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Abstract
In order to speed up OpenFOAM in the supercomputer Oakforest-PACS equipped with Xeon Phi
KNL processors, vectorization improvement patch, vectorization of SpMV and conjugate gradient
method by Chronopoulos/Gear algorithm were applied. As a result of evaluating the performance
of the channel flow analysis, the speed up ratio was up to 20% compared with the original OpenFOAM.
In addition, the combination of the above methods showed a stable speed improvement ratio of about

10% to 15% independent of number of processes.
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HEKRZEREE Y v X — LRI KRFEHERZREY v X =D FEEE T 5 A —/8— 3 ¥ 2 — & Oakforest-
PACS ® 7ot v ¥k, %375 512-bit ORI X2 =v k% 2 £ 2 5 Intel Xeon Phi TH %A, IEHED
OpenFOAM TR ML=y MZIFHATE T, MENPKETERVHEDN D 572, AFETIX, X7 Mk
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2. A—/N—3 Y FE a1—% Qakforest-PACS O E

Oakforest-PACS ¥ A7 & (BA'F OFP) 351 8,208 6 H 551/ — N2 G350, A =—37E®D Intel Xeon
Phi 7150 (%63 — R4, @ Knights Landing, PAN KNL) 2 a2y H# & UTHHALTWS [1]. OFP @ KNL IZ
X 68 HDYEL 2 T AR I N, FITAS512-bit IHEDORIZ Xa=y hE2 2HEMATEHD, EXI7XI=v MI1
MAT 8 DORMEEME %175 SIMD #LRM 4D AVX-512 2 FITWRETH 5. KNL O 23 7 OB AL %
I 1.6GHz R\ 728D, X7 Z2=v b &IERA LRV E KNL OVERED T E 0 &0 S R 5D,

3. OpenFOAM DAY N JLELBHEER

OpenFOAM IF EIZHRAEMEEZ VT, NS HEAEROHHI 21750, BTORRE L TIE, £E
DR AR I (ZHE) ZHVEEBAHETH L. 2072, OpenFOAM TlE, HFHOREDS, FE%
RET K TE, TNITEET IR TFLEVD 2 DD FADRA V2 E2RFDE WS, FEINR—AHER (T FLy
UV ) OBFHMZRE R LTW3. OpenFOAM M HWT W2 HRIKRIETIX, SIMPLE % PISO X\ 5
HRRD Ay T T TN T XL, R - EEOBEEA ¥ — L2 AW, i < N E KRR E SR o
SEARERIZEH L, BAKINTRRELY LNz & o TR, 512, BFORBMERDPRER—ATHB Z h 5,
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AL ARBRRORBUTAHBFREDOT FLy ¥ v 7L > TEKT 5. £72, OpenFOAM IF, ZEMIIIZE % 2 Ik
EOMEALA X — L 2T 2728, RETDT T v 7 A% U 751 E U 2 REBATH OIEZR DD, EXf
s (BUF, U) & FRAES (BAF, L) ICOE DT OMTHEET DI Lilhd. ZD7d, OpenFOAM T,
UL LEFENR—ADT Ly Y7 THRIILTED, ISICHAKS (BT, D) 2107 Kby v v oT
A3 5 H X (lduAddressing & OF lduMatrix 7 7 A) 2FAL TW5. ZOKMARNIL, D, L, U Z508EL
T, L & U % Coo(Coordinate) JER & L7=ZJE COO JEATH Y (2, 3], HAMIZLRBUTIIDERTHET, WHMT
FITIEEAT —REAEY T 7 A2 BAIELI LU THIHREET S, —F, BITH~RT MVEE (ML
T SpMV) I2BWT, U & L OEMCET 247527 MVEEER1TS 23— R % Code LIRS A, 175D DS T
R LV ATdH5 uPtrlfacel X 1Ptr[face] WML — TN TEET LD T, NI bk TERW. £/, 28#
OMEZRTHY, ARVTIRANRTIVELLRY, BOWAEYNY NIEPBRELRERSEHT S [2, 4.

