5 [

Joogoooooboobobobooood
HRERE

gbggbgbgoboobbobbogbbobbodbbobbuoobbooooban
gbgbggboobbooboooboobbuooobboobooobooboban
gbbbodtd-0000bboggbbog 20bbooobboogobosuan
gobbbuggogbobooooobbooooooboboooooboboboooaon
OO0000000000b00000b0b0obooooobobobnO Sherman-Morrison
gboggboogboboboobbbuoobobobuoobooobooobooboboan
gbggbboobogbobogbboobuoobbooboobooobooobooban
gboggboogbodgboobbobboobbobbooobooobooboan
gbobbboogobbooggbboobbboooobobobooooobboa

5.1 0OQ0OOO

gboogbogobodgbobobbuoobbobobboooboboboboobooan
goobooggoood

Az = b (5.1)

00000000000000000000000000 ADO0O0000000000
0000000000000000000000000000
000000000000000000000000000000000 CGO [23]
00000000000000000 BICGSTABO [65) 0000000000000
000000000000000000000000 (000000000)00000
[5)[35/0000000000000000000000000000000000000
0000000000000000000000000000000000000000
0 A00DO0O0O00O0000000000000000000000000000000
000000000 (50
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000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000 [29U00000000000000000000000000
00000000000000 [3)36]0

000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000 IGOO0000000)00000 ILU(000 LU)000000000
000000 [34)35000000000000000000000000000000
0000000000000000

0000 520000000000000000000053000000 (9000
0000000000000000000000000000000000000000
0000000000000005400000000000000000000000
0000000000000000000000000000000055000000
0000000000000000000000000000000000000000
0000000000000000000

5.2 U0OOOOONO

O0000000002000000 Q@=10,1]x[0,1]0000000000CO

ou
_Au+vla_ +02 =/, ( ) [ ] (07 1)7 (52)
u(0,y) = (1, y),  (periodic boundary conditions), (5.3)
u(z,0) = go (Dirichlet conditions),

u(z,1) = g1,  (Dirichlet conditions)

00000000w,u»,000zy000000000000000 AOOO (52)0 50
00000000000000,y000000 (n+1)00000000000000
Onn+1)xn(n+1)00000000005000000000

0000 AD0O0OO0O0O0O00000000A40 (rO0000)x(rOO0O0)0000
00000000 (n+1)x(r+1)0000

P B 0
A2 P2 BQ
A = (5.4)
An_1 Py_i Bn_i
0 A, P,

0 (52)0000000000000 A(IO0000O0D00000)00000000
000000000000 30000000000000,",¢0 0010000000
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00000000 (m=n+1000)0

- I I
oW g b
o g0 B0
P = . . , (5.5)
L
| 0 df

goododbobogboobobobbobbobobobobobobooooogogod
000000000000 0000000O0O0000OO0O0 (boboooo26) 0000
goo

0000000000000 0000000000000000O0O BICGSTABO (O
00000 51)0000000

O000000:5.1 (00000 BIiCGSTABDO)
T : is initial guess,
ri =K 1(b— Ax),

Py =1ty =10 =1,

for k=0,1,---, until ||rg|| < el b || do:
begin
o = (TS,T‘k) ’
(TS:K_IApk)
ty = 71— K 'Ap,,
B (K_lAtk,tk)
G = (K-1Aty,, K- Aty,)’
Tr1 = T+ Py + Gt

T = tp — G KA,
_ &k(rga 'rk-f—l)
Br = —F 7,
Ck(lr07 ,rk)
Pri1 = Tir1 + Bu(pr — GK ' Apy),

end

obooobobooboobuoob0 Kooboooboobobooboboobooobooo
00000000000 =K 'sO0000000000000000
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5.3 UUOUOOOOO

gobuodgoobouboboodbboobuooboboobbodooobooboo
ooboobooboboobo0 KOoboobobooobooo

Ky,

D000K, O (n+1)x(n+1)00000000000000
0000000000000000000000000000 IG0O0000000)
00000ILU(000LY)000000000000000000000000000
00 filln000000000000000000 (562000000

gobobobooggboobood

IF
K" =

a(2l) éél)

