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3.HARAR

[1]1 OpenACC [Z& % GPU+FPGA BETRAT SISV I7L—LT—Y (#)
OpenACC [TITHFEFEH SN TW5 GPU b & L7zBEINEEED Y0 77 20 7%, )L
F CPU 28T % OpenMP D X 912, BIR T 1 7T LAk ~_—R|T A7 T directive

(FER30) ZHAT H 2 & Tar A INEENEHT NA AHO T —R Vv a— REART 5
£ 91T L, incremental (270 7T A EdE L AIREARSFET L— AU —2 ThH D, BURTIE
B OpenACC =1 734 F(xF L LT NVIDIA #:# GPU [f]i} T, FPGA X% L4560
IFFEL R, 272, GPU i FPGA I, TNENRRTe Ny 72y Rav (5
ERNTT w7 T I 727> T0DDORBIRTH D,

—J7, F AL Cygnus #7° 7 v b7+ — A5 L3 %5 CHARM(Cooperative Heterogeneous
Acceleration with Reconfigurable Multidevices, F4# /& AJ 6E 72 %E%’EA?'A@ LNET S A R
X o EMRER B OIFE D —Br & LT, BEOME O R A EEINEERE, +/2bb GPU &
FPGA & fi—HIC T 0 7T IV T RRER Y AT LOBFEEZRT THY, ZOSE7 L—LY
— 7 % CAMP (Cooperative Acceleration by Multi-device Programming) & F:A T\ 5, BIED
CAMP O % —4 » ~Z OpenACC T GPU & FPGA OfiT 2 &5 L— X & H—~DF 175 I
MCTT 7 BATEDLEICTTHILET, 120D O0penACC N—AD Y —Aa— RKfTr s
7~ directive ICX S TEDHBEEDT /87 L—FIZA 70— RTL0ERETHZ
£ T, CHARM M DOFETa—RE T ¥ A4 AV AT AEEBT 5, LoL, FPGA HOR
@ OpenACC = /XA ZIFBUR TIFAETE L7228, K[E ORNL (Oak Ridge National
Laboratory)® FTG (Future Technology Group)’ B Z D TWAIFEH 2 "4 T TH S
OpenARC Z W%, [F] 7 /v—7 & OEEILFEAFZEIZ L D OpenACC [\l D CAMP % 9
D N7 A L—% T %D MHOAT (Multi-Hybrid OpenACC Translater)Z Fi%H CTh 5, X 11
MHOAT DB DR % 73,

OpenACC Omni Compiler Infrastrqt_:tu_rg OpenACC
(© An OpenACC program) , e \

/

et C cpp)—» Front J MHOAT <—> gpu.c

[ - End > L
tasks on FPGA

o Ty

fpga.c

XcodeML

1 MHOAT OLF 7 1 —
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MHOAT (2 & - T FPGA & GPU &9 2 O T A ZAHIZ/3BfE S 4172 OpenACC =21 —
N, oy 7 x> Ka 314 Z (GPU: PGI Compiler, FPGA: OpenARC) (2L~ T
FTV 2 NBERSI, BEMIZ g iZL DY T ERT, 1 DORANT BT T AND
FPGA & GPU OET NA A D —F T 0 VT N RE e A7 Y =7 NRERT 5,

2019 = OHFETIL, GPU TITAIEHE  (matrix-matrix multiply) 47V, & OfERARK S
NIATHN EAREATH & 3 B8N, — Ik F RO RS FPGA ET CGIETITH Lo T A b
21— R% MHOAT |Z L > CHLEE L, PGICompiler & OpenARC % Z 1L ZAUFEFON L T4k %
HEET DN A RETH D Z & 2R LT, 2020 FEOMFFETIL, MHOAT % X 0 & 25
MW7 a7 MZERAEEL T 570, 7a b ¥ A T TRIEE o> T2 < DO REIC
AT, EER%EIL, FPGAICA 70— RENDHHEDITHONWT, TOFEFa—Fa#E
TIALZ EMTET, A7 — RDO7Dd directive ("#pragma acc kernels" %) DEZIZ,
o — REFA LA -4 — BEE, ZOMBO T CEBEONHE 2 EL LERH 722
L, BEERNTUTRED Ny X% include L2 ITHIXWT o722 EETHD, ZNHD
FHRNL, FPGA Oy 72 Ray g 7 & LTHWTWS OpenARC DAE Y DORJEET,
a—Yra I AOa— KX C SiEROICk L, £InbAKSi15 OpenCL (Intel #:0
FPGA H DO @A A AL S 7B OpenCL MEHETH 5H) 71 77 AT CHHZHEILL T D L)
BHE R EZ Ffo TS Z &Ik b, ZOREIZ ORNL O 7 —7 LifaE L T 523, fif
RPN CBAE S RFIT TH D,

Fio, REEECOMBELRT A Na— RNz, KEW7R7 7Y r—yara— Rextg
LT D720, Ko —OFIHWHEEIITEEN « M BdZ o 7 v —7 LR THIE L TV D
CHARM [\ OFHOMIRAK Y 2 2 L — 3 > 22— F ARGOT DBAl % # > TV 5, ARGOT
IARWFFEE I O/ MR A ol & T HF%EI2 L D, CHARM (2 X% GPU & FPGA DFLAH
bEIZLY, HKRKT GPU OAHDFHEICHS 17 5L OEmdbnN e TH D Z EAREINT
W5, 2T, MHOAT TZOa— KRB a XA )L TX, ZTOa— RR+37eh3 CHEATH
RE L 7ehE CHARM =t NOFINEEZ RS EERG & 725, AR S B ERMGE+H CH
Do

2020 FFEORAE L LT, MHOAT (2B % & &ef) 5 & [EFR 233 HLPP2020 (23T
RE LR, £72, TOEARL D% 2019 4FEITHERAHEER N A RT p—< A2
YV a—T 4 Y TRRICB VD TIER LR B, 2020 4 O HAH -2 CS
B E AR5 S Tz,

2] "% 7 7V 4 —3 3 v City-LES ® GPU A} &@#{t. (Fh)

GPU & FPGA Ot &SIz K AEBEMED T 7V r—rarn—o& LT, Ko ¥—HiER
BREERFZEE M 0 B TR 7V — 7 THRETOH KL ET VY I 2 L— 3 City-LES O
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GPU L& #EDH TN D, 2019 FEE TOAT, ZIETCUDA THELTE/Ia— a4
IHIIIZ OpenACC AL L, 5% D OpenACC IZ LD —M7 07T I v 7 ~OHE(a D, Hifl
RNV FIRRRIC D iR 2 — R 2 FE & T 58557185V T Cygnus Tk 32 7 — R (128GPU,
NVIDIA Tesla V100) % W Ch#E b L, weak scaling (235 C CPU DA DA DK 9 D1k
HE, strong scaling (2T HHKI 6 [FOMRED G HIL TV,

2020 FEOWIETIX, TOMEE S HIZH ESt, 5% 2 E COEMBRET L

(e U, HiFERA7e L) Cidel, BHE08Y, A, & HICKBEOBENIIE S K5

WDOBEN K LT, 724872 City-LES D 7 LEF L% GPU {b§ BF5E %17 > 7=, WEAEEED
MFERRFIZ L W, CUDA TiE72< OpenACC OATitak LTH, 4 72< &% NVIDIA Tesla
V100 GPU TIHEEIZIZE A CIR T LW L &, FEED I —F 08 CPU M6 K & < )
ELTWARWEATYH, ZOW—F)L% CPU I Z & T CPU * GPU [H DT — & #nkHE ]
DIFBR Ny 7 &0, o THRMET 22N TEBY, ZOoare7 o
TCREMTT LD GPU (L&D -,

