EEICEET S, SB-BIC (0) XD LI REHETICENTHLEL TWD,

S 7 ey 7 BEIOEEHBARONTROET MZENTY, [MIAIOFAEBILRTLEE FIED
WA D RN DT A =2 Th D, 7Ty 7 ET LBV TIE, BIC (1) 88X BIC

(2)1ZB3 2 &4 50% SB-BIC(0) ®Z 4 & bk L T/h & < UR £ TOREEEIT D 720 (£ 1.6.2
~F 1.6.4), —FH. HEHRET MIZEWTEL, XFTAT 0813 104 L0 b R&EL< D &, BIC (1)
BLOBIC (2) 1B T 550440035 SB-BIC (0) OZFI LV ERELARDN, PORE TOXE R
T 70y (R 1.6.5 BLUE 1.6.6),
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1.6.4 KBREWHEFHE

1641 B IJOvHETI
X 1.6.6 | TG 7T 0y 7 ET NMZHONT, KBEFHEZE L, AFOXIRET V2 1E
HLTW5 :

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

BRERTLBEFIEIZDWT, Hix 72 T VT ¢ BB LTI BIGHR &2 56k L 7, WHIGHEICH T -
TiX, 1.6.3 Tih 7z M s Bl FE A A Uiz, 3HRICH T > TILH L SR2201 % 16~
128 PE fEf L7z, WHI7w /oI 75/ LCiE Flat-MPI 24 f L7z,

# 1.6.71% 128 PE i L7256 OKMATABRICB T 25 AR CTH D, T T 1 Hd 104
FW k&< 7225 L BIC (0) ZHE LA 2%, BIC (1), BIC (2) & SB-BIC (0) IZ/A#iH DS
FAT 4 BICH L CEETH D, SB-BIC (0) 1% BIC (1), BIC (2) &bl L T E TOMIE
BT Z W EHRRFITE L RBIFENTH D, £ 1.6.8 £ 1.6.10 LR UMEE PE #% 16
5 128 ETELSIHTHW LA O RTH S, BIC (1) 1L PEHN 64 L/ hEWnE AE TR
ETHEINT, BIC (2) I2E->TIE 128 PE OEAEOHEENTREETH- T2, £ 1.6.8 £[¥ 1.6.10
NHbD L H1c, BIC (0) & SB-BIC (0) IZ8W\WT, PE¥% 16 5 128 ICE(fLESEDH L. &
FTRTALEE O 2T KE RIFIIIE KT 528, 16 PE 75 128 PE TOMINT 11%FEE CTH 5, 16 PE
DPEZIEYEL T D L 128PE ICH T DR IL 120 LLETH 5,

LE611L IEKRILE TIEICBIT DML EAT Y A XICEH L CHEE LD TH S, HIL SR2201
DETa VO AEVIE256MB THHN, ZDH BT 71U r— a SR TREZRDOIX 224MB
Thod, BlziE, BIC (2) X144 GBDOAEY 2L T 54, 64 PE TIHFIHAEAEY OH
A&, 224MBX64,71000=14.34GB TH 572, 64 PE TiIEiN 720 EWH Z &7 5, SB-BIC

(0) OEXEYRFEIT BIC (0) ZIFERTCTHY, BIC (1) ® 50%LL F, BIC (2) @ 25%
FRETH S, SB-BIC (0) OMEAE Y FEIIHAMERZDOLEL, 4 [Selective Block] O 1 X
LoTEAL S B0, WFhizt L, BIC (1) X BIC (2) &gt 2 L0720,

1642 BEAAXETIL

PR HARE T /LIZ 2T, SB-BIC (0) RPALEEZ (M LC, KA FIGHE % 5 Lz, FHHEIC
H7- o> TITH SR2201 % 16~128 PE i L7=, X 1.6.9 IR T A v a2k 7 m— UL 2 A
LA BT 997,422 i, 960,509 EROMTET LA Lz, BB HERIT 2,992,264 T
b5,

7 1.6.9 L[¥ 1.6.12/3[F URE%Z PES % 16 005 128 £ TAL S THRW=HEORETH 5,
BIC (0) & SB-BIC (0) 128\ T, PE%% 16 705 128 I bS5 & RFTAILEL O 2 TR
WEEITHE KT 5725, 16 PE 705 128 PE TOHIMNIT 15%fFEE ThH S, 16 PE DG EHEL T 5
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L. 128PE (28T 2 I#EE T 107 Th 5,

%= 16.1

lterations/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.

1C(0) 102 401 0.02 39.2 39.2 0.098 119

(Scalar Type) 106 No Conw.

