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Abstract

Tz, B —IRABRADYVIIINT AT 5 pzSolverLA # MIMD BiX —— a7 Jut v ¥ PEZY-
SC2 ETEEL, ZNEHIZ OpenFOAM D V)L N%E PEZY-SC ¥V — XEFIZ#HE L, OpenFOAM
DEHE A EIT> T WD, PEZY-SC2 135K ¥ — 7 1ERE 4.1 TFlops, A €Y /N> NiE 100 GB/s T, %
BENAEYUNY RIRICHNZZ327 70— 3 v CRMEREDHIZ W, —TF, 2019 2D Y — A
FETH S PEZY-SC3 1%, fHkEE Y — 2 EEE 19.7 TFlops, A€ Y NV NiF 1200 GB/s 127 %. I
& PEZY-SC2 ® 1984 I 7 E TV L IR — ZHEEDHI 7.1 65, AE VNV NIEAH 15.6 5T, AL
—IRFRERD YV NN IZ B BERFATHIFHE PR MVEHEO KiFZ2 i BB RAD 5. 2 TR~ 1L
SIRBERRRY VN 1 75 pzSolverLA % PEZY-SC2 TR - MEEFEM 247\, T ORERZ I
PEZY-SC3 (2} 7= VERED JEEH © 2175 7z. PEZY-SC2 T OpenCAE fE#ERY F < — 27 OM#E (Y1
ZH 2400 JTTIRTT) % RN TZFER A S PEZY-SC3 OMERE%Z HBESH 5 &, 50 XA LA T v 742K T Intel
Xeon CPU O 4.5 fDMREM LR HEONSE Z & BRI N,
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1. ELC®»IC

FATEEOEMIT ST, KD RBRELRMEANDISHNEA T VWS, KEERES IR AERD Y VAN E e T
2 BUERRAT X RIS o 7 ML - ik - TS, S DO DWMFIMEAEETH O, WK O ST
&, TN 6 %2 DOEBERERBUERNT Y 7 MY =7 OpenFOAM (Open source Field Operation And Manipulating)
1] DRAIERL T WS,

AV a—ROESERELMEED S ETORESRBEEE U THEENEOM EVZT 55, PEZY Computing
tL & ExaScaler t£Tl%, A=—37 7ut v ¥ PEZY-SC2 [2] 2L 7= A— - ¥ a—R Y 2T LDORHNE
EiToTH Y, BEDEAF L 7z Shoubu System BIZBEWT, A==V FEa—XDETXLVF—F0F 0T
Green500 [3] 125V T, 2017 45 2018 41211 T 3 Wl T 1 MK AT SN B 2 YOl S E LIFTE 2, B
EBHLWN—F T 27 OREPETNSD ETHFETIHUEY I ab—Yay (4] BRI MATHS.

HANL—IRARERD YV IV N ITHATHINR 7 MVEERARER EDR T MVEHENETRBEO KRS %2 5D, Zhoid
AEVHRENR MLy 22725, —F, PEZY-SC2 3V — MBI L TAE Y N RIEMMEW 28, MHREDS
AEBUNY FIRIZEIRZZ 2T 70 7 —> a VTSR HIZ < V.

2019 FEiZV Y —AFETH 5 PEZY-SC3 Tlx A€V MEEE Kigizm L3, SEEY— 248 19.7 TFlops,
AEYNY RIE 1200 GB/s 2 FELTWA. £ I THXIFHEL X ARAY IV ANT 1 T35 pzSolverLA %
PEZY-SC2 - CBAYE - MEREFEMI 217\, ZOFER % EIZ PEZY-SC3 IZMIF 7= HED RS 0 2175 7.

2. PEZY-SC2/SC3 DT —FTVF ¥

F UK A DAV PEZY-SC2 1984 a7 ET )V (BLF, ZDET I % PEZY-SC2 & L), KUBHFEH D
PEZY-SC3 D% R d. ZHESEE VA EDZDIZAT YNV RIFEPITHDE TR R >TWBEET IV
ThH5.