F3, EREOMZIZIHE N TOED CUDA I —F I BEAERE SN TWZDOT, ThEELE
IZ OpenACC {b L7z, =D ET, HHE2 @GS ST 5728, M A v > = OFHE ) HL
EFET AT 2 KBEOHTRESTE ST b 0% 5 WIEEOR 4L L, Zihva: GPU{LLT,
9% BAEIE advection & IFIEI D I — VT, F ORI — T HEE T HM T,
OpenACC IZ £ % GPUARIZIEFIZ 5 F < %bies L7z, #idk & LT, advection 7 —R/L D GPU 32
1TPEREIX CPU F24E1T < 20.6 5@ b S av7-, ZHNE, Cygnus @ 1/ — K ET 4 50D MPI
TR ELETITo7e, CPURMIL/ — R ED 24 D27 % MPL 7' r& ZITHESEIL,
Tt AN 6 ALy RTHEIT L, GPU RIEES MPI 71k &2 GPU % 1 D9 2% Y4
iz, fo T, ZOERERM FiE Cygnus TRI—D U Y —2 GFE ) — R) &AW 5A10580
NORERTH D, MBI EORERAK 2 (F) 13T, fRIT 200 7 A LAT v T ORI R
BT DFTEREHTH D,

w
B
=

70 68.08 300
60 250
£ 50 x20.6 = 200
= 40 & x0.74
.,: th 150
# 30 106.57
20 108 x12.9
10 3.31 50
0 — 6.07
CPURSF GPUR(T 0 Sy

CPUX{T (A)GPUEAT (B)GPUZEST
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2 (%) advection 1 —x/L®D GPU fbiz L B MREM £, (47) surface driver 77 —R/L D
GPU fkiIZ L o MEsEm E (Y AN LHEER L, HIIALHRG Y 07 —#I12 L D)

W, KEEXOBENIfES LA N — U T EZ G 1 — %V T 5 surface driver D
GPU b ZAT o7z, T DI —FR N DIEA N —T TSI ~D reduction LB FEAT 5728, /v
— I BRI A T — B85 ik T, T OMBMK T & [B5EE L 72 (7235 OpenACC 2.7 LARET
X redcution DXfER E L CEANZRZ D LT o72720, ZOLTRIIAREI IR oT2) , &5H
2, V=TT — ZARGEEN B EET D720, ZOESIIR0Te 2159 B IRFELT directive
("!'Sacc loop seq") ZEH W, FEROIEL S ZHRIEL TS, ZNHEEE X TGPULE T T
fEA, ANLHEBAEZ B RE L72\7 — % Tl GPU JROPEREIE CPU RO 6.07 512 mdifb S 47z,
—J, NLHEEAEZE L7=7 —# TlX, GPU ROVEREIL CPU WD 0.74 {5 & 720, BHEMK
TLTLE-7 (K2 (F) ) . L»nL, GPURRA CPU MLE D b0 LERENMRWEA T,
ZDI—F)N% CPU TR LT R - TT —H Rk A — S~y REFHOTHREN HHRT 5
EWVD T — REREEEICLRER L TE Y, surface driver THZDYE DT — X ik e 2
ELTRER, TAEY I — L O FATRR 2@ SRR 2 R (200 FIORRI KR C GPU 5
TR O 2 500 L, X2 (F2) DIREESY) Bhhnd ZERbhotz, (- T, WTFhoHA
Tt GPU TH—RVZFEITL, TORIED GPU LOA—F /L E DM TGPU AEY ZIH L
T2 EEDOHVPREMIRIERRDREmN T LR b o T,

Pl E®D GPU L D#ER, City-LES 2K TOME R Li%, CPU OAHDEITIZEE, advection
K ¥ surface_driver 2 CPU [iZF% L7254 Tl 149 (FICH ED M, i —xv &6 GPU L L
AT 43 FICEEILEND Z EBNbh o, ThbOMERER LA 3 1Rd (g
J1—F V% CPU 2 L7=8A, Auide % GPUALLHA) o AFEOHFIER R I E R
ik ISPDC2020 123 W THERG Efmst & L TREI NI,

1200

1092.69

3 City-LES OFEE T V%I = — ROFESR GPU (kiZ L S %REM |
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[3] ZREHEZFRAWHEF=RT FFT ICE T 55EEBEOA—N—F vy 7O F1—=
vy (&R

=3 Fourier Z2°#4 (fast Fourier transform. UL F FFT) 1%, B EFEIZB W TS HILL A
WHENTWAET VT Y AATHDH, WWH =5t FFT IZBWTiX, =20kt (x. yB XUz
i) 9 HbD—2DWITLDIH (Fl 21Xz DFHZ 0 EILIZ5E . 28l BT 27— # #3 MPI
T 2L EE R D ENH Y YA XITHKNEL D Z &1 D, T OREICTHL
T HhEE LT, ZRoemElE AW F =% ot FFT Mg 3 Tnd, L L, OpenMP
IZEDBEAL Y REEALLHELBEOA— =T v 7% H7 ZReHENC X 5005
“IRITCFFT O BB F 2 —= ZITELEREZIN TRV ODRBIRTH 5,

ZZ T, RIS E R WS IR FRT ICBI DREE L BE D04 — =T v 7 & HE)
Fa—=2 7 UMERERHE 21T o 72fii RICHOW TR~ S,

T—HEN%ZN=N; XNy, X Ny&e L, MPI 7B ANRPXQD _IRTIZ~vv LT Ihb &
T2, PXQEAD MPI 7' A ZFFO55 AT Y ANFIFHEME TIX, =Rtk x(Ny, Ny, Ns)
X 23F H DONIRTT & = H ONIRITITI > THE S LD, Ny B3P THEID B3, N3 b Q THI Y 4]
DA, Ny X (Ny/P) X (N3 /QEDT — %34 MPL 7't 220 &b, X41%, ylihe
Z DY T — 2 2 IR E L7265 =R T FFT R LT\ 5,

z\

1. FFTs in x-axis 2. FFTs in y-axis 3. FFTs in z-axis

-\

%

E——

X X

X 4 —Roesyy Bz T34 o5 =k ot FFT

FHR L IEE DA — =T v 71T, MPI FERBNEE DA DTV S A3, OpenMP (2 &
LHIBEAL Y REEALLEHELBEOA— =T v T RENERINLTWDL D, vk
Az,

SIE AT T4 MeSNTEHEEBEOS— =T v T E R LTS K SIZHNT,
NDIV (3FHR L BEDOA— =T v T OB TH 5,
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Without
overlap

Overlap
(NDIV=2)

Overlap
(NDIV=4)

S5 AT T4 ML ENTEHAE L BEOS— =T v

ZWoesrEE WA =R FFT OFFRE L BEROA— =T v T2 HE)F 2 —=
I AFEERET D, HEIF 2 —=0 73350 AT v 7 THERSN TS, (1)MPI 71
TAZ7 Uy K (PxQ) OFER, (2) FHELBEDOA——TF v 7O EENDIV DR, (3)
7y 7 A X NB OEIR,

EH . MPI 702 ADRMMP x QL2 LI 7PEQIZP ~ Q = \[PQL 72D K D ITEIRT
%, PLQDOETOMABEDLEEZMRET L & T, KilRPLQOMAGLEEMRDHZ LN T
X5, MPI 70t REP X QN 2 ODREXFEOLHAE, PLQDOETOMAELEEFLE LT
b, PEHRZEMITog,(PQ) +1& 725,

Flo, FRLBEDOT—N=T v TOREREEOT L A—N"—=TF v TR EmL< LD,
—FHT, Ave—UV A a2/ TDHE, EREBEEOHRENMET T2, ZoL5Ic, &
—N—T o TRE LI EWBEOHUREIL N L — FET7OBRIZH D,

4V 2F V@ FFTE 7.lalpha D7 7 4/ kDA —3—F T /X5 A—H[INDIV=4 ThH 5,
LRIOFEIETIT, A—"—TF v T /XT A= NDIV % 1, 2, 4, 8, 16 DM TEILIE T 5D,

ZF VU PF)L® FFTE 7.lalpha DF 7 /0 b DT 0 v F 2 785 A—Z X NB=32 Th 5, K
W7 a7 YA RIS A ZURAFET DR B 508, 71y 7% 4 X NB &S
HHZENTED, AEIOEETIE, NB % 8, 16, 32, 64 DM TELIET N5,