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(D+U)
Forward Substitution
(L+D)p=q : p= D' (q-Lp)
Backward Substitution
(I+ D U)pnew= pold : p=p — D Up

do i= 1, N
SWl= Z(3*1-2)
SW2= Z(3*i-1)

)
)

SW3= Z(3*i

isl= INL(i-1)+1

iel= INL (i)

do j= isL, ielL
k= IAL ()

X1l= Z(3*k-2,7)

X2= 73*k-1,7)

X3= WW(3*k ,Z)

SWl= SWl - AL(1,1,7J)*X1l - AL(1,2,7)*X2 - AL(1,3,7)*X3

SW2= SW2 - AL(2,1,j)*X1l - AL(2,2,7)*X2 - AL(2,3,])*X3

SW3= SW3 - AL(3,1,7J)*X1l - AL(3,2,7j)*X2 - AL(3,3,7)*X3
enddo

X1= sl
X2= SW2

X3= SW3

X2= X2 - ALU(2,1,1)*x1
X3= X3 - ALU(3,1,1)*X1l - ALU(3,2,1) *X2

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

X2= ALU(2,2,i)*( X2 - ALU(2,3,1i)*x3 )

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

WW(3*1i-2,7) = X1
WW (3*i-1,7) = X2
WW(3*i ,Z)= X3
enddo
WW (:,Z2) : 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)
(FORWARD SUBSTITUTIONS)
do i= 1, NBOsize
ii= 1 + iBS

WVAL1= 0.dO0
WVAL2= 0.d0
WVAL3= 0.d0

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

- BLOCKstack (ib-1)

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

enddo
WW (3*1i-2,7)= WVALL
WW(3*1i-1,Z)= WVAL2
WW(3*ii ,Z)= WVAL3
enddo
enddo

1.6.3 Procedure of the selective blocking: Full LU factorization procedure for a (3xNB) x

[9]

(3xNB) size selective block.

Time for One lteration
Cycle

0
c
i)
[< .
o) Total Time for
e Convergence ?
Q ~
£ So
— 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
108 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 o —
BEFORE repartitioning
o0 0 0 ©° . _
........................................................... 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 |S not balanced

O—O——C0O—C0O——=0

oo o o o

o0 0 0 o —

S PR SRR..... AFTER repartitioning &

e—0 — ) —\O—O load-balancing

o—0  (O—0O——=0 Nodes in contact pairs are on
same domain and load is

O—O—CO—C0O——0 balanced.

1.6.5 Partitioning strategy for the nodes in contact groups [9]

37



z=NZ1+NZ2+1

z=NZ1+1

z=NZ1

NZ1

-

A N1 AA  Nx2
B | - -
+ +
Yy — — 3
x x X
o 2 P zZ
% Y oI & 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

Contact
Groups

(b) Node, elements and contact groups

1.6.6 Description of the simple block model [9]
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OO

4< >7
00—

OO

— OO0 5o
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,= Ay, + Ay,

ZKUYO= Kuyl + Kuy2
2hu,,= Au,, + Au,

3 nodes form }\‘UXO: A,
1 selective block. Ay, = Au,
7\,U20= 7LUzl

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=10? A=0108 A=010

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.
108 230 361.
108 230 361.
1010 232 364.
SB-BIC(0) 102 297 149.
104 295 148.
108 295 148.
108 295 148.
1010 295 148.
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% 1.6.6 Largest and smallest eigenvalues (Emin, Emax) and «= Emax/Emin Of [M]'l[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=011? A=00t A=0100° A=00""
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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i 1.6.7 Iterations/elapsed execution time (includes factorization, communication
overhead) for convergence (¢=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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i 1.6.8 Iterations/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.
=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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PE#

(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 (1=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: 28.7GB
BIC(2): 14.4GB
n 64 PEs: 14.3GB

GB

10 b BIC(): 839GE

32 PEs: 7.176B
SB-BIC(0): 3.52GB

s 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 B 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 (¢=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 1% TPl 4l) TH v . LRI RT R (1.7-1) O/ FEEIZ L - TREITH A O3
TFHN AT % K9 R T Mt 2RO 26D TH 5 -

n

por® - % = 3 miz, I - el 7.y
k=1

min

212U, X7 R M3 ATEI M O k BT OBy, X7 bV e lXENLATEIE @ k BT H OBy
ERLTHWD, X7 bV m i ZRAT-DOHEB ZH/IMET 5 K5 ICRODIT LW, FHREZ D
EHBHEOIT, H O UORILEITY MT O o BREORFLZREL TRE, TOFELrEED
HEBOHT L 2E25, KbEHEALFEEL LTI, BIQETS M OIEY o BEREONME 2455
THIA LERCICT S 2 & Th D, ILU RATLHE & FEE, Fill-in 27080, BTAEEITH M OPEREIE
M 450, FHERE, EREL LICHNT 5, BILEITH M O BROITA T v o 2 H
G ), ) DEROITA T v 7 AZKIET IR BROVIA T v 7 AERE | L35, K
1.7-Di% -