PEZY-SC2 X5 A b & L T Intel ® MIPS 72 £ D CPU Z AW, HA N CPU » 6 ETNA F V) 2B T —X
AT HZeTTUT T AERFTT 5.

PEZY-SC2 i MIMD (Multiple Instruction stream, Multiple Data stream) 7 —F%7 27 F ¥ ZfFHL TE D,
AT HZD 8DDAL Y RENVTEHIENTES. 1984 HOIATHREHGDTUT I LH T v REAL Y NEAS
EDIZETRALY FEBIZICEEZIES ZEHMWAEET, GPU RE L IR TREDIR R LT & 2RSS L
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Table 1 Features of PEZY-SC2 1984 core model / PEZY-SC3.

PEZY-SC2, 1984 core model (2017-) ‘ PEZY-SC3 (2019)
Clock Freq. 0.7 GHz 1.2 GHz
PCle I/F PCle Gen3 32 Lane (32 GB/s) PCle Gen4 48 Lane (96 GB/s)
DDR I/F DDR4 64bit 2400MHz 4port (76.8 GB/s) | about 1200 GB/s
# of MIMD PE (core) | 1984 4096
SIMD width 64 bit 128 bit
Peak (DP) 2.8 TFlops 19.7 TFlops (x2 SIMD)
Power Consumption 200 W (Peak) 500 W (Peak)

Tz, i, MELEEZ 1GATITOZENTEDL MAD @S (d=a+bxc) WEHATETHS.
PEZY-SC3 % PEZY-SC2 OB MRE - A€V MEEEZ W LI E¥2T —F 727 F v T, 4096 ® MIMD 27 & 128
bit @ SIMD fEiEM 4 2 i %, A %E EIF5 2 & T PEZY-SC2 @ 7.1 G HMRET, X £ ) MHEEITX 1200
GB/s T PEZY-SC2 @ 15.6 f5D A €V MAE%E HD. F7z, Last Level Cache (LLC) @31 X% 40 MB 55 64
MB iZf E$T5EF vy v raXxE)0mibbizbhTns.

3. PEZY-SC ') — XM} OpenFOAM (D3E%E

3.1. OpenFOAM DRIZER & PEZY-SC & ') — X@EIF OpenFOAM DE&E
OpenFOAM D7 —IR GFERYV I - Bl Z XA =—a7 7 —FF 7 F v ORI EESE2121F, B
TOMESNDH S -

1. BATHIORNE RAERE R (COO0) [5] THS728, SpMV Z AL L iz <\,
2. 2Ly FAFNZIIE L TE ST, MPI 2 AW 70X ZWH T LU LWHEAZT N TV,
3. WA=V v F R R BTG SIPED AR,

1, 2 ORERIZX U T, BTHORMIEITITEEEHN (CRS) B 5] Z H\W\W 5 Z & T8 DRt D5
MEERLZ. 2ok E, COO ER»S CRS BERAANDEBIIZY VANDIFOCH UIIZITS> 2 L. £/
BiCG (A& XI5 SpMV, #igiE SpMV 2 F2RfiR1E Tld CRS R D7 HIZ N 2 FHESEEHME (CCS) D174
EEML TREFT S Z &1L 7.

3OMEAIZR LT, CPU _ETIE OpenFOAM 3% 7Rt A6 20—V fF5Ic /T 2 piE 2475 2 &
T7uR AWHZ2T>TWED, ZOLEETOL A/ TEEVNBELMIUIZDOVWTITEAL TV 72, idl]
FEVZHE > THILEEDZN R AME N3 5. PEZY-SC2 1% 1984 x 8 = 15872 D AL vy Rifisl 2175 728, [FEKDITS
DEELTD LATBEORENIZL A ERBONBVWTHS S Z W FREINS. TD7H, 5L OpenFOAM »°
% LT\ B R5E4 Cholesky /30 Rik (IC #5), A564 LU DR (ILU %) OEEOELEE T, MFTO=20
2 DD DFEEEZ 1T - 7-.