Code 1 Part of SpMV source code IduMatrixATmul.C.

for (label face=0; face<nFaces; face++)
{
ApsiPtr[uPtr[face]] += lowerPtr[face]*psiPtr[1Ptr[facel];
ApsiPtr[1Ptr[facel] += upperPtr[face]*psiPtr[uPtr[facell;
}

FOMIZE, AVX-512 HOR LA 7T a v a2 a v A ILIFIZIEELTH, Y IR ETEZHINE R Y
FIVARED sumProd 72 &, @i# LI NIRWERNL KFIET S [4)].

4. VERETEA

41. BEEFE
MES U7z @l b F R AT 0@ TH 5.

KNL Intel 2 >/841 T % H\W 5354 DD E WM_COMPILER=Icc Tl¥7: <, WM_COMPILER=IccKNL D
TaAVNANTEFE TV LTDL T 3 viZ-xmic-avx512 -DvectorMachine ZEbh 5.

VEC EFZHIZ, OpenFOAM-Intel[5, 6] D X2 MUALR /Ny FZ5#H T 5 Fik  EFLT vectorMachine
BEHETDE, HEYNNRETEHHINEIRY MIVHNED sumProd 72 i, X7 MEREG LV —T
ROEIZEHXNDD, ZONYFIE, Zh5iZOoWTsimd 7527 <R ivdep 757w &2HWT, a8
4 Z1Z SIMD /b2 R T AR EDRY MUELREZ1TS.

CG JENABADRELY ) NE LT, Chronopoulos/Gear 7 )V IV X LI & 5 A A ELE % M H T 5 FiE.
OpenFOAM @ PCG Tld, KENL—THWIZNEDOFHED 2 FEfriZd b5, ZO7)NITY XL TIE 1 HHr
WEELHOLNTVWEDT, Zis|l MPI SR TARERILER LS MPLERBEEDIA N E TS5 Z &h
AEETH B 7, 8]. 2B, MPIEFEEIZDWT, MPL-3 TERHI - IERLRESE (MPL_Iallreduce)
EEHEHLU, SA 754 Ui AR EZ L, BRI MPI 4] T IXEM®BE 2 A b 2Bl - [
BT D Z L EHAHESEA, ARG TIE MPI 702 AHHE 4 1,024 LN WO THE L7 [7, 9).

SpMV  HIHIZRBUTHIDZIR T B L X% CRS(Compressed Row Storage) FERITE#L TH &, HEY LA
2815 SpMV % CRS R TR T 2 FiE. SpMV AiRZ Mk .

4.2, MEREFHERER

ERUTIBAR 7 EEALFEE V2 OpenFOAM % W, A — 7> CAE #4:® OpenFOAM XY F < —72 [10]
THDF v 2V S GITHERENE DIl 21772 5 7. GHRZRMEEZ R LRT.

10 EXiZ, Intel VTune Amplifier 707 7 4 72 HWTEITUZEETD, E8LKy PARY M 2B
77 CmY. i, ATy TUBD AT v THOFYS CPU K [s] &, ¥ED OpenFOAM-v1612+ DY —
A% WM_COMPILER=Icc D E T3 V31 )L L7z baseline 7 — AT % @il (%) 2, &7 —ADWT 77
D EEIRT. 7z, @EAE (%) X TRIZER Uz, 2B, AT v TEO¥YY CPU KMOFHIIRIZIE e 7 7
1o 2HVWTWARW, £, ATy THOFY CPU KK, 7 3M TR AT Y 795 51 27 v 7,
R H24M TIEAIAAR T v T2 5 9 2T v T D ExecutionTime D7 & D K7z,
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Table 1 fiR¥T544

xRt 7 —7"> CAE %% OpenFOAM RV F < —7 [10] D F ¥ )L+
EiR X JCAHPC Oakforest-PACS, Flat A €Y E— I (numactl -p 1 ZfffH)
figedfr ) LN pimpleFoam (OpenFOAM v1612+)
MPI 7u & 2%/ / — K 64 (FHIKDEIJTE: scotch)
MeFE - i — R ¥4 3M (240 x 130 x 96) DHF, 1,2, 4,8 / — K
% 780 24M (480 x 260 x 192) DKf, 4, 8,16 / — R
aY XA Z -MPI 4 7% | Intel Compiler 2018.3.222, Intel MPI 2018.3.222*2
JE S R RAREL Y LN HAE AR (PCG). BILEE © R584a L A ¥ — 43k (DIC)

*] EEHEHIE Re,=110, ELFETIVIEL.
*2 I_MPI_FABRICS=shm:tmi & I_MPI_DYNAMIC_CONNECTION=0 % i%E. MDD XA IV ERNT IO A2 Y3 7 IZKE L 72,
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Fig. 1 CPU time of main hotspots ,average CPU time per step and speedup ratio relative to baseline. In the above
figures, average CPU time per step [s] and speedup ratio [%] are shown above bars.