Y min_[a@ 3)m) - e @], (1.7.2)
k=1

— m, (J)eR

PR ZLDRAETE S, 22T (1.6-2) 1X. n AD IXJI kD F/N A

min A, 9)m@) - e @) @ <k <n (1.7.3)

m, (7)eR

DFFEEMNINAT/R ) 2N TEX DT, K (1.7-3) O/ HEZ % CPU IZWZEITEID Y
TC, WHNCEHEAET L Z ENAREE 25, X (1.7-3) O/ FERMEIT Givens [RIHETH 2 L
T QR ARIZ L > TS Z L BHEETH D,

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

1.6.6 IR T 7 a7 oM (9) oW T, SAI M L CEHE L. thofiirsg Fik
bl U7l 2R d, 1.6.6 (2~ 3 #2fih 7 )L — 7" (Contact Groups) Z kT 2 &l ~_F L7
4t &EERTHEE, WHEHRICBWTIXIZING O AN E CiEk Licd 5256 (coupled
partition) IZIROBHNZ ERMBN TS (9), #iZ, [F UK EICZeWE4E (decoupled) 1
IR IEFIZE, £ 1.7.11RT X 912, SAI 1L ldecoupled partition] D&HHEH B2 INEH %
AT ENDOND, £ LT2108T L OIC, OFEL KB LT, Iset-up) ICKHZZEL TS b
DO MRBLFRNKZEZRLTNWDL ZEDRDNL . THUNNRTRA—=22/NELTHTLIZE-T,
BA RIS 23 FHRERFRITIEINT 5,
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% 1.7.1 Comparison of preconditioners for simple block prblem with 27,888 nodes (83,664

DOF), SAIl 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

% 1.7.2 Comparison of preconditioners for simple block prblem with 2.4M DOF, coupled

114
<0.01
18.6

3498
<0.01
56.9

166
<0.01
2.8

partittioing, Xeon 2.8GHz Cluster with 32 PEs.

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

SAI/BICGSTAB
Time BIC(l)-CGBIC(Z)-CGSB_E’ICS(O)
0.20-0.20|0.10-0.10|0.05-0.05
ITERs | 382 333 535 843 671 545
Solver | 87.4 117.6 | 1240 | 1360 | 1217 | 1191
SetUpt | 1055 | 1496 | 1240 | 1552 | 1427 | 200.2
Solver
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1.8 HHEHEE MPC
1.8.1 #E

MPC SMFOMAIARITERL TE, MARARDEG SN XFAT (EREHSND 2 L%
Vo LML, ZOHE, HTREADESRMEL LY AR KD KBPEL < BEEEORMAN LY
WLTWD, —JF, REBMELZ YRR TR HE., EHREOFMIIATRETHY . KEEDF]
HANBVHAL 2D,

ZDRH, NPT AHEILED D MPC MO AIALTTEE LT, BHRHEBEELZEAT D,
HHEWHEEEZHWZSGE, MPC ICXV#ESNLE =YD —Kobo L LTET ML
L LEMR TR L R D7D, NPT A EDO X I ICHBRADNESRM L 2D Z LR,

W, HHEBEEREIZEL D MPC RMEOMAIAZIT, ~ ) v 7 20RO T 17 7 A )Lk
HaInbd, HECMW O~ ~Y v 7 23 FEEr DA 2 kF L T% (CRS : Compressed Row
Storage) 72, HFERDOT BT 7 AN EERT LT OITITEMERUBNLE LD EELIR
W,

ZZ T, NIRRT HECEIY, v~ U v 7 ZEKICIE MPC &MFZHAIAE T, VL —D%%
KEOHTMPCIZLAWRABELZHET D2 HFIEZHEMAT 5,

1.8.2 MPC RILEf & REE

fpd NS HRAFIUTO L ICREN D,

Ku=f (1.8.1)

Bu=g (1.8.2)

2T KIEFEE~ MY v 7 ZA(NXxN), uiERIEA~NZ SV (IxN) FidAE~<7 S (IxkN),
BB IOQIIENENZ R REHEARIHRE~Y N v 7 ABIOERZ P THY | ZRHR
FHEOHEM ET5L, RESFZNETNLMxNBLUPIXM ThH 5,

(1.8.2)2°6 M HDOEBBHEZI D, ZNHEEEL, TNLUANODOMSIHHEIZONTO R
KM 2L rEZD,

SHBEDOSH, ML HHEOAPERERFORME~Z Mrazu (IxN) [ usu &
DEHITHZET L35 L, (1.8.2) DM HEEM X

u=Tu +u, (1.8.3)

DETRTZENTE D, 2L, U EBBLOYNOREDLEHR~NZ b TH D,
7l 2iE. N=5, U;—u, =156, ZamREtfiE. 1.8.2)0FATIiL,
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[0 0 01 —L%W}:ﬁl

Us

(1.8-3) DA TlE.