1 2 ® % Newton-Schulz-Hotelling 3% [6] % F\ T & N 258 BL5 175 % RIALEE 5] & U CTHW S Fik (BLF,
Schulz i%) TH 5. BAKMITIZATI I N2475] A & Z DX A474] D %W,

A'~D!'-D'(A-D)D™!

£ U7z, 24Uk RapidCFD[7] TIC - ILU i ORD D IZEEINTWBFIETH 5.

2 DB A-ERABICEED GEALFTH] (AINV) BTLEE 8] TH 5. BITFIOIEY T Ta 7 7 1 WIht-> THERK
U7z E=M47500 5 + p 123 U T Fill-in 2175 AINV(p) & UTHEE L. ZXWFINEIXRER TE 508,
FEE N2 O EZMATHNCH T AHENREET S, ZTNRMMORUE HEENPKEER LD, KAHHED
MRERE DIE Tk bR\, 5, WA T7ay ZICREUFREEZAEIZLEZD, 2EHEANTES M VX
Tz —AZDWTHET B FETH 5.

IS OHEN —IRARAVIVNEZL2THIIOKEMERDEHS CPU & TN AMOBEERE2NE L
OpenFOAM 7> 5 EXI N7 COO ERDITFHIRARZ MLDTF—R%E2ZFDEEWET I LT, % OpenFOAM [FkE
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Table 2 Functions of OpenFOAM for PEZY-SC series.

Solver Preconditioner Matrix Format
Preconditioned CG None COO
Preconditioned BiCG Diagonal Scaling CRS
Preconditioned BiCGStab Schulz method CCS

Jacobi method AINV(p) methods

OEATHNT 5.

PEZY-SC ¥V — Xk OpenFOAM 1%, OpenFOAM D% DA v ¥ aHKRET Y v 7N IR LHE S, T
—IRAFER VIV - BB 2 U C PEZY-SC > ) — XA D VLN - FiLERZ B D5 CH L < BT 5
2T, brH LD OpenFOAM IZKEREHZRT, 1O7 —FF 7 F Y IREHDZHIIEOND &5 ITHK
U7

HARBNZIE, B2 70 uoN - gLz 3L U T B2 NBPR BTSN 27 b VR (SpMV) 72 E DL %, PEZY
FX BLAS 71 72V pzBLAS ®B1745]Z 4 75V pzsparse ¥ UTHEEL, Ihs z2HlAaGbEEST KGR
KDYV IWNT 175 Y pzSolverLA % OpenFOAM O EMTHWS Z &N TE S K512 L7, OpenFOAM D%
HIXIFE A EBEZ <, pzBLAS X pzsparse DIEUH L E1T S VLN - GO Y — A 31— FDEME, Zh o
EUIOBEZ A VR T2 —AHDY — AT — FADEGLDATEL.

Inoizk b, (A) B RAEZEIZEIEER, (B) ET7HIZ PEZY FHO Y VW AZZIRET 5 DA THIRATHE,
(C) OpenFOAM DY IVNRDYIDFEXA VR T 2 —ALNDOT v IT— 2 ZDEFHHATE L. REDEHRM
Bohr.

HILHE X OpenFOAM O CPU %%, VIUNIZ PEZY-SC ¥V —A[AF R ED L S ICllAEDLELZ T
&2, PEZY-SC ¥V —ZXHD 7025 ARIF - FA7EES (pzSDK) ZEURTIX 1 T34 A ETOEKD T ok
AN H EIFIZHE LT WaWnzd, CPU OFILIES 1 TN AH720 1 T AL S EiIFshkwn., 0
728 MPI %] % fi#g & L T\W5 CPU I TIZisfbic & 2 @ b3 mam o ne ks,

4. BIERER

41, EERIRIE

WH e UM, A —7 Y CAEZXF v ANVFENRVF I =T OB 9 D2 DD% A X&KL L. 1
DDAV atA4 A% =240,y = 130,z = 96 & L7=474H 1 XH32995299, FEX 1 EELH 20832960 D
“Mesh_3M, 7 228EA Y atA X% =480,y = 260,z = 192 & U 72475 ¥ 1 XH* 23961600, FEX 0HE
A 167197440 D “Mesh 24M” TH 3. EERRIE 5L XA L AT Y THITWV, 1 ZA L ATy THEBE T 20
551 XA LAT Y TOAFHRFENIZH U TRl 2 17 - 7=.

