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Abstract

In this research, I examined three effective techniques for highly effective, par-
allel Computational Fluid Dynamics (CFD) simulation. I clarified the parallel
performance in parallel CFD simulations to which applied those techniques. It
is insufficient to examine three methods individually to improve the efficiency of
a parallel CFD simulation. These methods have been individually examined al-
ready. However, the performance improvement using all techniques examined. To
show the effectiveness of the three techniques, I discussed the effectiveness of the
individual technique. Then, at first I applied the methods at the same time to
the incompressible viscous flow simulation program, which used the MAC (Maker
And Cell) method. Each method used in this research can be achieved without a
big change from the existing simulation program code. This is very useful for the
efficiency improvement of a parallel CFD simulation. I measured the improvement
of the parallel computation performance of the CFD simulation and found it very
high. In the CFD simulations, I measured incompressible viscous flow problems
using the MAC method. These were the pipe flow problem, the cavity flow problem
and the flow around circular cylinder problem as a three-dimensional model.

The methods of the performance improvement of the parallel CFD computation
examined by this research are as follows.

1. a selection method for better domain partitioning pattern

2. a method of cutting down the communication time

3. a Multi Colored Line SOR (MCLSOR) method for a scalar type parallel
machine

I propose the selection method for better domain partitioning pattern, which can
predict the performance change in the domain decomposition method by the par-
titioning pattern. In addition, the selection method of the partitioning pattern
prevents the performance deterioration for the domain decomposition method.
The method of cutting down the communication time is an overlapping communi-
cation with computation method (the systolic communication-computation over-

lap method). The systolic communication-calculation overlap method cut down
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the communication time in the parallel CFD simulation. I showed the actual
improvement of the parallel performance. The MCLSOR method is an improve-
ment method of the computation processing performance on a scalar parallel com-
puter. The program code of the CFD simulation will execute a parallel computa-
tion more effectively, when the selection method and the systolic communication-
computation overlap method, the MCLSOR method combine with the parallel
computation.

The CFD simulation that used these methods, obtained a high parallel perfor-
mance. When the selection method of the best partitioning pattern for domain
decomposition was used, the best partitioning pattern was obtained by almost 100
%. The systolic communication-computation overlap method by which the best
partitioning pattern for domain decomposition was obtained the improvement of
the parallel performance about 15~30%. In the MCLSOR method, the serial ver-
sion of the MCLSOR method obtained about 40 % higher performance against
the Multi-color SOR method, in addition, the performance did not decrease seen
greatly in the parallel processing. Parallel efficiency improved when the systolic
communication-computation overlap method was applied to the MCLSOR method.
The parallel performance improves about 2 ~3 times of the conventional system,

when the methods are applied to CFD simulation at the same time.
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= =f(V)=Vp (2:3)

f(V) = 5 V*V = (V- V)V
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N =V f(V") — V! (2.4)

00000000000 n+1000000000000000000V-V*!=0
gobobuogogoboood

V.-v"
VI = =+ V- (V) (2:5)

OO0O0000O000n0 Poisson UOOOOOOOO
0000 (23)00000000000000 (250000 p*'000000
gobbuogogbbobooooboboo

Vi = V4 (F(V™) — Vp"T) - At (2.6)
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z =2z(&,n,()
y=y(&n,¢) (2:8)
(2= #(&m,0)
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;

< fyzgyf§+77yfn+gyf4 (2'9)
fz = ngf +77zfn +sz§

\
0ooooo
0000 (2.7)0(2.8)00

d§ & & & |dw
dn| = |n. my m:| |dy (2.10)
d¢ G Gy G| |dz

dx Te Ty x| |dE
dy| = |y yn yc| |dn (2.11)
dz e zy 2| |dC
oooooooooon
-1
S & & Te Ty T¢
Ne My M| = |Ye Yn Yc
G G G Ze 2y 2
| e vea (e — Bez)  Taye — Ty
=7 |~z —weze)  mer —wez —(weye —weye) | (212)
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Te Ty Z
J=lye yy %
e 2y %
= TeYpa¢ T ToYce + TYen — TeYorn — TyYerc — T¢YnZe (2.13)

gboooboogn

e

o = (Ynzc — Yczn)/J
e = (Yeze — yeze) /T (2.14)

\C:L‘ = (Yezy — yn2e)/J
)