0

ﬁrll)

O]

m—1

(K5) ™

0

l
IO
a®

50

pl—l
r c(l l
504
éél) b(2l)

0

(5(l)

m—1

!
)

l
by)
50

gboboboogoooobobooobbboooobobobooogobbod
gboboboogbboboooobobbboooobbbouooon

0000000 (B)O00O0O0000000O0O0O0OOOD0OOOOOooOOO

CF
K =

a(2l) 5&1)
O af’fz)—l
[N *

otl)

50

(KZCF)_I — pl—l

'(ﬁl) b(ll)
(Sél) b(2l)

0

0

5O

m—1

!
P

*

*

!
Pin)— 1

50

45

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

OOoooooooD« 00fll-mO00000000DO0OOOODOOOOOODOOODOODO
goobogogobod
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5.4 Splitting Correction [ [J [

00000000000000000000000000000000000
(K79 = 1 (5.11)

0000000 (.9 00000000000000OO0OD0O0OOO (b.7)OOODODOO
gobbouogoobooooobobod

54.1 0OOUOOOOOOO

00000 ((.12)0000000000000000ROOOOO0O0O0O0ODOO (splitting)
goo

T 1) 1T 1
dy’ —p{’ by’ 0 p’0---0p"
) a’ B 00---00
K© = + o
a ah e 00---00
0 a® O — g g0 0q0
-
P
0
= T+ | i |[10---01]
0
[0
= T+ wv;. (5.12)

O0000KX 0300000 7,0000000000000000 (rank)1 00O
O00000000000000000000000 (correction) 00000000 OOO
Oo00o0o00oooooooooooooog 000000000

o= (K9 e = (T wof) 'y (5.13)

goooog

5.4.2 Sherman-Morrison O 0O 0O 00O

0000000 Sherman-Morrison O O [19][20][22]
(T +uv")™ = T7' - T (1 + o' T )T (5.14)

T - mxmOOOO w,v: mUOdO0O0OO0O
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000000000000 (b.13)0000000ooooog

-1 -1 Tr—1 -1, -1
o= T =T w(l+ o I w) "o Ty

1
= Yy, —z (1 + vszl) vlTyl
N
y?

!
v

= yl—zf[ 10~--01}

;ll)

= g - + )2 (5.15)
gogd
- 1, ( T
v = T'm= [l (5.16)
zZ] = Tl_lul, (517)
-1
Z' = z (l—i—vszl) . (5.18)

0000000000 (513)000 (515 000000000000 (5.16)~(5.18) O
00000000000000000000000000000000 wlv, 0000
00000000000000000 (5.17)(5.18)00000000000000000
00000000000000000000000000 (5100000000000
0007 000000000000 30000000000000000000000
00000000000000000

0000000000000000000000000000 “SC(Splitting Correction]
0000y 0000000

000000000000000000005100000000
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g s1l: dudggoboooagd.

gobobooggn 000 |000 (00)

block IF | K[¥ = LU, =P, —R | O 11mn (1.00)

block CF | KFF = LU, = P, 0 17mn (1.55)

SC KX =Ti+uv] =P O 13mn (1.18)

OOo00ooob0oboboboobooobowoobobbooboooscoobooooboo
gbggboogbodgbboobuooououoboooboobooobooboban
goo

5.5 UQO0OO

0000000 (.2)00000000000000000O0COODODOOO0OOODOO
0000000000000 00000000000000000000000 u(x,y) =
sin2r(z+y)) D000

gbogbuogobodgbuooboobuoobbbooboobboogbobooboban
OOo0obooobooOoobooschoobboobbooobboobcecpiboobboOoDbDbOOn
gobobbooggobobougoobobboooobobooooobobbooooobooa

cCbUODOODODOODOOOOOO0OOOOOOOO IBM RS/6000 SP RISC OOOOO
(Power2, 66MHz) DOO0O0O0O0OO 5510552000000000000000000
goobbboougoooobobobbdooooooobobo 1obbooooooon
0000 Fortran77 DO OO x1f 000000 H53000000000000000O0
oooood 1,2,4,8,16,32000000000 Fortran77 +MPI O 00O 0O mpxlf U
0000000000000000000000000000000 (2-norm) O 10712
gbogobooobodgobbboobobboooboooboooobboobogn
gobobobooggboobood
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5.5.1 UOOOOOOOOOO0O0OO