u, 10 0 0 Offu| [O
u, 0 1 0 0 Offuy| |O
U;p=|0 0 1 0 ORuzr+40
u, 0 00 1 Ofjuy 0
u;J [0 0 0 1 0Jfug 1
EERbInD,

(1.8.3)% (1.8 DIZRA L, EHHELALADIZBET S &

KTu’::f-—Kug

X 5T, BEITH B RHICT D70, mIOENS TN 2005 L

TKTU =T"(f-Ku,) (1.8.4)

PMEEND, (L8N, RAHITM N& | ZARREMIAALEH R TH S,

(1.8.D)Ixt L CRMEMIELEMNT 5, ok, T KT #BICiEEed, TRT LofiiEs
MBS U TCTEORELT 5, K 1.8 1 IZHEARELZEH LIS E07 v 3 Y X AERT, #iED
REECB T~ v 7 A« X7 MAELENICOWT, KFETETBLIOT L OBOFHEN
Wz bzl n, TIHZEALEMITITHLIZD, TOFEa A MIMESINZ D Z LA FHE
Th5,

B, 18BN T, TTKTOE A HEICHET 2ITBLOFNCIZT RTONRAD Z L2y,
MENME—TlL7ew, Ly, REMEZEH LSS, REAXZ MLOWHE S U CIEE B B ER
BEOETHILT, BERY ML - BEERY ML L SICEBEBERSITFIC0 L0, EEH
HEE RSy & S L 72 T CORIEN AIRETH D,
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r,=T"(f —-Ku, )-T"KTu,
Lo :(ro’ro)
Po=T
fork=0,1,---

q, =T KTp,

Pk
(Px. )
Ui = Uy + Py
M =N~y
check convergence; continue if necessary
Pra = (rk+1’rk+1)
B =D

o

Pt = Mea + BiPy
end

u=Tu’+ug

o, =

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

ARFETHEH, BREITHI T KT 2HFLTWARY, Zon, 7ay 7 ILU filEs L0 7 e v
7 SSOR RPALERICBI L Cik, B O EZEAT 5 Z L&y, LrL, Kabiiclk
AL Z B2 2 SIEATRETH 5, K & TTKT D@V T, ZEH D2 - 7= B BT
DATHNRR Gy T DS, FEEEO L SRS S BEIZ BV T, 2 B L TR A B E 0%
FERIEERELS R, LER-T, KETKTRAELSERZDITTIEARLS, Kb il
ATALERIC K> T, ATLBROR R 2155 Z LIERETH D,

Ty xR — Y o ZRILEICE LTk, T KT O 7 1 v 7 1200 2 B - F
HaxMINEL, FREAWEMMAr—Y U 72T 52 LIk 0 SRR ETALEL S A HE
Thb,

2T, HHEWEEIZK S MPC TIE, aillBIZLL T X 912179 -

7a v 7 ILU FijiLeg - K %% &2 L7 AL
71 v 7 SSOR RiALHE K %% &2 L7 AL

Ty IR = T TKT % % &2 L7z A

HHEMHEIZLD MPC Zajlliifl & IEAEEICEH LS80 7 03 ) AaxK 1.8.2 IR
‘aﬁo
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r,=T"(f -Ku, )-T"KTu,
fork=0,1,---
solve Mz* =
=z
If k=0
Po=T
else
B =L
Pk
Py =Zy + BPias
endif
g, =T'KTp,
Pk
(Py, i)
U = Uy + o Py
Ma =N~y
check convergence; continue if necessary

k

o, =

end
u :Tu’+ug

1.8.2 Preconditioned Conjugate Gradient method with direct elimination of multi-point

constrained DOFs.
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1.84 RUFIT—Y

1.8.3 IZ/RTET MWL T MPCCG #EEEH L, X7 43k (R AT 1 $=104) &

g U7e, £ ORER. SAZEHE - FHERH & H 1T, 50~90%RERD -5 2 & 2R L7z (£ 1.8.1

BLUE 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 3.76x107
Penalty+CG 1,075 37.35 3.47x107

7% 1.8.2 Number of iterations and CPU time for the clip model.

Iterations CPU Time (sec) CPU Time per Iteration (sec)
MPCCG 33,349 143 4.18x10°
Penalty+CG 69,365 279 3.97x107®

57




1.9 XBE/—F#H. gBa7HE7ILITIXL

ABRERE THRITIRHIO RE D2 5D 5. AEIE Y V=281 28781~ 27 FVRIZIER L,
ZH a7 CPU TR & 2 W AIRHERE IS 1A 7 i b 24T 5

%427 CPU 28 HHE# L7~ SMP (symmetric multiprocessor) 7 7 A X TliL, &/ — Kbz
DOar7ERRE<2D (K 1.9.1), /—FEBREWGE, MPLOARICE ST T v MilFHET
E BEESNHRL, BWIHERIRPE LN D 2 ERTREND, 2O X I REREIZEW
TiX., /—FATIE OpenMP 22 &2k 5 ALy RiEFl, 7 — FRETiE MPI I X 56802 Hviz,
AT Yy RRWEIUEDR BN E B 2 B D,