FEEREE X PEZY-SC2 1984 2 7 €T IVTC, A N CPU (Z Intel Xeon E5-2618L v3@2.3 GHz, 8 27, AE Y
64 GB ZH\W7z. OS iE CentOS 7.2, FANTB T LD A VNA Tt geec 4.8.5, H—FN7Tas 7 L0awN
4 Z1% pzSDK4.1 + LLVM 3.6.2 TH 5.

g & U, Intel Xeon E5-2683 v4@2.1 GHz, 16 37, A€V 64 GB 27z, ZhiL¥— 7 HHE 537.6
GFlops & A€ YNV NIF 76.6 GB/s TH 5. OpenFOAM D/N— a2 VL v1806 T, FEERTIka 7HIZADLYE
TMPIIZ& 3 16 70+ AW %2475 7=,

AT, BATRD 4 DDMRIE - BiLEE DM AEHEIZDOWTHHII 217 - 7=.

(A) EERRE Y VL PBICG ¥ - BIALELZ U, EJFRIE Y VN IE PCG ¥ - BIALELZ L.
(B) HEEAE Y LN IE PBICG ¥ - BIALEE I Diagonal, £ Y )L N1 PCG % - BTLELIE Diagonal.
(C) HERE Y IV NIE PBICG % - UL U, HEII#IE Y VN IE PCG ik - BIALEE Schulz i (PEZY-SC2/SC3

DH).
(D) HEHIE Y IV NIE PBICG ik - BILEIZ ILU ¥, FE#IE Y VN IE PCG % - BTALEE IC #% (CPU @A, Fill-in
=0).
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Table 3 The Number of CG / BiCG lterations in 50 time steps [x107].

CPU PEZY-SC2
Mesh 3M Mesh 24M Mesh 3M Mesh 24M
CG BiCG CG BiCG | CG BiCG CG BiCG

(A) | 920 069 | 1793 0.78 |91.3 0.69 | 1794 0.77
(B) | 90.7 0.68 181.1  0.79 93.1 0.68 183.3 0.77
(C) | none mnone | none none | 588 0.69 116.4 0.78
(D) | 14.0 0.53 374 046 | none mnone | none none

42. PEZY-SC3DMEERESL YA

Fxlx, FNEND VIV - FILBEL OB Z R VR oy ZERERO RS 4 DD8— MIHFTEHIIT 5 Z
¥ T, PEZY-SC2 DEERAEH %2 52 PEZY-SC3 OMfex RfEH 5 Z &2 U 7.

4 DDNR— b OMELHERED RS D ETIVIELFO@ED TH 5.

Kernel PCG / PBiCG {EDFHE A — 3 )L, WEEX® SpMV, #EiE SpMV 205k 5. & TOHEIL A €V MEE
MRV A Y 227> TWB T2, PEZY-SC2/SC3 A EVMAED A 5 15.6 (512725 Z L MR TE 5.

Convert OpenFOAM ® COO XA 5 CRS / CCS TEARANDEW. £ XA LAT Y TOBRYINI BRI, A€
VF—=RDIAE—, ROV —=bEKEL, AEBVEENF DMLY Zilko>TW5728, PEZY-SC2/SC3
AEVMEREDLLN S 15.6 512722 Z e BIRFTE 5.