0 (.2)00000unw=v=0000000(0C000000)0000000000O0O
000 AD000O0O00000000O0CGUOOO0OOO0OO0Ooooooooon I1e(o
O0000000)00000000o0o0ooooooIccGoosceccuoooooonoon
00000000000 (mxn)O0O0DODO0O65x 64097 x 960129 x 1280000

gbbuooggboggboboogbbboobbbesxe4ddboog s1ggnod
97 x960 0 0U00O H20000129x 128000000 H 3000000000000
O000000000000000000 leg0 00000000000 (2-norm) 000
god

OOo0OOopoOopoosccGOooooooo Icccoooooouoouooonooonog
gboboboooobobuooooboboogobbooooboboobog

OO0O0O0o0oooDn I1ICcCcGU sccGhouoboouopoobobooooouoooooonoog
OOo000b0o0ob0o0oboobboobboobobOOooobboOobboOobooooIceG o
OO000o0bo0ob0ooOoobooboooboogooooosccGoooooopooooooo
OO00oooobobobobogoscobobbooboooobooobooboobooogoo
0000000000000 00000000000O00 28)booooooooooo
ObOoBOOOOOODOObOODOOObOObOoObOoOobOobObOobDOn

Performance of Relative Residual Norm (65x64)
O T T T T

block ICCG —

Relative Residual 2-Norm

-10 +

12

-14 Il Il 1 1
0 50 100 150 200 250
Number of Iterations

0 51: 000000000 (65 x 64).
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Performance of Relative Residual Norm (97x96)

O T T T T T T

block ICCG —

Relative Residual 2-Norm

-14 1 1 1 1 1 1
0 50 100 150 200 250 300
Number of Iteration

0 52: 000000000 (97 x 96).

Performance of Relative Residual Norm (129x128)

350

O T T T T T T T T
block ICCG —

Relative Residual 2-Norm

-14 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Number of Iterations

053 000000000 (129 x 128).

450

50
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gobobougboboogoob s2000000

052:00000000000000000 (CPU timelsec)).

grid size 65 x 64 97 x 96 129 x 128
block ICCG | 232(1.43) 338(4.53) 444(10.23)
SCCG 185(1.15)  264(3.56) 349( 8.32)
SC/IC [%] | 79.7(80.4) 78.1(78.6) 78.6(81.3)

OO00O0o0obOobooooogooboooboscobooboooooopoobobooboOobOoog
gboobooggoood

5.5.2 HUOOUOOOOOODLOOODLOOO

0000000000000 (.2)000000000 vy =0.0~10.0, vy =0.0 ~ 10.0
00000000000000000000A0000O0O0O000000O00OBICGSTAB
0000000000000 ILUOO0O00000000000065x640000000
000000 (v,ve) = (1.0,1.0),(0.0,1.0),(1.0,00) D000 00000000000O0
0 00DOOO0DOO0O00O00SCO0000000 0000000000
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Performance of Relative Residual Norm (65x64

V1=0,v2=1)

200

0 T T T T T T T T T
block ILUBICGSTAB ——
SCBiCGSTAB -----
2k i
4 i
S
(e}
z
o 6 | b
[
>
1=
[%]
Q
4
) -8 I -
=
=
[}
& \
-10 \,' 4
12 b i i
-14 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
Number of Iterations
054: 000000000 (v; =0.0,u =1.0).
Performance of Relative Residual Norm (65x64,V1=1,V2=0)
0 T T T T T T T T
block ILUBICGSTAB ——
SCBICGSTAB
2k i
4 i
S
o
z
S 6 -
[
>
1=
[%]
(9]
4
) -8 I -
=
=
[}
4
-10 4
12 + i
-14 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160