Flo, HRIEA 23T AL Z T, HERRIIT 2 5. 3 5 LEIML TWL A, BTN
J MAFEIZAEY O RIRICE o THIRZT 5720, a 7P 2 5 L iEFHERIZHED T <,
ZZTC EEATRETONR T 4 —< AW EODITIE F v v Va2 Z2{EHTH2HENHTL 5,
%2, 7u v 7 CRS (Compressed Row Storage) 7+ —~ > h2BHTHZLiICLVFr v
2 Z2{EM Licmdfbz EH L T\ 5,

core core core core core core core core core core core core core core core core
CpPU CpPU CpPU CPU
Shared memory [r—
core core core core core core core core core core core core core core core core
CPU CPU CPU CPU
Shared memory —
| |
| |
| |
| |
| |
| |
| |
L}
core core core core core core core core core core core core core core core core
CPU CPU CPU CPU
Shared memory —

1.9.1 SMP cluster with multicore CPUs.
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1.10 RIFTY v Rk

1.10.1 I &

WE OFEEIIA v ¥ a P A RS T HEEE R o 72BN OBGEICIEE L TV D03, iRz
DD H, BEWREDOHRSIIREZ#BEVIRL THRRMPNE LAV, HWRF2# 452
LT, REERDEDFENICRESEL 2B E LETERYAT T Y v RIETH D,

~NF 7Yy NIEOKFKEICBIT 2 FIEOMEA LLNic R [16][17]

HIA v 2 CRAELRIE

AT A v > 2 IZHIBR YTl (restriction)
A v v 2 THIERXO KEFE

A A > > 2 ~HIE & % 4L K A [H (prolongation)
MR > 2 TORF % EH

1.10.2 /¥ Fi%

DA L~UL (fine grid level) [ZEBWTLL FOBB TR E2M 2525

Keup =f

Z 2T, Ko ZHWEEF L~ (coarse grid level) I[ZBIF 2R~ MY v 7 2 L35 L M
F LI BITHMIEIFL TO X sk s -

- : B :
uf™® =uP + R KSR (F ~KeuP)
ZZ T,

Rep WK -2 BRI WS T ~DHfifl A2 L— % (prolongation operator, L& 4ifH)
Re_c MWD BV F ~ DA A~ L — & (restriction operator, il FRAfifH])

ZOX S RMEEEICE 5T MR T CEELAE L. ThARVE T CHIEL, ZORE
B I L CREAMIET 5 L\ ) T ak A AT X B,
BB, Reop & Re_c i, —RICUTOBRSES S -

RC:F = C(R F=C )T
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ZZT, clIERDOEKTH S,

1. #mbsnz RAK U =f 2ot PRk cEm L, fiReu? =S (K., f) &2,

HE 7 Sy (72 & 1% Gauss-Seidel) [F#EFIEE T (smoothing operator) & FEIEiL 5,

2. MWKk TEEr =f-Koul 2k 5,

3. HIRRMMANL =% R I2EoT, MW FIRTOERELZ BV CICHBT D
rc:RF:ch

4 FERAKAU =1, (EERICHET2FRAROT HEEFRR) LIER) 2T T
<O

5. MW TR TOEBEFERRXOM AU 225 | FEEMF AL —H R 1285 T, MW
CHB T HEEREAUY =R AU FRD 5,

6. MV T TOMEBERICL > TEHT S : ul™ =u? + Au®

PlbED7 ot Az EENEEELITFIZ/2 D E THYIRT,

ERIZ2 LRV DGED T v A THDN, Tk, EEOA vy aEIich-0 ., FlRicE
T2 kD, BROMENARE L 72D, FOREMN 2 FEEZK 1.10.1 BLOK 1.10.2 2R

T, v NTF Ty R, YUuR—=L LT, £/, CG R E, MOKEE Y VW N—ORTLELE L
THRIHAT S Z EmaaeTd A [17]1[18],
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fine

v

coarse

fine

v

coarse

@) @)
@) O
\ 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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1.103IF5) v FRILE