&y = (zczn — mnze) [T
3 Ty = (IL‘&ZC — IL'CZ§)/J (215)

\Cy = (xnz§ - xézn)/J
)

& = (Tyyc — xcyn) /T
n. = (xcye — weye)/J (2.16)

¢ = @, — ) /T

A\

goobdad
goooliggooo

fo = (nze = yem) e/ T+ (yeze — wezc) fol T + (Weyn — ynze) o/ T

fy = (weag — wnze) fe T + (weag — weze) [y T + (w2 — wezm) fe/ T (2.17)

fo = (@nye — wcyn) fe/ T + (Xcye — xeyc) o/ + (weym — Tnye) o/ T
000000C0O0OMACOOOOOODOOOOOCOOOO000000ONSOO

goo
1

ug + Uug + Vuy + Wue = —(Epe + 1y + Caebe) + ReZu (2.18)
1 —
v+ Uve + Vo, + Woe = —(&pe + nypn + Gpc) + ﬁAv (2.19)
1 —
wy + Uwe + Vw, + Wwe = —(Eupe + NPy + Cwbe) + EMJ (2.20)
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O0O0O0OPoisson 0 OO0

Ap = (&g + Moty + Gue)? — (§ve + nyvy + Gue)® — (Ewe + 1wy + Gwe)?
— 2( (&t + Myt + Gyrue) (Eave + Moty + Gove)
+ (&ve + vy + Gue) (§ywe + nywy, + Cwe)
o (Eatig + a0y + Gow) (Estig + iy + Cog))

1
+ E(fﬂg + Nptty + Cpue + Eyve + vy

+ Cuc + Eewe + 12wy + ) (2.21)
oooooooO
U = ué, +v&§, + wé, (2.22)
V= un + ony +wn, (2.23)
W = uC, + vy + w¢, (2.24)

Af = Cifee + Cofyn + Csfec
+ 2(Cafen + Csfuc + Co fee)

+ Crfe + Cafy + Cofe (2.25)
Cr=&+& +¢& (2.26)
Cy = + 11, + 17 (2.27)
Cy =+ + (2.28)
Cy = &M + Eyny + Ea12 (2.29)
Cs = 0uCa + MyCy + 1€ (2.30)
Co = Gua + Gy + CEs (2.31)
Cr=Epu+ &y + & (2.32)
Cs = Mg + Ty + 12z (2.33)
Co = Cuw + Cyy + Co (2.34)
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ooo §m,§yy,§zz,77m,ﬁyy,ﬁzz,Cm,ny, sz 200000

gmm + gyy + gzz = é‘w(é‘w)g + nw(gm)n + Cm(€$)§ + é‘y(é‘y)ﬁ + ny(fy)n

+ G(&y)e + &(&)e +m(&e)y + G(&)¢ (2.35)
Moo + Ny + ez = & (Ma)e + 0w M)y + Ca(m)¢ + & (my)e + 0y (0y)y
+ Cymy)¢ + &(n:2)e +n:(12)n + C:(1:)¢ (2.36)
Coz + Gy + Gz = &(G)e + M (G)n + Ca(Ca)e + &y (Gy)e + 1y (Gy)n
+ G(Gy)e + &(G)e +m2(Co)y + G(G)e (2.37)
0ooo
(&)e = | (Yenzc + Ynzec — Yecon — Yezen)T — (Ynze — Yezn) Je| /J° (2.38)

oggg Z‘g,l‘n,IL‘C,JI&,Z‘nn,l‘ccl‘gn,‘%'nc,l‘gc 0

Tit1,5k — Ti—1,4,k

(e); = oAE (2.39)
(@) = xi,jHJ;g;i,j_l’k (2.40)
(I'C)i,j,k - xi’jyﬂ;g;i’j’kl (2.41)
(xsé)i,j,k - e QZZJ;C T (2.42)
(l'nﬂ)i,j,lc = Tt QZZ:;C B (2.43)
(@)ijn = xaLk+1___%z:;k_+_xLLkl (2.44)
(xén)i,j,k = T xiLHZkA;X;HJLk T (2.45)
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2.4 0O0OO
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(2.48)
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(fee)ij = AE? (2:49)
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_ £ (2.50)
— fivojk +6fix1k — 3fije + 2fici ik
F;Z,j,k 6A§ for E,j,k >0
B — firoik + 8(fir1,ik — fim1jk) + fic2jk
T Tk 12A¢
| ikl fivojke — 4fiv1 ik +6fi50 —4ficijk + ficijk
A d ’ d " (2.51)
12 NG
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0(251)0040000000000000000000000000000
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(2.51) O