Number of Iterations

055 000000000 (v =1.0

, Uy = 00)

180

52
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Performance of Relative Residual Norm (65x64,V1=1,V2=1)

O T T T T T T T T

block ILUBICGSTAB ——
SCBIiCGSTAB ----

Relative Residual 2-Norm

-10 +

12

-14 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
Number of Iterations

0 56: 000000000 (v1 =1.0,v3 =1.0).

000000000000000000000000(v,ve)=(0.0,1.00000000
540000 (vy,v5) = (1.0,00) 000000 550000 (vy,v5) = (1.0,1.0) 000 00O
0560000000000000000000000000000000000000
0000000 (2norm) 000000

000000000SCO0000000000000ILUDOO0O0000000000
0000000000000000000000000000000000000000
00000000

0000000000000000 53000000

053:000000000000000000 (CPU timelsec]).

grid size 65x 64  65x64  65x064

(v1, v2) (0.0,1.0)  (1.0,0.0)  (1.0,1.0)

block ILUBICGSTAB | 181(4.37) 175(4.21) 178(4.32)
SCBiCGSTAB 141(3.43)  136(3.37)  141(3.49)
SC/ILU[%] 77.9(78.5) 77.7(80.0) 79.2(80.8)

OO0b0Oo0obOobOoooooboooboobo scobobooooopoobboUoobooboog
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goobooggboooan

5.5.3 UOUOOOO

OO0O000O0s55100000000SCCGHOObL,.200000000SCBICGSTAB
gbobobbougoogboboboboooobobbbdooooobobboboboooon

129 x 12800193 x 19200257 x 256 U O O O
goodgooooooobobbbobobobbbobbobobbbooobobod

57000000 0ODO0ODO “IDEAL”DD0DOO0ODO0ODODOOOOODOODODObODbOObOO
goboboogobobooood

(ICPUOOOO0O0O0O00)/(0CPUDOOOOOD)

goooog
gboggbuoogboggbobogbouogbbooboobooboobbooa

800000000 0ODO2CPULODOUODOODOOOOOOODOODODOD

Speedup Ratio (SCCG)
100 r T

128’
192

'IDEAL’ —<—
h e
g--
256" ¢

10 e ;

Speedup Ratio

\ \;',‘
w0
L

n n n n n n PR n n n n n n PR
1 10 100
Number of Processors

gs7o0uggobooboogaoog.
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Speedup Ratio (SCBICGSTAB)
100 r T

IDEAL’ —o—
128" —+-—
256" -B--

10 r 1

Speedup Ratio
\%‘fﬂ‘

A
N
=S

Y

n n n n n n PR n n n n n n PR
1 10 100
The Number of Processors

U s8 0ddugboboggogooobog.

O0000OsCo0oooooo(s.16)(5.17) 0030 00000000000 0O0O0OOO
ooboobooooboobooobooborLvoboobooboobbooobobooooboooog
O000000000000000 [63]/6400000000000O (recursive doubling)[57]
000000 (cyclic reduction)[21] 000 3000000000000 0O0OODOOOO
gbobobboogbooggobboogobbbooooboboognbon

5.6 0UOUO0O

gbogobobgbobodgbogbougbooboooboobuogbboooban
OO00000000DO0ODOODOOg Splitting Correction 00000000 0OODOODO
gbodoogboogbooobogooboobooobooobboboooobogan
gbobuogbbbooouobbogobouogbobooouobbuooobobooobooda
OOo0oob0obobOOoooobooboScoboooooboobboooobobooooboooo
0000000000 20%0000000000000000

00000000 27 0000000000000 0000000O0oooooOOO
000000 28]000000000

gobbbogooboboooogbbbooooobbboooobooboboooon
000000000000000000000000000 (29000000000



