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Evaluation of Hybrid Parallelization of a CFD Code
based on OpenFOAM

MANABU UCHIYAMA™ PHAM VAN PHUC™
SHUICHI CHIBA™ YOSHIAKI INOUE™ AKIRA AZAMI™

This paper describes hybrid parallelization of OpenFOAM which is an open source CFD code. To parallelize CG and BiCG
method in OpenFOAM by using threads, cell numbers are reordered and matrices are stored in special forms. Algorithms that
have less synchronization points than those of the ordinary algorithms are used and ILU(0) preconditioning and matrix-by-vector
multiplication are reconstructed and improved. Parallelizing other parts is also described. The hybrid parallelized code, the
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new code but flat MPI and the original code are run on K computer and their performance is shown.
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void

DICP_x2_f ( double #rD , double *L , double *y, double *x,
Int nCells, int *jL )

(

double (*_restrict__
int (*__restrict__

LL) [3] = (double (x)[3]) L:
N8l = (int  ®I3) jL:

/#—— Forward Substitution */
for (register int i=0; i<nCells: i+ [
idata jO=jI[i1[01, j1=jICi101], J2=jITi1C2];

x[i] = rD[iT*(y [i]-LLLi1 [01*x[jO]
-LLLiT[1]#x[i1]
-LLLiT[2]*x[i2D)
}
1

Figure 4 7027 Z LB (ILUO)RTALER D AR AFHR)
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S=(s.p) 8: oy =v;/(6-prla,)
9: a=y;/8 9° P =+ 0p;
100 x,,=x;,+op, 100 5,4 =w, + 05,
11: \‘i+1:\'-+c;(-pi

11: ry=r—us

Residual = ._; | 12! 1y =1 —055
13: end for Hl Revldllﬂl —| 1+1|
14: end for
(@) (b)

Figure 5 Preconditioned CG ([J : &{Ki@(E)
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14: end for
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Figure 6 Preconditioned BiCG ([J : &{Ai#15)
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HBIZATHIR Y FAFEZEFHE CTX 5. ILU(0)RTALERE FH R,
ATLE D% IBRAGE 21TV BT M AFEDFHE
ITH 2 & T, 1TH & AT U — b FHATe R AT S
L, AoEEBELY EiFAZ2 08 T&5. 71X CGHED
BITHD.
for (register int i=nCells-1: i>=0; i—) {

int jo=julil1[0], j1=julil[1], j2=julil[2]:

double s1 = UT[i] [0#x1[jO]+U1[i] [1]#x1 [j1]+U1[i][2]*x1[j2]:

x[il —= rD1[i]#s1; «— %IBCA

z[i] =D1[i] *x1[i] +s1;

z[j0] += UT[i1[0]#x1[i1:

z[j1] += UI[i] [1]#x1[i]:
z[j2] += UT[iT[2]#x1[i]:

1741~ 2 FVER

Figure 7 $2IBRAGHE L1757 M AFEDH
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T, BREATHIOIEFAEIZFE L TH D0, 3 K& Rk
AT 22 L52E2 5. (A) RxORTEHEFEHEDN
7 MV E LTI HA EB) 3D & v[*][3]10 2 R Tlild] &
LTS GHED oD HEERGT 5. K813 172x172x172
W% —fE & L= 5 L CTOREMBES 10step (BICG £ D
W [E%=30 [8], 8 threads ) ® BiCG LD R IR
DU TH L. B OFHEFERIL, I EICHET 256
W LTI 24%, A WKL TIE 4%EM ST 5.
OpenFOAM W TITiitdIC B4 2 B511L B O CTHEfR X
NTWDHTe®, iy T L DRSS A TRELE R DM~
W B TIIAREIL DAY vy bbb D,

[R5 P
B (A) RxDOERDEKRTEEDORY ML e LCRIBER
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Figure 8 il 3 iy OFHE FLE O (BiCG 1)
4. fthDERS D Thread AMiFk & BFEE

CG £ & BICG M K5y DFHHRE 4 5 60 5 28, oo R
47t Thread WL &2 4T > CHFNEZE T2 ERH 5.
91X OpenFOAM WIZ B BN HN—TNE—ThH. £
Bx 1IN —7NTEERIEF SN 5720, ZoEE T
FLTE 22V, R TIE, 2.1 Hio X 5 IS +& 58
FTHoNTNDEOT, K10 DL IR TEITH. RLAaD
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for (int fi=0; fi<nFaces: fi++) {
double s1 = (some computation);
int i=owner[fil, j=neighbor([fi]:
x[i] += st;
x[j1 —= s1:

}

Figure 9 R BN L N—T XL —
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Figure 10  another Multicolor

OpenFOAM TIEX 11 ® & 51T vector (3 f%57) =° tensor
(9 H%5y) OEIITL—TNOT L RT V) EMHEERLT
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B e UCESEEMAT 5 L HEERENEBEWGARH 57
O, RWETEAD T —EBHITE SR TWD. Y EFT
OF R INIT 13~ /6 \ZHfE S i,

fo i=0: fi<nFaces: fi++) {
vector ssf|= iweights[fil*(iU[P[fil] - iUIN[Fil]l) + iU[N[fill;
GradTypeXX Sfssf|= iSf[fi]*ssf;
€

tensor & [A U 9 iy
igGrad[owner [fi]] += Sfssf;

igGrad[neighbour [fi]] -= Sfssf:

Figure 11 7 VR T U ZBEICHS & 5] L 74
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Tayv /AL, O3 DA T arTary XA, LTz
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953 —7 N T OpenFOAM D2 5 Z&FEEMMA L T
72\, OpenFOAM O 7 v 7' MMEEOHERF L W &, MEEED
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Table 1 fiffr=— K
= a4 T D
name G| i L~
Piso pisoFOAM. OpenFOAM N ® =2 — K. 03
3 Piso DA A 7 a7 T KNI KE D 03
7 7 A%REM. FEOFLIT.
EK E3 O fcfl L)L % Kfast IZZ . Kfast
EK IZ%} L TABME DONE & F 4.
HK WHiIF 2 D BMC2 & CM TR LT, & Kfast
— &Y v T IEI e LT R E 1k
% 3R L CHEAT.