PERERFAMIZ & 7= > Tl%, FFTE 7.1alpha (A —/3—3F » 772 L) | FFTE 7.lalpha (4 —/3—3
v 7%, NDIV=4) . FFTE 7.1alpha (ZHE)F = —=27 (AT) #1T->7=b D, BL O FFTW
3.3.9 EMEREA R U2, HIEICES L Cid, weak scaling & strong scaling (Z331F % R RER] &
WE LTz, 7236, FFT OFRIIEBEERETITV., —ABRBOT =713 60 LHED
BELLTWD, ANWEHATIERCUT—Z458A M L7, FFTW TlX, ” measure” planner
ZEH L7z, Xeon Phi 7 7 2% & LT, fdedindklF HPC Ffiak (JCAHPC) IZRRE ST
V% Oakforest-PACS (8208 /— ) ™ 1~2048 / — N& /=, 2227341 J X FFTE IZxf L
ClX Intel Fortran Compiler version 19.0.5.281 %, FFTW [Zx] L Ti% Intel C Compiler version
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19.0.5281 ZH\\ =, 22/ v A7 3 2 13-03 -xMIC-AVX512 -qopenmp % #57E L 72, MPI
74 77 V% Intel MPI 2019.5.281 Z 72, 4%/ — R& 720 O MPI 7'u & 250% 4, 4 MPI
Tk AHIEY DALy FEUL 1T ICRGE L, BREZE KMP_AFFINITY=balanced % &% /& L T
flat/quadrant “€— N C MCDRAM O #4 % AW THEIT L7z, N=2m FFT @ GFlops fiix
5Nlog, NX YV HEHLTW5,

A% =¥ 5T FFT @ weak scaling P£AE (N = 256 x 512 X 512 XMPI 7’1 & 2%%) %X 6 (2R~
T, K6 IR T LI, BEfF 2 —=27 %M\ FFTE 7.l1alpha N bEHE TH D Z L35
Mo,

100000
10000
» 1000
Q.
o
w
O 100
10
1
1 2 4 8 16 32 64 128 256 512 1024 2048 4096 8192
Number of MPI processes
——FFTE 7.1alpha (without overlap) ——FFTE 7.1alpha (with overlap, NDIV=4)
FFTE 7.1alpha with AT -—FFTE 3.3.9

6 5 =¥ JT FFT @ weak scaling 52 (N = 256 x 512 x 512 XxMPI ' & & 2 %{)

10000
1000
g
= 100
U]
10
1
1 2 4 8 16 32 64 128 256 512 1024 2048 4096 8192
Number of MPI processes
——FFTE 7.1alpha (without overlap) ——FFTE 7.1alpha (with overlap, NDIV=4)
~—FFTE 7.1alpha with AT -FFTW 3.3.9

7 A =¥ It FFT @ strong scaling 4£#E (N = 256 X 512 x 512)
AP =¥k 5t FFT @ strong scaling PEE (N = 256 x 512 X 512) %#[X 7 (23, X 7 155500

HE9IZ, MPI 7't A8 256 BLO 512 ORExRE, HEIF 2 —= 27 % v/ FFTE
7.1alpha I% FFTE 7.1alpha (47— —Z v 772 L) LV H@E#ETH D,
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[4] Intel AVX-512IFMA 653 Z FHLN=#E 3D Montgomery REDEEIL (BiB)

Fe FRI R E TG A S R EO B TIAS HNWONTWAHEFED —2ThH 5,
Montgomery 5 % 5 Z & CTRE] O DA Z FZEMIATH Z &<, TR, IEE RS
LTV 7 MNEROATREFERIREFAZIT) LN TE LT ENMHLATVD, Intel Advanced
Vector Extensions 512 (Intel AVX-512) [X512 By hOXZ hvmaty NTHDH, X7 hb
4 % 5 Montgomery H 7 /L2 Y X AKX, Intel AVX-512IFMA (Integer Fused Multiply-
Add) AW mdE e “REREESERE SN TS, B Montgomery FefIZ DWW T,
Intel Streaming SIMD Extensions 2 (Intel SSE2) 45 % 252450 Cell 7' mk v HIZBIT 5
FIEPRRE SN TV D23, Intel AVX-512IFMA i 2 VW72 F2281 300 H L Tuvieuy,

Montgomery FHEITMFHEE Ey ML EOBEEICK L TITh o203, ABZETIL 52 B v b
UTOSHEZEX D, ZOXIREy NMIUTHT 52D Montgomery #HIL, L 2T —&
3 Fourier Z8#2 (FFT) 743U XATHOHLA TS,

Algorithm 1 %1 Montgomery R )L T XL\
Input: A, B, N suchthat 0 < A,B< N, 8> N, ged(8,N)=1, p=—-N"! mod 3
Output: C =ABS'mod N suchthat 0 < C < N

1: C+— ABmod j3
2: q + pC mod
3
i

3: C+ |AB/B| + |gN/B]
4: if ¢ # 0 then

: C+C+1

6: if C > N then

7. C+«C-N

8 return C.

Intel AVX-512IFMA fi5E v ME, 52 By NOfMFE72 LEEOFERRZIT\V, 104 B> hO
HRFERO T L B2 2 EAERT % vpmadds2lug 3 & OF vpmadd52hug iy & AR
—F;T2, INHDO TN E EENIT64E Y FOT Fa b —Z IMAE SIS, Algorithm 1
(ZAEIE Montgomery FH 7 /L= U XL %Z/R9, Montgomery HED AT R85 52 vy R
TOEA . Intel AVX-512IFMA 45 &2 V5 & Algorithm 1 (IZBW TR =252 952 LN TE
%, Algorithm 1 @ 14THIZHWT, ABZBTHI-> 724V 1% vpmadd52lug 5 &2 W CTABD
fLs52 By hELTHET D, 21THIZHBNT, uC%EBTHEI- 7240 1% vpmadd52luq 4 % H
WTuCH FAL 52 By hELTEHET D, 3 THIZBWT, ABEgND EAL 52 © v b ik
vpmadd52huq 5 2= HWCHE T 5,4 1T7H & SITHIZE T 5q # 0D5E OSMAT E 5 C +
1T, /AMETEA & B o7 LEHEq L COMBEC + min (¢, D) TEEMBZ DI ENTEDH, 20
B/ M Fomin (g, 1)1E, vpminuq 5% HWTIT 9, Algorithm 1| @ 6 7TH & 717 H DS
ERWEL., HERLERDOT v 7770 REHWD & vpminug B &2 HWTETTHZ &
MWTED,
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Intel AVX-512 fLAGAABIE A V727 b E Tz 52 By MEEL DO %D Montgomery
FHEZK 8 IR T, 207 a7 7 AT, Intel AVX-512 # ZiA 7 B % mm512
madd52lo_epu64(). mm512 madd52hi_epu64(). I X ' mm512 min_epu6d() L. T Z i
vpmadd52luq, vpmadd52huq., #5 X O vpminuq Sk LTCWD, 207w 7T AL, X7

RV VLEN 23 8 THEID B 5 L{RE L TW5, & L VLEN 28 8 THIV e id, R
N—TEFATT DREND D,

#include <stdint.h>
#include <immintrin.h>

void vmulmod52(uint64_t #*c, uint64_t *a, uint64_t *b, uint64_t *N, uint64_t *mu)
/* cl[:] = (al:] = b[:] * 2°-52) mod N[:]. =/
We need mu[:] = -N[:]1"-1 mod 2°52. */
{
__m512i q, t;
int i;
for (i = 0; i < VLEN; i += 8) {

t = _mm512_madd52lo_epub4 (_mm512_setl_epi64(0), _mm512_load_epib4(&al[il),
_mm512_load_epi64(&b[il));

q = _mm512_madd521o_epub4(_mm512_seti_epi64(0), t, _mm512_load_epi64(&mulil));

t = _mm512_madd52hi_epu64(_mm512_min_epu64(q, _mm512_setl_epibd(1)), q,
_mm512_load_epi64(&N[il));

t = _mm512_madd52hi_epub4(t, _mm512_load_epi64(&al[il), _mm512_load_epi64(&b[il));

_mm512_store_epi64(&c[i], _mm512_min_epu64(t, _mm512_sub_epi64(t,
_mm512_load_epi64(&N[il))));