— firok + 8(fix16 — ficijn) + ficjk
12A¢
\Fi ikl fivogk — 4fiv150 + 6 i —4fiiie + ficijk
T AE

(Ffe)ijn = Fijn

(2.52)
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0 3.1: For example domain decomposition
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0 3.2: The partitioning location on grid system

22



3.1.2 0OJO0O0O0OO0O0OO0OOoOooObO

gbobbbbbbuoduooooooobbbobbbbooooooooon
oboopPEOODOODOODOODOOODOODOODOODODLODOOODLODO0
gogobbbobbooogooooobbbobbbotbdgodg 3a00404040o
goobbbobbobobbbbb 33bbbbobbbbuououuuooooon
gogobbbobbbbbtouoduoooogbobobbbbbooooooooon
goobbbbbootbooooooooobobobbobobbbooouoooooon
goobbbbboototuogooooooobobbobbbououoooooon
gogobbbobbbbbboudoooooobbbbbbooooooooon
gbobboogbobbbooobbboooboboo

FZ : Boundary Region

B : Overlap Region

[J: Interior Region

0 3.3: The partitioning location on grid system

gobobobbobboobbdddoooooooboobbbboouoooooon
gbooogbboggboz2boogoobodg3sbboubboonobod 340
O00b000O00b00bOoboobdbUPoisson DOOOO 200000000
gobogoboobboogbboodobb l1gobboooboboobboon
OO00bO0bO0lobOob00obob0obOooobobooboboooNSODOoooo
gboogobodb3gbbgoboogbboooboob200buoobban
gboboboogogobobbooooub 20b0b0bbo000oobboboooan
obooo200b0000b000b0DbO0ObDbOO0OODbDO0ObDbOO0 PEDOOO
gobbobbbboototbogoooooooobobbbbboouoooooon
ooooobooboob pEDDOODOOODOODOOODOODOOD0
gboogbobobooboobobobobooobobuobpPEODODODOO

23



goobbbobbbbbbuooooobobbbbbbbuouuuooooon
gobbbbbbotbooooooooobobobbobobbboouoooooon
gbobbuooggbbbuoooobbboooobbobooon
gbobbobobobbobboooooooooobbbbbbboooooooon
Obooooob0o pPEOOODOODOOODOOODOODOOODDOO0ODOODn
goobobbobbbbbtboduduoooooooooboboobbbodaoon
gogobbbbbbbuouoooooobbobbobobbbooooooooon
gogobbbobbbbbbudooooobobobbobobbboooooooooon
goobbbbbbbboooooooobobobbbbbooooooooon
gbboooobbbooobbuooobbooobbbooobboooon
gbbbuoooobbbuoooobbbooobbbobuooobbo

3.1.3 0000

0000000000000 oObO0o0o0bO0o0oobo0ooDoDoOooDoDo0ooon
0000000000000 00000000DO0bO0D0DO000O00O00O00Oon
000000000 DO000ODO00D0DOO00DODOO0o00DbO0o0oOobOOo0ooDDOn
000000000000 00000DO00DO000bO0bO0bOO0bOODbOOoDOO
00000000000000000000000000 30000)00000
O0000ob0oooboobobooobuooboboooboooboooboo
0(10000)000000oooooooooo

O0oooobobobooboobobobooboooboobooooooobOon
O000d0obooboboob0ooobooobooooobooobooobOoo
O00o0b0b0ob0oboooboooooobobooooouooooooooboOon
O0oo0ooobOo ckDOUOOODOODODODODODUODODODODODOODOOOO
Oo0o0oooboooboooboobooboboboobooobooDbon

J000b000obodbbobbOoOl Fortran 77 [ Message Passing Inter-
face (MPI) 0000000000000 0O0OOOOOO30000000000
gbooobobdoobo stgubboobboooooobuooobbooPEOO
O0oooobooobooobooboobobobooboboobooboobooo