~NVF 7y NiEE CG R EORKEMEORTLEE L LTRHT2Z b A[RETH D, LLTFICE
DOFEZK 1.10.3 1R T, B, (PO MG~V F 7V v RETAETHY . X 1.10.4 [2F D
%m%‘fﬂ—_\‘j—o

r, =f-Ku,
for k = 0..maxiter
z¥ = MG(K,rk,initial_zk,y,yl,yz)
Py :(rk’zk)
ifk=0
Po=T
else
B = L
Pk
Py =2 + BiPia
endif
qx = Kp,
Pk
(Px. )
U = U + Py
M =N~y
check convergence; continue if necessary
end

akz

1.10.3 Multigrid preconditioned Conjugate Gradient method.
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MG(KIeveI ,f,U,}/,,Lll,luz)

if level = coarsest_level
solve K u="f
else

u = pre_smoothing(K ..., f, U, 2,)
r = restrict(f - K ,,u)
Au. =initial_Au

forn=1.y
Aug = MG(KleveHvr'Ach/vﬂluuz)
end

u = u+ prolongate(Au.. )

u = post_smoothing(K ., f, U, 1,)
endif
return u

1.10.4 Multigrid preconditioner
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2. UFHEIRICHRE

21 [XLC®IC
s I 2ab—a AT A, @HELUTO 3 OOBRERING 725,

O Aok
@ FKEHFERXOKRE
©® MR

REDA L Ea—FN—Ry=z7Y 7 Uo7 ORHRREBICLD, M2 e LT
QD RMEE CRIMLRFENFAREIZIR > TETWD, TR T T T 4 7 AL DFEREK R LT
BB OMITIIIEF ICHEETCH D, 22 THRARAFUELT 17 T ARRDO LTV D,

BURORBEH AL T v 7 A%, HEREY B 7 — Z XN < 23, BN b RE T
—ZIZHOWVWTIEL, AE Y BEOFIRLWIUEA AR+ 372 EOBBIC LY +SHEE LV LR d 5,
Z ZTARl, HEC-MW[1]7 v v =7 MW TR LY 7 77 A2 HERER LAEDT, 175
AR T AT T Y OREEITI Z LT o7, ZTAUTKBBEL RN E O B2 o9 < 2 RmIC
L., AU L0 FEE OIS DRI R BB R OO —B 725 2 L 2 HINE T
HHDTHD,

AK7wvx/ FTRIES NS AEET A 7T VIZELTO 6 DOREE AT 5,

(D[F— O FIFHF RSN CTREFTFHE & AL ALER & [ AT C1T 2 5,

27T 747 HR— R ERRV AT DTEAF L72W,

@ABZ, X7 MVEORT I NREDT = PR OEREZFMICRELT 52720, x0T 7 =
v 7 ZBMEL TV D,

WAL BER L EEABE T2 5 L5, ST ERWHEHEME (PC 7 7 AZnHHIERY I = L
— X £ T) IZX LTIk E G ikt Z1T> T\ 5,

B) T RTOEY 2 —/Uid, BEHETRBBL L IEREER T ITHIE LTV D,
@XOEHm L2 > FEEZRY ATV D,
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22 MBIWHELOHTHLE

WHIFHEMEZ OV D85 A 3@ 7T — 2 BT IER ICRE S HAAX NS MZETREZERHY 9
Bo O LI KB eT — 22O a  Ea—X TR LY, T4 AZRICRGFELEZY T 5001F
HERBENLOTH D, HIZ, AIUEDOTEDICERERATINRULEL R I FA T v T
FNEITODOLNETH D, &2 CTRHEMELHEICE CWHIFHERE - Cri ksl LT L E v,
/MR e o T2 AL T — 2 & L TIRFFT D5 X 9 IC Lz,
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2.3 WHEARIEHEMZDONT

HEC-MW W5 a[f{b T 4 77 U TlL, ABT, XT b, TUINKROTEODITERL 2T 7 =
v DEANETELTND, ROV Y —AFTIL, AHTT—FOFRRENEREDIT/2 T
Lo LFTIE, 1D U —=AOFDIWHNIAY 2 —2 Lo F ) o7 e WHH—T7 2 AL Z Y v
T ERNT D, FWTHREREFOEY 2 — iz o0 Tk %,

231 YUY—X}R

(1) WA —7 = X L&Y 7 (Parallel Surface Rendering:PSR)
Y=z AV XY U TIE3RITAFLICB W CIERICEERFEM TH D, T X0 ik Eim

DT =B 53 Mu P OYRICE RT 22 LN TE D, LLTIC3 S0 Z R,

a. BERFEmDOER
BERERHOERRIBENATONS, L LERBEORRANH AT, TNENICATHTIZDIT D

LTk, DEARHEE TR R TE D, 2.3.1 (B & O & w T,

BAK, RIST fRERK)

M 231 RAXREBORTH (T—2R#H . RRXZF
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b. E{E
F—H DO Hi % R AHIIEZ OEEEEREANDLONMERNTH D, K0 7T L TIIERD
ST A WHNZFR X 5% 2.8.21 6 DO%fER & FHEOT Y O TOTF—Z5HizE L T\,

c. EE/ImOLIY O
BHEOEEZEMEOUY O TOT— 4 0MfheF£rd 5, EiE RNt E2on5, K 2.3.3 (31
F H AR D BN OFITH D,

X 232 6 D0NHEAREFEYYOTOT—E250H (T—21EHE : HK)

X 2.3.3 FEEBEAOMERN, LHHE (T—FEH : RIST fRIEK)