8 Intel AVX-512 AL I A W=7 hLfbENT- 52 By MNEE OB D

Montgomery

7

6 .
L5 o e ey
2 g
= .
>
B3
E
=2

1

0

64 128 256 512 1024
Batch size

-=—Intel 64 63-bit —=—AVX-512F 62-bit -AVX-512IFMA 52-bit

9 XFEIF Sty bEAWZEED Montgomery FH DOMERE

— 163 —



FRKE SHEREHAREU 2 — SHN_FE EXBEE

PEREFEAMIC & 72 > TiX, Intel AVX-512IFMA fin 5 & W 25 52 £~ |~ Montgomery 3
. Intel AVX-512F (Foundation) 45 & V72848 62 £~ |~ Montgomery 5, 35 X U Intel
64 4y & FH\W 28845 63 v b Montgomery FeH OVERED Ll 217 - 72,

Montgomery H#C = ABS~' mod NOFHRIZEBW T, NIZ1H 5252 — 1DFiPH D a4 D ELEK
THO, ALBIE, 0<A, B NOHFAOEEKTHD, Ny T A X% 64 15 1024 128 S
T Montgomery 35 4 100 SEIFAT L, £ OFEORMIFH NS 1 # & 72 U O Montgomery
FeHi[E % (Mulmod x 10%/s) ZHH L7,

FEfEREE & LC, Intel Core i3-8121U @ 1 227, 1 AL v REHWZ, 222731 T (X Intel C
compiler 190.5.281 & V>, =2 /3A LA 7 3 1T ice -O3 -xCANNONLAKE % v 7=,

Intel 64, Intel AVX-512F, 1 J (N Intel AVX-512IFMA 45 % F N 72 8%k Montgomery Fe 8
DOPEREZ X 9 12T, X9 MEH /Ny FH A XMW 128 DA, Intel AVX-512IFMA % V72
R L7-928013. Intel Core i3-8121U 7'1 & v H{ZF\\ T Intel 64 35 K Y Intel AVX-512F fin i3 &
MW=L L i LT, 22 1222 5B KO 430 f5mdl TH D Z L 3D,

[5] /—FA—ANLRL—DZFRYT S NWPI-10 DR (BER)

MPIL-IO |& HPC 7 7'V r—3 a IR W THRERICRI S 23680 1/0 A 4 —7 = — A
Th o, WHZTaEZAN60WH VO ICHWOND, —J7, W7 7 ANV AT LT HT
IR AVERRIZT 78 AR =KV EDY | FRCIKFIHESN D H—IF 7 7 1L (single
shared file) /3% —> CIIMEREME T T2 2 &NmbN TV, H—3tF 7 7 A g — L
X, WA T B BEARNE—DT 7 A )VICT 7 BATHNRE =0 Thbh, KFETIE, ZOH—
HETFANNRE =BT, /=R —H LA ML=V ZEHLTA L —JH R 6]
ET B0 EIT .,

J—FRa—A LA ML —1%, BB —RFoa—L A RNL—UThd, YVa 7REAS
o, R — RPRESTHN, Pa 7OFETRHBL TR TIH2ETCLMFATLZ &
ILTER, ZRET, =B LA ML —UL, FutRE7 7 A/ (file per process) /3%
—Zxt L, HiffiZe write back cache & L CHIH SN2 BixH 5, Fio, H—F 77 A LT
F. R — RO =BV A ML=V RO SND T Ry 7087 7 AV AT AT
& % BurstFS, BeeOND, Gfarm/BB, GekkoFS % W23 d %, 7272 L, BeeOND <° GekkoFS
MEARNTAC LTI DBEEDL 77 ANV AT ATIIEAAMREEZHE VR EIED
Z LI TERYY, BurstFS [T FIEARCEHL LT 7 7 A VT AT A TH Y | FHAMERE 2 Btk
\IZLCTW5, Gfarm/BB Tlix, BE—3LHF7 7 A Md 1/ — R EN 1A r—7 ) 7
4 DOREND 5, AHFIETIE, 25 DORMBEIZH L MPI-IO B TOfERZX Y . NS-MPI Dk
RETH>HDTH D, Glarm/BB X, 7 7 A MERRKIZHOWTIL — Fr— VA L —UICHE
BEIIADRMEZFE-STWD, 2070, 7atRXE7 74 VOGAEITIET I EVERE 2 58
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HET5, —FH T, B—HET 7 A NVDOERIFT 7 A NVESEI LWz eT ot ARE—T
TANET JRATHZ L LRV MEREMET T 5, ZORMEZFIH L, NS-MPLIZBWT Y 7
ANYENEITH LT, B 77 A N~DT V2 RIZK L, Tt RE77ANLDT
TAMREE FERT DL L2 BT

ZNEREBT 5725 NS-MPI Tl sparse segments & WO F LW T 7 A /L7 —~ v h &2
%272, Sparse segments |X, H—HEF 77 A NLEDEILT-HDTHY, EILIZT 74X
AN—=RAT 7 ANEIRSTND, AN—RAT 7 ANEE, T—F 2 EZALEHEBICITT —
APFAEL, EBEIAATWRNWE Z AN (hole) EPMHENLHIKE D7 7 AL THD, K
DGy i r AT L 0 Rl Z & 0D, A=A T 7 AL TEROMIIIRFFS NN
DA —VHBEIHIKI SIS, NS-MPL Tld, B—F7 7 A L~DT7 7R L, £7
2 A73 sparse segments 7 A —~ Y DT 7 A ) ELTT 7 AT L, FEARITOWTIE,
KT BEADEHDAN=RAT 7 A N~DEARLI2DTO, TR ET 74 L ~DEA
Fr L RREDOVERBZ BT 5 Z LRATRE L 0 D, FLARITOWVWTIE, EDANR—=RAT 7 A /LT
HEEIAENTDIRD ZEPRE LR LD, FALRICEZIAALLETHHZEH L TBE, £
DT =2 HEANDZ LI VRS, b ORFHIESEZ NS-MPI OEIEEZITV, HTK
® TSUBAME3.0 A —/ 321 2 —Z (2 LV il 21T - 7=,

80 100
70 90
) = 80
0 @ 70
250 9, 60
5 40 £ 50
=30 = 40
- 2 30
o 20 8 20 /
10 10 —;
0 e ! 0 &=
0 20 40 60 80 0 20 40 60 80
Number of Nodes Number of Nodes
—+=Proposal =e=Lustre —+=BeeOND =e=Proposal =e=Lustre BeeOND
LES-IO VPIC-IO

10 LES-IO & VPIC-IO T8 5L F1E (NS-MPI) & Lustre, BeeOND & OPERE ELigt

7TV =g R F~v—27 ThD LES-IO & VPIC-IO [ZH ) 2Rl R4 X 10 127
T, ZORIE, FHE ) — FEEHBL L EDR ML —UMREA TR LTV 5, 1K BeeOND
FRAWEFETIE, R — RN L CHOMRIFIEITL L2 20, EFIETIERA 7 —
T T IATHERED M LTS Z &0 D, 728, Lustre [T/ — Re—H LA ML—U%
W EEEESN T s ANV AT A ET VAL EEOMRETH D,
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35 ] T T L 3 35 T T T T T
- bandwidth —e&— bandwidth —e—
] 30 linear ke 30 linear -
)
Q 25 =1 25 —
- 20 =1 20 5
©
= 15 . 15 F 1
3
10 = 10 -
c
S st . 5+ -
0 1 1 1 1 1 o 1 1 1 | 1
0o 1 2 4 8 10 01 2 4 8 10

7 — ¥ /— ¥k

(a) Write (b) Read

X 11 IOR I LD H—F T 7 4 L ~DEIA, FiAMERE

B 11IZ_yF~—2 IORICEIT HHE—H T 7 A L~DOEIA, FHAMEREZ TR, ZOMRE
S K2 D Cygnus A— "3 B a—H TIT o7z, FIARTZT TR <, FHABRIZON
THEtH/ — FEUTHH L CTHEREDN A L LTV D 2 & 23530 %, ARSI IEEE International
Workshop on High-Performance Storage 33 X O}, 6th IEEE International Conference on Data Science
and Systems (DSS)IZHB W THE LT -7,

[6] RFEART /) LT—2BITOHE (BE)