24



ONONONONG®
ONONONONG
ONONONONG
ONONONONG
OO0OO0OO0O

ONONONONG®
ONONONONG
ONONONONG

7‘! Overlap region

Pressure

O000O0 O000O0

O000O0 O000O0

00000 O0O00O0

O000O0 O000O0 /ﬁ

00000 Y] [oo o000 X .

EEnER] |0 0O 0 0O %ooooo
O000O0 W/ O0O00O0
O000O0 00000
O000O0 %ooooo

o] [0 0000 N 00000

OO OO O| ey O000O0 %

O000O0 oooooW/

O000O0 O000O0

O000O0 O000O0 /ﬁ/%@

0 0000 R |00 00 o] X ]

] [0 0 0 0 0O %ooooo
O000O0 W// 00000
O0O0O0O0 =2 O000O0
Oo0o00O0| 8 00000
ocoooo| 2 00000

00 3.4: The number of overlap grid plane flagment
25



3.2 0OOO0OOO

gbbodugdgobbooogbbbuooouoooobbooooobbod

3.2.1 0O0O0o0oon

O000000000000000 MACOODOO CPDOODOOOOOODOO
0000000 (Boundary region) D 0000000000000 (Overlap region)
goodoogoog

gogoooooooo

. gggobboooobbbouoooobbogo
2. 000000bbobbooooboboboooon

gobooobboggd 35000u0ooo

7 )
Overlap region =P Communication 1 (From aleft domain to aright domain)

w i < Communication 2 (From aright domain to aleft domain
Boundary region ( g )
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0 3.7: The overview of the new communication pattern for the 2-dimensional
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3.23 0UU0UOO0OOOOOO

0000000000000 O00000OCRAY Inc. CRAY-T3E/1200E(0 O
T3E)OIBM RS/6000 SP(O O SP)0O SGI Onyx2 Infinite reality(0 O Onyx)O PC
Cluster Typel(O O Clusterl)d PC Cluster Type2(O O Cluster2) 0000000
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00 3.1: Specification CRAY-T3E/1200E

CPU Alpha 21164 600MHz
Total PE 128
Memory 512MB/PE
Secondary cache 96KB
Interconnect 3D torus
Network bandwidth 650MB/s
OS Unicosmk 2.0.5.40
Compiler Cray Fortran Verion 3.5.0.0
Compile Option -03 -M1110
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0 3.2: Specification RS/6000 SP

CPU PowerPC604e 334MHz
Total 256CPU(64Node)
Memory 256MB/Node
Secondary cache 256KB
Interconnect Multistage-Switch
Network bandwidth 150MB/s
OS AIX 4.3
Compier XL Fortran 5.1[16]
Compile option -0O3 -gstrict -qarch=604

O 3.3: Specification Onyx2 reality monster

CPU R10000 250MHz
Total PE 16
Memory 16GB(shared)
Secondary cache 2MB
Interconnect HyperCube
Network bandwidth 800MB/s
OS IRIX6.5
Compier MIPSPro Fortran 7.0
Compile option -fast -apo
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0 3.4: Specification PC Cluster Typel

CPU Pentium-I1T 450MHz
Total PE 8
Memory 256MB/PE

Secondary cache 512KB
Interconnect Switch-Hub
Network bandwidth 12.8MB/s

OS Linux 2.2.14

Compiler Fujitsu Linux Fortran V2

Compile option

-O3

O 3.5: Specification PC Cluster Type2

CPU Pentium-4 1.5GHz
Total PE 8
Memory 512MB/PE
Secondary cache 256KB
Interconnect Switch-Hub
Network bandwidth 12.8MB/s
OS Linux 2.4.1
Compiler PGI Compiler 3.2-4

Compile option

-fast -Mvect
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O 4.4: Vector fields

O 4.5: Vorticity
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0 4.6: Streamlines and pressure contour
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0 4.3: Result on the T3E
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0 4.5: Result on the Cluster2

For syncronous Grid Type Partition pattern Elapsed Time (s)
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0 5.2: Domain partitioning patterns for T3E(left:TypeA right:TypeB)
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0 5.3: Domain partitioning patterns for SP(left:TypeA right:TypeB)
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O 5.5: Grid system size

Grid size Number of grid points
Type A 26 x 26 x 26 17,576
Type B 66 x 66 x 66 287,496
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0 5.13: The streamlines for the lid-driven Cubic cavity flow

[0 5.14: The vorticity contours for the lid-driven Cubic cavity flow
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O 5.15: The pressure isosurface for the lid-driven Cubic cavity flow
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0 5.16: The flow velocity profiles of the cubic cavity on the vertical and the

horizontal centerline
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O 5.7: Domain partitioning patterns on the SP
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O 5.17: Difference between computation time and communication time
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0 5.18: Effect of the systolic communication-computation overlap on the SP
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The computation of the line on the boundary region