Comm. PEZY-SC2 & & A b CPU MDD F — Xz kL. PEZY-SC3 & CPU M DHE%EE X A T ARERIZHK
F350, ZHIZBELU TRERTIERED D, PEZY-SC2 %L < 10512252 L

Other £ A N COBFIMBILX I — 2 VEBH DA —N—~w REELSKDS. H— 2 VEHEZ I3 PEZY-
SC2EHELLL N BEEZXTI0MBELE

43 EBRER

ZNZNDOMBIZE T S 50 XA LAT v TRKOMERH Z X 112, 50 21 LA T v T2EKIZBIF 5 PCG /
PBIiCG D KM & & 312759,

Mesh 3M OREIZEWT, TFORERVIEFSNT

o MFAEIZ & 2 EBNEF O TREREAD 22553, FURTLEIZ BT % PEZY-SC2 O KRR 3 % AN
DA E o 7=,

o (B) ® Diagonal I (A) HTLEL L U & IR TREFIBDIEZ, ZOMETIEAERTEARW.

o IC / ILU BALEE DR EER RAGER 2@ <, KEREATY 85 % WA

« PEZY-SC2 OHILELE U TId Schulz IEWHERIT, BRI 35 % 4

e PEZY-SC2 & (A) 2B W T, CPU QMR %Z 1 £ L7z& &, Kernel / Convert / Comm. / Other O IRf[H
BZNEN0.89 / 0.31 / 0.18 / 0.00 T, LARD IR L 1.47.

e PEZY-SC3 & (A) I2HBWT, CPU QMR %Z 1 & L7z & &, Kernel / Convert / Comm. / Other D IRF[H]
MENEN0.06 /0.02 /0.18 / 0.10 T, LA MBLIFREIZ 0.35.

. CPU THE 7 (D) ¥ PEZY-SC3 Tikh iili7 (C) 21~ 5 &, PEZY-SC3 & CPU 0 1.08 {5 R,

Mesh 24M ORIEEIZE T, L TOFEENE SN :

o WiSMbIZ & BEHFNER OE N TREREAA R 25, HUBILHIZES )5 PEZY-SC2 O KEREIE 1 % AN
DFEIZINE > 72,

o (B) ® Diagonal I (A) HTLEL L U & IR TREFIBDIEZ, ZOMETIEAERTEARW.

o IC / ILU BALEE DY R SGER AT ITE <, KEREDH 79 % .

o PEZY-SC2 OFLEL YL U Tl Schulz IENERNT, KAEREHH 36 % Jh
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1 Other EZZJ Comm. [ Convert EZZZZE] Kernel
2500 :

2000 PR

=
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o

o
I

1000 SRR Ps%e %% %% %% IETITEIEIIR TR TR IRy

Time [sec.]

500 IEURINY S10.00 r0or v s FITTUTID PN IRRe

(A) (B) (C) (D) (A) (B) (C) (D) (A) (B) (C) (D)
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CPU PEZY-SC2 PEZY-SC3

Fig. 1 The Total Elapsed Time of 50 Time steps ( up: Mesh_3M, bottom: Mesh_24M).
(A): None / None, (B): Diagonal / Diagonal, (C): Schulz / None, (D): IC / ILU.

o PEZY-SC2 % (A) IZBWT, CPU DMK %Z 1 &£ L7z& &, Kernel / Convert / Comm. / Other D
MRENEN1.09 /0.13 / 0.11 / 0.03 T, 2ARDMILR;MH X 1.36.

o PEZY-SC3 & (A) IZBWT, CPU OMMKF#]%Z 1 & L7z & &, Kernel / Convert / Comm. / Other DHffH
MNENZ00.07 /0.01 /0.11 / 0.03 T, ROMIEHIE 0.22.

e Mesh 3M IERZ b1 AKTHNIEF Y vy a2 AEVIZHINTE /2D, Mesh 24M Tl TE W72 Kernel

DILIRRE T A K.
o CPU Tl E#H % (D) & PEZY-SC3 Thb @7 (C) 2R 2% &, PEZY-SC3 1& CPU D 0.55 £ DRFfH].