A BT ) NENTIIBREE Y T 7 E DI LT 7 ) AT T2 D TH D,
FeEDYT ) LOFEEPEE LW — AT L TOIIT R AR L 20D, v— 7 OB D
MElzky, 7205 —%, BT —FX—2AONEFOT —XENREZTW5H, Zhickb,
AEY &, MEEEOMBIZEY, | /— RCTOLENEHELL o TE T, ZORMEEMIT
LI, TNE T =) 7T —Z 208 U ColfEIT T 5 FIENREIN TN D, & 2 AN,
ST —FRXR—=2ADT—FZEOHIMMZ LY, BT —F X=X ZONWTHEHEITDH T &
WhipoTEl, AFETIE, 72V TF—F BT — 2 _X—XDOW FxnEIL, 58T —
SIRNTT D FIELRRET D, MT —Z&208T 52 L1080, 58T — 2T Lo R 0%
FHUERNEHE L 72 D03, ARIFFETIL Pwrake V—27 70—V AT A &H WA Z LI L0 Rk %
X7z, %72, Gfarm/BBIZ LY, /—RKua—H/L A KL — %8RI HWS Z & TR
BRFIC BN T, VO HRER A — "~y Rl bl &, HEMERNRA T — L3562 L%
~LTz,

— 166 —



FURKZ HAEREMRE S — SHZFE FRESE

800 1 ' | ' ' ' parall'el/ism ‘ %500
700 e EXEC/SeC _‘I i 4’000
600 3,500
£ 500 | | 13000
= 400 | 2,500 g
g Total Tasks: 12,690 4419.142, =
[« ¥ L seq
300 1 179 (nodes) x 4 (ppn) = 716 | |{ 2000
200 ] 1,500
100 [ |11 1,000
0 Aok _.IL wTr e o ) " " o L ‘\\V 0
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500

time (sec)

%] 12 TSUBAME3.0 |2 & % KHALELT O FAE

4 12 |2 T KD TSUBAME3.0 Z—/ 32 B2 —Z D 180 / — K& AU - KB ELT O
¥eZ 7, 1 /— RiL Gfarm/BB D A ¥ 7 — %% —/3, Pwrake 7V —727 70—V AT LDV AL
Y=L LTHWY, VD 179 / — RTHEZIT> TV, &/ — N2 GPU 2 4 b 57z
D, £/ —RTiE 4 7vtRE2ETLTNWD, ZOETOBRRIIR BRHEEZEHDTT 71 A
YR TRERAEZRLTWDN, FETRGENORHFTRERFE ) — RE 7o Tnd 2 &
Ny InD, 62GB DT —H_X—=2L T GB DY VT —HDAXYF ) LEHT% 180 / — KA
VVCHTALER, %R A B8 C 2 RS TIITT D Z ENARE CTh o 7o, ARHBUT TR % 2350
LR THRRDOAZT ) LM TH D, RERRIIFERUBEFPRHGEa L Ea—T g 7Y
AT D(ACSHT BN THR LTz,

[7] DI FANLNRTLRETY Y K- 95 FEIFICEET 528K (&)

SCEREL B DD DN N T =~ AL Ea—F (75 (HPCL) O
HPCI A FL—, FERIFEFT —ZWH AT LIJILDG DV AT LY 7 hy=T &L
THFAIHESN A Gfarm 7 7 A L AT AOWFSER 1T - 77,

BAEEENL, 7= A NVA— SBEREDEE L, A7V 27 PARL—UA ¥ —T = — ARG
AT T,

Gfarm 7 7 A VY AT KL, AZT—4, T3 ANT—ZPNELESNTEY, B [EEIC
DONTE T 2 AN —NCEVERT DI EDRARETH D, AXT—FIZONTE, vAHF
— AR T =B =N DOA VL =T AZ T =2 —"PNEHELTEY, vAF—AZT—
A= NICEEPREAE LR, §£A T4V —"0aIy a7 xHERL, xbHlLne
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%31y L TWAY— "R A=A X T =2 —NZHIKT 5H, —F, Gfarm 7 7 A
WYATBDIT AN AT LD U F—T = — AR L TND7eD, 77 ANV ZjEx &
F—T U LBTDEZENARETHY, 7 =A VA —"OFIKIC, BRI DEED 2 —F ) —
T 7 AMIEIABEITI R E, AT HEEMTbNT L JITEED A=Y a D77 AL
DERR SN T LE S MER D -7, AREBEL DD, 7=ANVF—NZEoTT 741
DA—=TREN KON TLEI D TH D, £DD, AL—THF—=NIKL, 77 AL
DA =T AREIZOWNWTHIHFREA LA T L L ICdfEZITo7c, ZHICTEY, T VA —
NPTONTH 7 7 A NA =T ORENBI EMRND LDy MBEEMRET L2 LN
T& 7,

AT NARNL—UA U H—T 2 —AZOWTIE, Society 5.0, IoT 7¢ & CEELEE )Y
LTWD, ZDIeD, T 777 NAZ U E—=RERoTNLT~Y =7 —E A (AWS)
IZBWTHWHATWD S3EMAD A F— T = — R TRIGT D72, BEREREE. RG22

1To7=,

Gfarm-S3
= £ testl

1
L O test2 test
PR Ka4XcKzocrUhmCAKnRZ M

Gfarm-53

¥
S— oLy b
o1 = user/group read  write
i
— . MYGROUP

OTHER

ERIEAIL GSI (grid-proxy-init) w%  useruser2user2) ()()

AR Tue Feb 16 09:50:33 2021
R

%] 13 Gfarm @ S3 A > X — 7 = — A|ZF T A & Bl i O 4

M 131283 A4 ¥ —T72—AE V570 OFHREHRZ/RT, ZIHIEA~Y— K742
SLFIHAREL o TS, £, a—HL LA 2T —Rickvu s (15, ZDi%, S3
Y= _OEENVEZITV, S3 Y —NDT Vv RMERT IV EAF—L—7 Ly M X —Z R
THZENTED, T3k —, I—T7ThETH N TE, ~FAORITHE
AREZATITDDXR=VDHITh D, RERIZOWTIE Gfarm V—72 2 3 v FITBW T
F L7,
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[8] CUDA 7 TV r—2avdDF v I Ra4 Y MCEATHHME (EA)

GPU (Graphics Processing Unit)id 6 & & & B I Z B OHFERLERT 27787 L
— X ThHoHN, WHEHRIZOHWL ZLnTE L7 I~ T 4 2lixaTnd, £D=
A RMRT =~ P ARENHROFGETHERH SN, 4L DARarTHRHASNA TN,
GPUIZK W 77V r—varpdmlfb SN TEn, ZoOfREE LTI KRB 3HR A21T
D&Y, ETRMIZD LARSRL2LAELZ N, ANary R EOP T AT ATl
Ha— PR CHAMS N AT D X 9ICT D12 DICETRMHIR N S 5, Z OFIRZE 2
5 XD BRETEATVIZDGAICE, B0 HETE L ICE TO®RFTT S r—vay
DIREEE 7 7 A NWVFIRGFT DT = v 7R A R EWIHIAEH S5,

CPU DR EWAT 7 7V r—varDOF = v 7 RA v MEIFITHLENTE D, REDW
72 BLCR ° DMTCP L\ o727 "o =TT 7V r—va vz IET 52 L7 F=
VIRA L FERIATE D, ZTRHIEEANIC CPU DAEY EOFT —Z ZR-1F L TV DN,
GPU DIRFEIX CPU O AE Y EIZIERW e GPU 77U 7 — 3 LT LTy, &2
TF = v 7 RA > MLUBEIZ A DRI T, GPU OYREEEZ CPU D A E U IZ[EIL L T —#EICR1F
TLHRMLEE L, GPU OREBAE T 2B AL EBMT 52 LICL>TGPU 77U Fr—i3