52 BHEETIL

fIRAT BE I 1T Lx x Ly x Lz = 16.0(m) x 3.0(m) x 2.0(m) T& 5 .
JER B O EMEE L TV D, BPEEITR 2 0B
DThHY, K500 TiT//—RKThD. /— FERIE TR
A a—HO tofu lZEHIIRE Lz, Torder] @ BMC2
1% 2.1 ® Block Multicolor % 3 f L 7= Hybrid 351 €7 /v
CM I Cuthill-McKee 4 —# U > & T MPL WAIHTH 5.
Hybrid W & MPINEFIH TiX 1/ — K472 0 O-TIR
ZRICICLTWD. ZD7=d, MPI EFHOET LTI,
K70t ACHEZ LN DB X FRNZHEWERTH 5.

Table 2 fi#HTET /L

J—FK MPI order [ S SIZIN ¥a1- 4k Faks 4k
768 | BMC2 | 168x172x172 | 4,970,112 | 3,817,046,016
32x6x4
T68) | 6144 | M 20x172x172 | 621,264 | 3.817,046,016
384 | BMC2 | 168x172x172 | 4,970,112 | 1,008,523,008
16x6x4
G8) 1 3072 | M 2x172x172 | 621264 | 1,908,523,008
192 | BMC2 | 168x172x172 | 4,970,112 954,261,504
16x3x4
(192) 1536 | oM 20x172x172 | 621,264 954,261,504
96 | BMC2 | 168x172x172 | 4,970,112 477,130,752
16x3x2
©0) 768 | oM 2Ux172x172 | 621,264 477,130,752
48 | BMC2 | 168x172x172 | 4,970,112 238,565,376
8x3x2
(48) 384 | M 2x172x172 | 621,264 238,565,376
24 | BMC2 | 424x108x108 | 4,945,536 118,692,864
4x3x2
@49 192 | oM 53x108x108 | 618,192 118,692,864
12 | BMC2 712x84x84 | 5,023,872 60,286,464
2x3x2
(12) 9% | M 80x84x84 | 627,984 60,286,464
_— 1| BMC2 584x108x84 | 5,298,048 5,298,048
M 8| oM 73x108x84 | 662,256 5,298,048
5.3 BT EH

APETIE, FHREMEROBRMVPENTH LD CGiEL
BiCG VEDWBGHREIEZ EE L T\ 5. KREES AT v
THR20EE L, 1SR T v Y0 OIEEHERRIE,
JEA R AL CG A% 200 [B] (100 [B]+100 [B]), EE) )5
BAEME L BICG IENFRT SEITH S.
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Figure 13 GFLOPSvs. / — K#k
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Piso_CM & E3_CM TIIREEH (X 12) IZERH DI
LD LT EATHRIED RNV, Z0Z L XD, E3
DFFE RN Piso LD BB LTVWDHZENERD.

5
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Figure 14 FTZIR vs. / — N
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Figure 15 FHTRIHRE vs. / — M



IPSJ SIG Technical Report

FATHREE LT R LD THSH. HK BMC2 1
HK_CM IZxt LT, ZEi7zh% (K 14) TIERRHL23MET
E &30,

TN ORERNG, ARG THEE L FEL, MhEm L
WD RER -T2 F 2D, —JF, Hybrid WH|OEAL
MERTECTIZIFEELRN -T2, [R] a v Ba—% O
WREENEN TWDTmDICEN ot bEZBND.
7. ¥EER

B TIZRELTWEDR, £ OHBEIT> T+
Mg & 3 L7z, Hybrid WA OEAEZ R TICIEED
o Tey, MPLIEA & RSO MEREITEBH CTE 7.

4%, Hybrid 351 & MPI 341 TD CG K& O BiCG {ED
INBME D LR, 2RI C DU O B~ DXL, FEHETE
BT axtg & LiztEREm b & Hybrid WAL 21T 9 . iy
W7 AT A4 7Z VAL THRALS W DIZLTNL.,

e

REFEIL, BULFHRFTOA—N—ar EFa—% [H] %
FIHLTHONTEHDTH D FREZES: hpl50031). 22
WKL CHEEZRTS.

PPN

DRI, AT a7 RHROWFIRTLEE Rk, BERAEHTIFIE AT
FEIEERER 1733 %, ppl-10, 2011.

2) T. Iwashita, M. Shimasaki, Algebraic multicolor ordering for
parallelized ICCG solver in finite-element analyses, IEEE transactions
on Magnetics, vol.38, No.2, pp429-432, 2002.

3) A TR, WA, hEE, AT ey 2 LS CIER T
(2 & DAHIME ICCG Y A/ S OPEREREAM, 17 HAL L 2 e s,
vol.2009-HPC-121, No.11, 2009.

4) P. Ghysels, W. Vanroose, Hiding global synchronization latency in
the preconditioned Conjugate Gradient algorithm, Paralle] Computing
vol.40, pp224-228, 2014.

5) AL, B, k BORIX LI AR E  BEE T 5 2 L
TRBUEIEFIFH TR 2 75t G B EAEBATFIEN 1 IR TR O K
BRI 2, vol.2012-HPC-133, No.30, 2012.

6) FREPIEIR, MRHE R, RKAEEOKH, HAEE, 199.

(©2015 Information Processing Society of Japan

Vol.2015-HPC-151 No.20
2015/10/1