The asyncronous communication of the computed data
“ on the boundary region from the domain 1 to the domain O

Computation of the line on the inner region
@ Computation of the line on the boundary region

@ Asyncronous communication of the computed data
on the boundary region from the domain 1 to the domain O

[£2] Computation of the line on the inner region

@ Wait processing for the asyncronous communication

Computation of the line on the boundary region

S Asyncronous communication of the computed data
S on the boundary region from the domain 0 to the domain 1

Computation of the line on the inner region

ﬁ Computation of the line on the boundary region

ﬁ Asyncronous communication of the computed data
on the boundary region from the domain 0 to the domain 1

ﬁ Computation of the line on the inner region

@ Wait processing for the asyncronous communication

0 6.8: The communication pattern for a MCL or multi-color SOR method
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[0 6.9: The domain partitioning and the computational overview on the 8 PE
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O 6.12: The elapsed time of the benchmark result about the Typel grid on the
T3E
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0 6.13: The efficiency of the benchmark result about the Typel grid on the T3E
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result about the Typel grid on the T3E
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0 6.17: The efficiency of the benchmark result about the Type2 grid on the T3E
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0 6.19: The rate of communication time against the elapsed time of the benchmark

result about the Type2 grid on the T3E
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O 6.20: The elapsed time of the benchmark result about the Type3 grid on the
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[0 6.21: The efficiency of the benchmark result about the Type3 grid on the T3E
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00 6.23: The rate of communication time against the elapsed time of the benchmark

result about the Type3 grid on the T3E
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O 6.27: The rate of communication time against the elapsed time of the benchmark

result about the Typel grid on the SP
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O 6.28: The elapsed time of the benchmark result about the Type2 grid on the
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O 6.29: The efficiency of the benchmark result about the Type2 grid on the SP
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0 6.30: The communication time of the benchmark result about the Type2 grid
on the SP
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O 6.31: The rate of communication time against the elapsed time of the benchmark

result about the Type2 grid on the SP
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0 6.33: The efficiency of the benchmark result about the Type3 grid on the SP
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0 6.34: The communication time of the benchmark result about the Type3 grid
on the SP
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O 6.35: The rate of communication time against the elapsed time of the benchmark

result about the Type3 grid on the SP
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0 6.36: The elapsed time of the benchmark result about the Typel grid on the
Cluster2
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0 6.37: The efficiency of the benchmark result about the Typel grid on the
Cluster2
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0 6.38: The communication time of the benchmark result about the Typel grid
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0 6.39: The rate of communication time against the elapsed time of the benchmark

result about the Typel grid on the Cluster2
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O 6.43: The rate of communication time against the elapsed time of the benchmark

result about the Type2 grid on the Cluster2
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[0 6.44: The elapsed time of the benchmark result about the Type3 grid on the
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00 6.47: The rate of communication time against the elapsed time of the benchmark

result about the Type3 grid on the Cluster2
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[0 6.49: The efficiency of the benchmark result about the Typel grid on the Onyx
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[0 6.51: The efficiency of the benchmark result about the Type2 grid on the Onyx
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O 6.54: The elapsed time of the benchmark result about the Typel grid on the

SP using the shared-distributed programming
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O 6.55: The communication time and the rate of the communication time of the
benchmark result about the Typel grid on the SP using the shared-distributed

programming
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O 6.56: The elapsed time of the benchmark result about the Type2 grid on the

SP using the shared-distributed programming
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O 6.57: The communication time and the rate of the communication time of the
benchmark result about the Type2 grid on the SP using the shared-distributed

programming
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O 6.58: The elapsed time of the benchmark result about the Type3 grid on the

SP using the shared-distributed programming
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O 6.59: The communication time and the rate of the communication time of the
benchmark result about the Type3 grid on the SP using the shared-distributed

programming
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[0 6.2: The convergence profile about the number of iterations
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O 6.68: The streamlines

O 6.69: The streamlines
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: The contour of the vorticity magnitude at X-Y plane

[0 6.71: The contour of the vorticity magnitude at X-Z plane

137



0 6.72: The contour of the averaged vorticity magnitude
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0 6.73: The averaged pressure distributions around the circular cylinder
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