CHXIRTE D L O ICHEET D NVCR 2 E7 5,
NVCR
daemon

1 (2) Launch server

NVCR | CUDA )
server runtime
Thread #0

3) Connect to server [
Thread #1

I

(1) Connect to daemon

/
CUDA application T NVQR
runtime

Thread #0
[
Thread #1

. A

X 14 D7 ot A TEEEIN S NVCR DK E

B4 14 IZ NVCR O&FB %2 R~T, ERZHD GPU T 7Y r—ra o7 a2z T,
NVCR #—/3& NVCR 7 —F  THi &5, NVCR TIL GPU 77U /r—3 3 »|Z NVCR
P— N8 T GPU (27 7 £ A9 %, NVIDIA 2342fit9°% CUDA 7 > % A 57 A 7 7 VX GPU
OHHULZ 2EILLETH) ZEEZBELTE LT, ZODTF vy I RA U T 7 A NHD
FBBREIC GPU oI LM T2 W MRS 5, ThEFELET 5729012 GPU ~D 7T
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IR AEATHMNETONVCR — D7 atv 228 AL, FFIZIIB O — 7otk 2
wilEEEh LB &2 5,

GPU 77V /r—va VX CUDA T XA L7477 ) CHRESNLHEHD API B %E H
W GPU ##iliHl4+ 2%, GPUT 7V r—3 a3 ANl AEE D NVCR 7 H A LT7A4 7TV
X250 APT BE DO L &4 C NVCR — BT 5 EFRIFRCE=4% U > 7/ LT,
F v 7 RA Y ORI TRFT 5 & GPURIDO U YV —2DFH, R OFATE2HHT 5 &
ZIZGPUMID Y V=R EF{BLT 2 72 DIZHLE R EROIEEZIT ),

NVCR DT B A LTAT 7 URED AT Z L2 X - TEINO 7 1 & ARSI
D FEITRFEINAER S S D, LavL GPU Z#ET 5 API B3 CiZ £ %2 & GPU &\ 54t
T NA AL DBENMKETHDH, CPU & GPUDHTT—ZDat—%4T 5t GPU 7
TV —3 a9 NVCRY— RO T at AMEEAE ) ZIEHT52 L1k ar—H
BEBEMSERNZ ENARETH D, GPUILL D EBE N KRESHFFCTELT T r—v 3
NZHRWTIE API BB DBIE DB A 32T I < < AR A K CPU & DEfE b RUWMEIZH D
NVCR (2 & 53T A — "~ NIIREN TH D & F X 5,

25
m Native (base=1.0) mBLCR m®BLCR(60s) DMTCP mDMTCP(60s,9zip) mDMTCP(60s,no gzip)

2.0

1.

0.0 ‘|| || ‘l‘ |‘ ‘l‘ || |“ || |“ |‘ |“ |‘ “‘ |‘ “‘ |‘ ‘l‘ |‘ “‘ || “‘ ||

0
TRPCage myoglobin  nucleosome NPT NVE NPT NVE NPT NVE NPT NVE
Cellulose FactorlX STMV

o

o

o

%] 15 Amber |2 J 5 NVCR O EJTHE A — 3~ NEHl

M5 130 TEF v Ialb—yary Y7 huxT Amberl8 (2L 5V o b—v 3 VIELT
KEH DA — 3~y FOFHEITdH D, NVCR ZfEH LR WGE%E 1.0 &7 2 kY722 A TRERH]
%Rk LT\ 5, Amber Benchmark Suite D7 — % Z#F|H L TW5 0, 51DV A XXk ->TH
—R v RIZENRHTUWD, TRPCage <° FactorIX, JAC 72 E130 723/ &<, GPU TOFEST
REM NS 72 0, AR & U CIERIZEWEEE T APL BB OO L 23T 5 728 NVCR (2
&% APl B DERE D A — "~y RPRKREL 25TV 5D, KEIZDMTCP ZX—Z & LT 60
BRI CT = v 7 KA v N EITW, 17 7 A V% gzip THEMET 2E— R TH D3, T gzip
CTIEMET B ELZIF R R 03> TV D, FRIBIC A b L — U8B O EREE 2 B\ QLB ENE 7
TANERIFT DTN RNEEZOND, WTHIZ LTS 60 I 1[I & WS iHRTF = v 7
A MARTH ZOREDOF— "~y FTHALNTEY, +2ICBENTHD L F XD,
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9] BRBET—RARKICHTITI0vIBEXFAL-EERERZIOBE (ZHEH)
ARIFIETIL, Bl & MEEN 5 — R 5 FE

odbl=[)] =%

(2R A fRIEORERE BN E T 5, 22T, AT EAAR n RIERHITHI, B, CIE
nxXm7Z/T7 2 74TH, 0 1F mIREITH, x, fIEnRTEZ ML, y, gldmikRT~_7 FLT
0%, WA — W TRRERE, Wiy FRXOPMIE - SERMEREICRT A vy v a b
BERbIE, MEEMNT, TRIREHE 2 E O3 EHIC W TELN, %@ﬁ%%%i%<®%A%£b
Do LTeo T, RAFBRROEERBEMEILERFTR TH D, HE RGBT 54
NIBAEfRIEE LT, HUAOWEEIES LU ofifik/e EOBEBER M LN TV D2, M8
A ANKFRETG T OFHREE AT ) BERMNEL 25720, @HIZEH LV, 072w,
RBWERIEIZ 6 L Cid 7 U v 78 22 MR 1578 & O RARIEIZ L D Rif2E &5 215780,

e A ST — IR AR 2 RABEIC X D Mok fig Yy 7 e —F & LT, 7 U r 7S5
ZEMREEEZEOFEEBAT LI ENEBEZ 6N, LLRE D, 1751 B, C DFFE m 3%
LA, 1THANRBEETH -T2 & LTHREITA A LB 2R3y, 7 Va>
oy ZE AR IR DR 22 DI HNE N EAL 3%, GMRES ¥ED K 9 22 72 5 15 T rEsRAR I3 buig
FRWIEMZ RT 00, FETEWEEXNZHW2RIETH L7202 OFtREREE A E
UV EAVELET S, BICGSTAB ED X 9 7l U 23 < IEIETIE, FBEDOPURMEN
HOKRIIRETH D, DI, FOHHERICE S HETH RN AIREL 70 b T V' —
FRMETH D,

P 13 BN — R R A 2O F EM O TIERL, RAR07 e v 7 #iEz o
T RIBFIEZREE LT, AN —RTBRRE AR T 5 L, X7 brx, yiIdBLFO X9
IZEZ 6 b,

.’J>>

x

x=A"1f—-A"1By,

{y = (c"aB) N (¢"A - g).
ZITC, USAB,v=ATIfEERL, EBIZX=[Uwv], B=[B fl LB &, 118U &
7 MV ITEEAENARY MRS OB R FBERNAX =B 2R Z LItk -oTH LN,
INEBNTHLNIATHIU, X7 My v & WD 2 & Tl fRLEN — IR TR OMEH R D
bivd, BET e —FICBIT 2 EOEEMIL, EEAEN R FEA AX = B DK
Ths, FHFRRNORBATINEA TH LD, [THANRREFHETH 2561 FOMWE 2 TE)
FTIENTE, WL RICESIKBIETHLRM T HAREMNDNH D, £, EEANE
SR GRRRICKT AREETH LT ey 7 7 Y v 7 Ey 28 M AR RITEE AR O iR % [FH
FRZRS 2N TE, 7 ) n 7N 2ERKEEL D DR WKERE TR TE L2 L1 b
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Do Ko TAMIETIE, BET 7'v—FNTENDEEA B — R GTRAORRELE LT
Tuy s 7 V)a ARl EEEE L, EOREREET D,

BEEBRIC L > TRET Ve —F O ERGET 5, 7 A MEEE LT, 1784121
SuiteSparse Matrix Collection TR AL TW 51781 epb2 (T A X 1 25,228, FEFEFLL
175,027) , 174IB, C1XfLETH X, B & C DI Fim #Z{b S TEREIT -2, FEBREREE
&L THIE KRR ER S v #—D A —/8—a ' a—4% [Cygnus] D1 /—F (CPU:
Intel Xeon Gold 6126 2.6GHz (12 cores) X2, =1 /XA 7 : Intel Fortran ver. 19.0.5, =/ A L7
73 a1 -qopenmp -axCORE-AVX512) % /=, £7=, FH5IL OpenMP % VT 24 AL v
RiEHTIT - 72,