(2) WHIARY =2—2 L&Y 7 (Parallel Volume Rendering:PVR)

RY 2—H L&Y 7 3RITAFULICB W IR AL TIETH D, ZHITE Y 3RIET
KOWNEHE TORMMBPBIHTES[2], RY 2—2 L XY o7 E, BRWICHLT — 2 FEHICH &S
A NTHDLEZOWIUEOBEANR D CTEETH D, WHARY 2—21L &) 7 PVRIE, W
VYDA AT Ay vabd AT WEOHEREICL>TH ﬁf%éHo%$7y7ﬁ£ﬁLf
WAHNEEESCER[4-7T], WTHRICLTHRY a— AL XY r707ay T Lkt d 58I
BHEC RN e T — 2 2 HE L 72T E e 5720, PVR TIEA—/3—R 7 &/ & EWA%%ﬁ
WENENTUREEZITo 2%, #il7T —2%2FE LT 1 O0HET—4% & L T\5,
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A== R 7 ¥ T X B FEIE S E

HEC-MW T 9 A vy a3 BHETHER KXW L2V, L 5 ERITIEREEK T T,
MR, AR, 7Y XLREBREL, LPLSEHIEICARLI L bbb, 25 LR A Y
¥ 2 MR — & OIS L BCHRHICR - b DT, LA b=y ZIckBRY =
— DLV T A ST ISR R < o TLE S, SOOI E LTS BSP &1 ) Fik
PR STV A BISL L L 2 OFEEFH T — 2 2 VDO TRER AT RT 4 AL A
NeANUFEE D, T DT TRERT — IR LTI, EFRBEARME 25 (EEko
BWET TR AT, Ty AT AR—2 % KRE LMD T0), ZOFFIEAT v 2 L 8152
72O A—=R—=R 7B LVOFEZRY AN T35, 2.3.4 2,

AR L DEBILT — & OB S HEE R CTE 578, o — 81 L 0 MR
HHIRETH D,

A —N—R 7 &L

g ¥>L-' #&_

N

2.3.4 Supervoxel-based partition in the PVR module

® EILTHEE T — & DARL

A —N—R 7 B L AHEESE%R, £ 7t 2T EICZA— =R 7 v ARE VRSN,
INTNOT v R ZBWTEHDOLA ML — 0 TR ZIT Y, TR LREROMEN SR E D
V7N ERDD, WITHANOEE 7 BMIHELR T, ZOXMERT BNV EORRERD, £
DI CORMBET —Z DEERDON T —~ v T ~DEWET S, ZONBALINERRD G IED L5, =
I LTCZDA=/N=RT BT D & T — % ZAE T 5,

® yEIHEE T — X O

FNENDA—IR—R 7 B HOWNWTE T B EOLHEE T X TITWEDARGHE & HhE T
BT 5, 29 L THT BRI HLNERET — X 2T OMEBRESELZ2NOHRET S, e
B L TR0 FRIMDHEDIEIIZLA L= 72 EDELE IRV TOI T —~ v T %R
DTN, & L TRKENICHES LI-/ET — 2 %2155,

X 235 ZPVRICEDARY a—AL XU 7 OH%ERT,
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B 235 FEOBRASIAL—23VDPVRIZKSERT (T—212H : H#HK)

232 HAREDDED 21—

A FRLFB, ROWFIA R — A5 4 v EY 2—L% HEC-MW ICTRFETT+%, Zhicky
KINLT — 2 DX MG EORTRBATRE L 72D, WHIRLFBENEIZ X o> TR O 28 & £k~ 72
AL A NVTRIRTE D, R OPHMREE, FEE DRI OIRTE, F7 TR E DOV b O Lo
BT 8 aRRTE D, K 2.3.61%, #HI FARKNAOHETEZR FEBREC TR RALIEZLOTH D, A
U —=AT A NE3ODFEREND D,

e D I 1E
KEZHLSEARN)—LFA4 LAY T2 LTEBD9], M 2.83.7 126 &27=T
AR —=ATA LV DRKREITFOEZRBFALEZDBD

T AF ¥ X AFEIEIART MG ORRFIIIR T2 FETHH[10]. L LEE LT3RILD
By NABICEAT D E D ESIMELRNWZ ERDH D, TITIDOHIEICHEEE~ Yy 7LV
Baxz AN REZMz7z[11], _7 A TOREALTIEL, WO K D ZRIEAL DR & 72 5 SR A 7
RHZZENVUEUIEEZEL 2V OT, BEE~ v 71280 RIRICEFIHEE T2 2 & B30 RA 72 w]
kB2 oNb, BEEE~ Y 7OREEIZE WO IR HIEEZ 0T 5, FIZZ ONHE
FEMTEEIZ KV . 810 11 C O O RRR RSO R EGE D b H W E DR R ETR 5, BUIR
Zockler, et al. [9]JD A NV — AT A4 VIRBHET L EZHNTWND, ZHICE Y 3 RICHARE 2 IA L
DHEHADLE AL L TV 5,

¥ 2.3.8 IZHEBOMHTREROFIZ/RT R, ZHICE D ZL OMITTERES L Z LN TE D,
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K 2.3.6 MIKFIEREICKDH”TKADEKRT
(T—#%# 1Rt . RIST HEK)

X 237 BHBEADERF)—LSA VIZKBIAKNDORNETR
(T—2 1R W H#HK)

M 238 EEEVYIEEZERELE-RBEARAAEICILEEBTORT
(T—42 1% : 4/ 14 74X Roger Crawfis K) .