5. FEHEER
AEFE T, B —IRGEADYNVNT AT Y pzSolverLA k¥, &k X—A L L7z PEZY-SC ¥V —X

M} OpenFOAM DBE¥E - MEREFTAM % 47 - 7z.
2019 FEIZV Y —AFETH 5 PEZY-SC3 1%, F5KEE E— 2 MHE 19.7 TFlops, # €Y /N> NiE 1200 GB/s 12
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5. ZHIX PEZY-SC2 & EERY —ZWEEEDS 7.1 1%, AT VNNV RiEDLH 15.6 f5T SR READ VL
NI RBERHATHIGER XY MVEIR O KiERMEEN EARIAD S, £ TH4 I PEZY—SC2 D FBRAE R & S
IZ PEZY-SC3 OMERERIES D 247\, PEZY-SC3 2B WA 2175 Z & DERMEER L.
A=—a77aty ¥ TlE, OpenFOAM DNiF L DHE L N7 AR G IEPRTEE D LI E S L 2 5. Z
KL, WHMEDH B CRS | CCS ERANR Y VADIFOH UIFIZT S 2 & T, WHMEOEWEER Y VA%
FHU 7z, WFHIMEAOEE L W IC / ILU BiALE I Schulz X AINV (p) #E%2 5T 5 Z LT, WFIMEZMHAEL D
DEMEDENRENDHEHMEE FoD 5 Z & % ikATz.

%72, PEZY-SC ¥V — X[} OpenFOAM 1%, OpenFOAM iZ PEZY-SC ¥V —XHD Y L AZEMU7ZE
DIZHR>TWB28H, B NAGERETHIEIIERD OpenFOAM L IZIZFFRDIE THRETE /-,
EEROFEERNS, UTFDZ bl

o PEZY-SC2 & Kernel 721} T T 10X CPU & [[AFEE 7228, Convert, Comm., Other 7 ¥ 23FH KT CPU O
1.3 55 1.5 fEORHD D 5.

o PEZY-SC3 I3 PEZY-SC2 TARKDH 60 7*5 80 % % fith % Kernel DIfE &, #7110 205 21 % DI % i
% Convert 2 A TV MEEDHM EIZL D 15.6 50 EE/ALRAD S 728, CPU D 355 5 f5EHK.

o MY A AWK ETNILHBERMOSEHEASRBRITTHENRENWZ 2, KERBPRL BB RIS,
Convert ¥ Other @ I A F BSFAXFNIZINE <72 D, PEZY-SC3 T 5 5D E#E LR85 Nz,

o MY A XDUNE L, Dl KERETICR S 2 8 Tk Comm. X Convert DRSS 2 LD, KEW
YA XOMBEL LR TEBEAEI/NE K SEREOEERICHEE 5.

BILER 72 U T O IR A & PEZY-SC3 1%, WFIMED & 2 Gl T HAUXREY 1 X2 U T 2.8 500 5 4.5 52
JE D EE LR S Nz, IR DM HIME LRI DNV = RA T TH B Z 2 h 6, BRAETRVEE
ThNIX, SRIOFERLFAREOEEMNRIFBONDILEZONS.

INSDFERNS, SHEHTMIEZR Y OEELEP L TWL Z 225D, PEZY-SC3 13 AKHBE 2 BUEMHT 125 L
THHTH B Z eI T,

S & 0 BRI KRR EIOIE T 272D DFEEEZED TV BENRH S EZ TS, Schulz
%% Jacobi EARMEMIE L Uz AMGIE®, SAVFHT—F—XV) VT %L 1C | ILUEDFEEEZEZEZ TV

0 KIFBREEAOMM & WO EE T, MPILIZ& 2 a2 NidbDEEETS FETH 5. MmﬁWb
=Bz MPI @ 7ok A oi#fE 2, CPU & PEZY-SC2 D@ EA2 A — -5y FUCRKTE5DT, X
55 EENRAD D EEZ TS

&3
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