WHRT 7 a—F T AN — R FRRRUCK LT, 7Y m 7oK EEO—D2Th
% BiCGSTAB %, GMRES %, K OVY A2 % — [Mf& GMRES 7% (GMRES(100), GMRES(200))
WA LTz, 887 7 —F T, W CBN 288 08N — R R AX = BITxf L C,
Tuvyr a7 Eg%EED—>TEH D Block GWBICGSTABrQ L4 L7256 &,
BiCGSTAB {E& KA~ 7 R UZxE L CRRINCE M L7256 2 g Lz, X 16 (21751 B,
C DIE m Z#ZL ST & EDORERE L AR OZE T, 2B, FHEECBNT
FEFENIN RG22 S o T2 r — A2 HOWTE, 77 70640 Lz, X 16 (a)lrnd &
1T, kT 7'm—FITB U TIL GMRES VELS O SABTEII R D m 1B W CTEED IR S
%55 7- & 727> 72, GMRES {ETIHEAETO mioxh UL CEZENNHEM 2 LiZb oo,
m AN I LIy o TREEEA T 2R b vz, —7F, IBET7 7rm—FILs
WTIE, mAREL R THEENNRSEHELTH L TWD Z ERNbnrd, FRZ, AT
HNL R H R OMEEIZ Block GWBICGSTABrQ %4 FHWE5A1E, m OEINIE-> TRIE
B LTS ZERbnd, Zhiv ey 7 Y a 7 nEMRKEEORED—D2T
HY, ZOWEMERET 7 —FICK L THIESABELTND I EEZRLTVD, £, K
16 (IR T K HIT, -ET 70 —FOFRERIEMIINER T 7' 2 —F T GMRES i£4 W56
IV bmEThH o7, FriT, WERBEOEELDEN — KRG T vy 7 7 U a 752
FIEEEZEAT 52 8T, LD EHICRMTED L 2R L, ZOMRBREE, EE
2% CEFC 2020 ([ TH#E LTz,

e BiCGSTAB

150.0 i e GMRES N

GMRES(100)

: : : :

107 o BiCGSTAB B
GMRES e Proposed (B-GWBIiCGSTABIQ)

e GMRES(100) e Proposed (BICGSTAB)

. Proposed (BI-GWBiCGSTABrQ)
Pr ed (BiCGSTAB)

5
10 100.0

10° f 1 50.0

101 ! ! ! ! 0'0 s 1 |

0 100 200 300 400 500 0 100 200 300 400 500
Number of columns of B and C, m Number of columns of B and C, m

Number of iterations
1
Computation time [sec]
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(a) AEEIE DAY, (b) FHEER D24
X 16 1T4IB, € D m OEAIZx T 2 SAE REL & FHR R 0 284k

[10] SREETLEGBERBETRENERAREEI—RAEAORBERILL (ZHE)
BEOWEEER) D 3 WoeA 7 V=7 N EFEAT DML, 3 WooET VR EEL
[WRE &S, [AE I, &WEmEER 2 LI 2 WonmiM A e L, WrlE s H oM e
ME1T9 2 T3 WTEARY 2a—RA M) w7 T —H2EkT 5, 2 IRGTAifIBIB O MERICIER
CSRBF {E L FRIN D FIELZ WD &, TOMEREAZIRET D72 DIZLLU T O — Kk T2
EIRES LER B D,

el SI-1) s

2T, ATERFREATA, C 1EndT 3 FUTHI, X, FIIndTKAIATHI, Y I% 3 1TKAATA, 04,
B 05 ¢ 1ZFNEI 3 RFEATH, 3ITKINIFATHICTH D, K IIWEEEBE ORI TH D, 175 F
OFEFIIWEER OB R L > TRE SN D, Z O — R GRRRIIFREATHI A 53 FxfFr
ITHN O iBENL — R G TH Y, ZORMIEL ORHIZET 572, mdsREFIEN
VEETH D,

AW TIX, Z 08 SALEN — R FFERORMIZ, ADRORET 7o —F 2 [ CaEndib
o7, BEERIZ IV ZOMWREELTAMT 5, EMEERITIL, B4 = THETEEE 127 #
O 3 R I E5 FEAR AL RE T BN 2 e sl BN — R 5 R W T2 AT81 A DA R13262,144,
K =127 Td %, L3k CSRBF IEIZIT I AR — FEER LIHIND RT A =2 BHY, ZDRT
A= Lo TTHN A DIEFERZBNZEICT 5, BfEIFEHRIT, CPU: Intel Xeon E5-2620 v3
2.4GHz (6 cores) X 2, 2 >//3XA 7 :Intel Fortran ver. 19.0.0 Z &3 L 7= 5154 | T1T\ >, OpenMP
TI2 ALy RISITHE L, KEKRELT, 7uavy s 7)o 7Es%fKERD —>TH
% Block CGrQ £, MUARTER 2 L A X — S fFFidlBifF & Block CGrQ 7% (Block ICCGrQ i£)
W, ekor Y —F sty —koiRRIicEoEEWM FEEZEA L, BRET
7'a—F TIENER-E & L CBN A EE N, — R R RISk L ClE FEAEA Lz, X
17 |2 CSRBF JEDH R — MR R 2B b S L EDRERT 7 u—F LRET 7 u—F it
B 2T, 27T e —F &2 A5 Z L2k Y, Block CGrQ %, Block ICCGrQ 75D
W BV CERRERI A Lz, AT LRETY Yo —F oW 25 2 & T, kT
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MBI, /ARG, BRIVHUA, FM28%H, "OpenCL xtiis FPGA GV v 7 #i 7 L —
LU —7 CIRCUS & SMI OYERERHI", fiFHALIRFRFEHRE A N T F—~ A3
V¥ 2 —F v Z'(HPC), 2020-HPC-175(16), pp.1-8, 2020 4£ 7 A 31 H.

Fan Ruochong, Ao Yun, Yamaguchi Yoshiki, Boku Taisuke, "A study of an FPGA-based
cluster computing with high-speed serial links", & 7-{& #HiH(E 725 FH#H, CPSY2020-
11, DC2020-11, pp.1-7,2020 -7 H 31 H.

) ERSERE

A HBEFEE
1. Taisuke Boku, "Multi-Hetero Accelerated Supercomputing ~System, Programming and
Applications~", Keynote at AsSHES2020 (in IPDPS2020), New Orleans (virtual), May 18th,
2020.
2. Taisuke Boku, "University of Tsukuba's Accelerated Computing with GPU+FPGA", Int.
Workshop ADAC9 (virtual), Sep. 17th, 2020.
B) —EETH

1.

Daisuke Tsuji, Taisuke Boku, Ryosaku Ikeda, Takuto Sato, Hiroto Tadano, Hiroyuki Kusaka,
"Parallelized GPU Code of City-Level Large Eddy Simulation", Proc. of ISPDC2020, Warsaw
(virtual), Jul. 7th, 2020.
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Ryuta Tsunashima, Ryohei Kobayashi, Norihisa Fujita, Taisuke Boku, Seyong Lee, Jeffrey S.
Vetter, Hitoshi Murai, Masahiro Nakao, Mitsuhisa Sato, "OpenACC unified programming
environment for GPU and FPGA multi-hybrid acceleration”, Proc. of HLPP2020, Porto
(virtual), Jul. 8th, 2020.

Ryuta Kashino, Ryohei Kobayashi, Norihisa Fujita, Taisuke Boku, ‘“Performance Evaluation
of OpenCL-Enabled Inter-FPGA Optical Link Communication Framework CIRCUS and SMI”,
Proc. Of HPC Asia 2021, Jeju Island (virtual), Jan. 20th, 2021.

Daisuke Takahashi, "Automatic Tuning of Computation-Communication Overlap for Parallel
3-D FFT with 2-D Decomposition", SIAM Conference on Computational Science and
Engineering (CSE21), Fort Worth, TX, USA (Virtual Conference), March 4, 2021.

Daisuke Takahashi, "Fast Multiple Montgomery Multiplications Using Intel AVX-512IFMA
Instructions"”, 20th International Conference on Computational Science and Its Applications
(ICCSA 2020), Cagliari, Italy (Virtual Conference), July 2, 2020.

Yukimasa Sugizaki and Daisuke Takahashi, "Fast Computation of the Exact Number of Magic
Series with an Improved Montgomery Multiplication Algorithm", Proc. 20th International
Conference on Algorithms and Architectures for Parallel Processing (ICA3PP 2020), New
York, NY, USA (Virtual Conference), October 4, 2020.