TUINGDOFIRIZIEINA A N — AT A4 UHEEZHAOTHS[12], Zhic kY 3 %kItZEH
D 2TV INGERAZN > TCERRTDHIENTE D, THEFKFICI >Da R R—F%> b (3
OOEARY hV) bERTED, HBDOHAX—IKRA LV InD, RRKEEICET DEANT FLIC
WoleX7 "D TV =27 MY ERH, HFRA L FTIEEHEOUIY O THLIN, TOERLEE
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B D 2 OFfEOREE L FHMZRLTWDH, FEAITEREEORE S ZRL TS, X 2.3.9
WIS T O E R,

B 2.3.9 MH/NA/IN—R b)) —LFEKICELSHBAXRISEDOMERTDORR

24 FE#EFEOREIL

—AICWEHFHEE L V> THOEDN— R =27 7 =% 77 F ¥ —L, ZEEHETH S, AL
BT H BRI O FEITWIGRBED X A FIKF L CFRELZEIRT2LERH D, b OWHIGFHE
BRI TR TH > THiDZ A TOFEKRTHRNTH D LITR LRV, £ZTHEC-MW 7'
Y/ KT iﬂﬁﬂ:?% 77 ’ob\f%§+%ﬁﬂ%0)§747‘ﬁ@%ﬁﬂ33~ ROBHFEZIT> T D,
PLFIZ PVR 227 C, HERO~ > NIBT 5 ik Tz ik

241 RASHEHBERY FILHEBDEL

N7 MVEREEBITEFRENOHERIVEETH D, L LT M EERBHERICKE S EET
Do AUNATIZEDHBINY FALBERETZS TIEA+2 T, EXICL T MUHRIZEE ZA -
Ta— FMERZ L2 T HIE7ZR 6720,

(1) 7F—2HiE - 8 AR L —IRITALHI D LU
TR A v 2T — 2% LT PVR AL 2 &l TIT 5 OIXREEL DO TH 5, T OHAIT

O BEEHHRZ FANCIER L TR LERDH D

Q@ WEHETT —ZZ2H ) DEIZRNTH L5, HHEER FIZHOVWTHEMEZED 2 &3
Ly,

@ ABAIZRIZK TIZ PVR O LB EHEZ 72 D
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@ EOREPREELA v 2 T TIERICHETH S

T THELINIEOTDICELZA v v a ~DERBULETHD, LPLRBRL, ASOREL
MR LT ZOMILEAT) LIS KRERATY AR—ZARNBEL RS, FR)a—bL v F Y
DB B A>T LE D, 22Tl 8 HAFRICLDWEMOF — 2 2 AT 5.
THIZED b= AOR TR ORAEED LT HNEER O L SITHER T 5 (M 2.4.1(),
EEA L O 72 2 H 2 Branch-on-need Octree Fi£Z £ L T 2% (BONO) [13], 1EKMD 8 43
RIBFERICAL B I v a v iEThD, ZTORDEORIEAREMERSNTLED 2 L03h
%, i, BONO TIEHHEINLIEIT /o - BB TIT 5 OC, FEICHEINREND Z Lk, Mz
T BONO TIZZEDR Y LARLEWRR Y LA EDRIC AR v 7 LARN 5 BER L TORKIE L
BMEZRDD ZENTED, ZOHECBO TEEFENENDA——RI LV EHRZA v ¥
= OFCHREEIT Y. T CHET 3R LA TOEOEER T, —EU ERE FRIERZ 2
& 2 SEIT B R FRIICIT ). Ah 7 RHBICE D TRZOFESHRMTH S,

—J7. 7 MVEEMETIE BONO 13)7 ML SRR N2 ORI TIER L, Z DT HERR
DERA v ¥ 2 ~OHEEITN 1 RFERFITOMIE 25 £ H1CLTWD, TRICE DY b
NEHRTES (M 2.4.10) ),

(a) (b)

K 241 RASHEK. N7 MLHE#ETOEND
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(@A ZEIAEMKICEHT D 84> £
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()7 MIVEREIZ BT DML E SR
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3.2 fEESIFE

AV T Ry TIBOTE, T OMEESEFEAFIHTETSH S,
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