DY — 20 F F, AVX-512 HO IV A SA TV aviaMFTCar 1L, BBV L NE L TEED
PCG % M\ 7z KNL-PCG 7 — A TliZ, baseline (29 % @# LR AHE T8 3M TH 1~2%, T8 24M TH 2
~AR VB E o7, F72, FEQREY FARY MZOWTEH, IFEAEREASLTHRN,

X7 MVLERE Ny F 2 LU 72 VEC-PCG 7 — A Tl¥, KNL-PCG 7 — R IZHAR, X7 M)UNFE Inner
Product(sumProd) @ CPU KA KIEIZIHA U7z, £72, mARDEEMRIETH 3M TH 6~11%, T
24M TH#I 11~13% &7 b, HHREEERILINE D, WHEDOIEINI L W @R RA U 7.

R MVEBREBIZINA, JEHARROFRE Y L3 LT Chronopoulos/Gear 7 )V 3V X LT & 2 L&A ik
CG %2 L 7= VEC-CG 7 —ATl%, VEC-PCG 7 — Az, MPI #£F#E(E MPI_Allreduce ® CPU K3
EMZEADA U2, 72, RRKOEEARPHEFE 3M T 11%, EF 24M TH 5~10% &7 b, MPIL@EED
HEARKE WK 3M TS LR LU THEBEENED Lrd o7z, —FH, MPLEFDHEINVNT W
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T# 24M Tl%, VEC-PCG & W {E#E X 725 7=,

SpMV % CRS B X Tit# 9 % VEC-PCG-SpMV 7 — A Tl%, VEC-PCG 77— ZIZHA, SpMV O CPU W]
PR U7z, md bR DK 74 3M THI 5~13%, &7 24M TH 11~20% & 720, o r — A AR FbEK
PN WA D@ LR @D, WFEEDBEIN L7 W @ bR S S A U 7z

JEHARREROFE Y L NE Uz CG 2V, X512 SpMV %2 CRS B TE#H T % VEC-CG-SpMV 7 — AT
&, RROEFRBEFE 3M TH 10~13%, HFE24M TR 10~15% &7 b, WHEBIZH T D KFETE
U7z md LG 5 Nz,

PAEDOKEHEEERER? S, WHEINX WEEIZIE VEC-PCG-SpMV 7 — A, %WE&IZI1X VEC-CG-SpMV 7 —
AEHAWEZ LT, MhEnwEEIEPRBONE I LR bh 5Tz,

5. F&o

AT, OpenFOAM DR MUt 2t S & SPERESGE Sy F2MH U7z T, REBUTHIRNTAD CRS
WREHUZ LB SpMV DR ML E4TW», JES ARRAROFEE Y LN U T Chronopoulos/Gear 7L 3 X L
IZ X B HBAEE CG 2 WS Y, ZHEEEAFEOMAGOEZME Uz, A =—3 78D Xeon Phi KNL
Tty ¥ TR E S Oakforest-PACS IZBWT, F v 2 Vi A RICHERFMZ T8>z 25, BHED
OpenFOAM 2R, K TH 20% D EERIERBFGONZ. £72, X7 MUkhe CG 2flAadhs Z T, iFl]
BUzdh 0 HFET, #10~15% OLE L iz@mabRnBmonsz., 5%, AEVTIA AV MILBERT ML
fb E, intrinsics BA%IZ & % &i#AL [6], Chronopoulos/Gear $:4% Al T @ DIC BiALEED @Ak [8], A =—
a7 7aty FITHE LU AL ORG 2 ENRETH 5.
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