Kohei Sugihara, Osamu Tatebe, "Design of Locality-aware MPI-IO for Scalable Shared File
Write Performance", IEEE International Workshop on High-Performance Storage, New
Orleans, LA, USA (Virtual conference), May 2020

Kohei Sugihara, Osamu Tatebe, "Design of Direct Read from Sparse Segments in MPI-10",
6th IEEE International Conference on Data Science and Systems (DSS), Yanuca Island, Cuvu,
Fiji (Virtual conference), 2020

Hiroto Tadano, Shota Ishikawa, "A numerical study on the acceleration of solution of saddle
point problems by using Block Krylov subspace methods", 19th Biennial IEEE Conference on
Electromagnetic Field Computation (CEFC 2020), Virtual Conference, Nov. 2020.

Ryohei Kobayashi, Norihisa Fujita, Yoshiki Yamaguchi, Taisuke Boku, Kohji Yoshikawa,
Makito Abe, Masayuki Umemura, "Accelerating Radiative Transfer Simulation with GPU-
FPGA Cooperative Computation”, 2020 IEEE 31st International Conference on Application-
specific Systems, Architectures and Processors (ASAP), 2020 47 H 7 H

Norihisa Fujita, Ryohei Kobayashi, Yoshiki Yamaguchi, Tomohiro Ueno, Kentaro Sano,
Taisuke Boku, “Performance Evaluation of Pipelined Communication Combined with

Computation in OpenCL Programming on FPGA”, Proc. of AsHES2020 (Int. Workshop on
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Accelerators and Hybrid Exascale Systems) in IPDPS 2020, New Orleans (virtual), 10 pages,
May 18th, 2020.
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Taisuke Boku, "HPC for Al & Al for HPC ~time to meet together~", Keynote at HPC-AI
Advisory Council Japan, Jan. 26th, 2021.
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Fan Ruochong, Ao Yun, Yamaguchi Yoshiki, Boku Taisuke, "A study of an FPGA-based
cluster computing with high-speed serial links", & 7-{& HiB(E 75 FH ), CPSY2020-
11, DC2020-11, pp.1-7, 2020 4 7 H 31 H.
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"Research on Multi-Hybrid Accelerated Supercomputing with GPU and FPGA cooperation",
International Collaboration with ORNL (PI: Jeff Vetter) under DOE-MEXT Exascale
Computing Collaboration (F})

T XENAFTEFTE A L=V 2T AZOWTHFEIEZT-> T\ 5,

F—2 U VENIFEFT & N— A hNy T 7 VAT MMIOWTHERFEEZTT > TV 5,

40

YURTUIL, BEE. RV —LVFEOREEE

FrE4, FATZR B K, FPGA for HPC Workshop (F}#mFo0# HAEAIZE(B) [ &Rk Al HE >
AT AEGPUIL L AEAMEMREHRE T 7 v b7+ — LK T U —2 23 v ), virtual,
2021 42 A 26 H.

Gfarm > >R A 2020, HL, 2020 4210 H 9 H

Gfarm V—7 > 2 v 72021, 4> T4, 202143 H 5 H

GPUA U TAFx T, T4 B, 202049 H9 A~I11H

EE - EE

FOEE O EEB DER - KB O IR

1.

I = O

FRERHG - B KRG R
R BT R
FhZEtE : HPCL 2> Y — 3 7 LAHHEE

Rt :PC O AKX a Y — 7 LHHE

FhERH © SEBRRBUSE WAL RIR A - JE[FAFZEHLR (JHPCN) JEE
AR« TR P RERSE AN R A T 4 TR 2 —HE LB
mE AT - BT R B R EE R

EfEARIT - HPCL AR EE A LZ RS L Ea—T —

EAE KA - HPCLE s — B A5 - (EEAER

REEASER
B EEMER

\HHH

%8
N
Ay

M
\mm

— 187 —



10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

10.

e

10.

11.

12.

13.

FRKE SHEREHAREU 2 — SHN_FE EXBEE

ARG« FEERHBLE A ILRFIA - LR (JHPCN) SEEEL R
HEME R  HPCI 3 A R L —VEHE SRS RE

HEEME R - HPCI #E ) — b 2 - fEEEAERE

HEME R, - BYEER TR B R AT
EEEME R - 1 O E B STEEE F e B
EEME R - HPCL MR EFE A ZE R L B2 —T —

EEME R, RO TR AINE R e o 2 — AR M ZER
HEEME R - FE IR E A RS < X 0SS Hiffi kgt v & —HHER
BHTE R - RO AR IGEa v Ea—T 4 VSV AT AREZEE
IIRERCE ¢ BHRRFEIIE R v 4 R AT MEHEERER

=
=

#HERR - BRER

Taisuke Boku: Steering Committee Chair, International Conference on High Performance
Computing in Asia-Pacific Region (HPCAsia)

Taisuke Boku: General Co-Chair, IEEE International Conference on Cluster Computing 2020
(Cluster2020)

Taisuke Boku: Steering Committee Member, IEEE Cluster

Taisuke Boku: Steering Committee Member, International Conference on Parallel Processing
Taisuke Boku: Steering Committee Member, Intel eXtreme Performance Users Group (IXPUG)
Taisuke Boku: Scientific Committee Member, Supercomputing Frontier Europe 2021

Taisuke Boku: Organizing Chair, IXPUG Workshop HPCAsia 2021

Daisuke Takahashi: The 20th International Conference on Computational Science and Its
Applications (ICCSA 2020) Publicity Committee Member

Daisuke Takahashi: 2020 IEEE International Conference on Cluster Computing (Cluster 2020)
Program Committee Member

Daisuke Takahashi: The 15th International Workshop on Automatic Performance Tuning
(IWAPT 2020) Program Committee Member

Daisuke Takahashi: The International Conference on Computational Science (ICCS 2020)
Program Committee Member

Daisuke Takahashi: The 23rd IEEE International Conference on Computational Science and
Engineering (CSE 2020) Program Committee Member

Daisuke Takahashi: The 19th International Symposium on Parallel and Distributed Computing
(ISPDC 2020) Program Committee Member

— 188 —



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.
35.

FRKE SHEREHAREU 2 — SHN_FE EXBEE

Daisuke Takahashi: The 18th IEEE International Symposium on Parallel and Distributed
Processing with Applications (IEEE ISPA 2020) Program Committee Member
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Osamu Tatebe: Program Committee, [EEE/ACM International Conference for High Performance
Computing, Networking, Storage and Analysis (SC20)

Osamu Tatebe: Program Committee, ACM International Symposium on High Performance
Distributed Computing (HPDC 2020)

Osamu Tatebe: Program Committee, IEEE/ACM International Symposium on Cluster, Cloud and
Grid Computing (CCGrid 2020)

Osamu Tatebe: Program Area Chair, IEEE International Conference on Cluster Computing
(Cluster 2020)

Akira Nukada: Program Committee Member, 49th International Conference on Parallel
Processing (ICPP 2020)

Hiroto Tadano: Publication Co-Chair, The 39th JSST Annual International Conference on
Simulation Technology (JSST 2020)
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Ryohei Kobayashi: Program Committee, SC20

Ryohei Kobayashi: Program Committee, CANDAR'20

Ryohei Kobayashi: Program Committee, 8th International Workshop on Computer Systems and
Architectures (CSA'20) held in conjunction with CANDAR'20

Ryohei Kobayashi: Registration Chair, IEEE Cluster 2020

Ryohei Kobayashi: Program Committee, IEEE Symposium on Low-Power and High-Speed
Chips and Systems (COOL Chips 23)

/INRERCE: - xSIG 2020 7'm 7T AR

/INRFRE © SWoPP2020 #ii#kZ: B

— 189 —



FRKE SHEREHAREU 2 — SHN_FE EXBEE

36. /RECE: 0 SWoPP2020 EATER (2 v B a— & U AT MR Y M)
37. INREE - B EHBETSY a7 4 Xy TNV AT MIRAEMES

38. IR - BB HEE R o Y a— X U AT AMIESHEMAER
11. Zhih

WNERIE, 74—V RU—2 7L
P

— 190 —



