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TWET

cpTOAE—L T tar zxvf 20210607.tgz R CTREAL TE-TLETW

« A=< RH:cp /home/center/a49979a/share/20210607.tgz .

e FE . THAL T FJICATREBIETEALDICIFLTVWEREA. 7Z77)LOE—-LTESTLETWL
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- TRIME (RE), FiIZF , FHES, BELEE, UXE1E, i#%”ﬁ,
Jaewoon Jung, ~H E/D,Eﬁﬂ]ﬂ% KAE—, EREXR, ZFREKN, 2
EEIQ\A\)

— KR KRFHRE. ISBN-10: 4872595866, ISBN-13:978-4872595864.
¥5cH [ 20175F483H

- H7O7ZI>JAM > 7)L700 5 LTEROpenMP -

HAHPEDAnHPCHEN 1

£ OpenACC]
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55H : 2015558250 g3 0000

707537 \M
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- AEXRY FT—=TICEE (TIERWVWH, I£<) DBHA->TWDB
— PCI-ExpresshRDTesla V100D HEEH SN TUWL S T-OGPUDENMERESSIEEIZTE %
- 7O ZLDAVINAIL « A VA M= LCEERER. T—XDEBL VLW LHAEZEE
- A4/ —RDoNYyFOaTERATI TR/ — RLETHENERITINS
- TR/ —F
— J—FRHAZTEVWTULWAHWEFIATIAL
- DY —RZ=HETES (FISA : *-sharedZEID) Y —RJ)L—7)
— NEBRY FT—=IOANDT7 7RO 1 >/ —RiRH
— Ny FZ 3 ITRITHEER (HIH . *~interactive®&BID )Y —R T IL—7F)
e« RYMAML—=JFEELDIEBRERILCLELDIICRZSD
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WITA— FORER B

- FESE - ZTir
- odIN Y RZES CHBICHERTES - nkfAY Y FZfEDS CEHBICERRTES
— EWHG fod -c ESELIEWT 71l - EVWA
[24997%a@f Low- FxD“ tmp]$ od -c testjob.sh | head l ¢ nkf —LU WT?'&TE7 ’r)l/ > W\Tﬁ%j ’r}l/

0800000  # b i /b a s h _ 7_-E1,E\|J0)1§|JLEJZ¥I3%HCJ~X_F@:I?‘ R /75'\5':19‘41 L 7=
MR CH B

« nkf -Lu testjob.sh > testjob2.sh

! !
BRERRZE # P J M - L r 5 C
aeeoeda X - W o] r k 5 o] poAr AN
& ls]s]s]5]515]
gaaal1ee
gaaalze \n
Qeee146 S\
L

\noovr AN d a t e

# P 1 M - ] AT
r
1 e e p 3 B A\r

[ I

QE00168
QEo02008
[a49979a@f Low- fxD“ tmp]$ od -c testjob2.sh |
aEeoeaa ! ! 1 n I b a
lale]s]speds] 1 L r 5

[a499?93mf10w fx85 tmpl$ cat testjob.sh.484645.0ut
s11d option
U age /bin/ba [GNU long option] [option] ...

goaacda < 5 h o p 1 v E&{fi— ] — l\\\ /binsb GNU long option] [option] script-file ...

GNU long opt

AQRAA86RA

aEea100 — K X G 1 CZ)'1:£IKI\'_ZF‘ -

cgeslze

0000140 . e n v s 1 e e 3 0\ T>5— L7
0000160 a e \n

0000165

[a49979a@f low-Tx65 tmpls |

X | head (FFEBBOEIT (77 4L FTI101T) FZHHFRRIE
W E KBS HZE, BERLI-WT 71 ILDSFEEET0.
TEWSEKRTIZE <. RITHRDEEE01T,

-c command or -0 shopt_option {invocation only)
/¥BCHP or -o option
[a499?93@f10w fxes5 tmpl$ il
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BELIAEZITS0D?

- WEETROSEIVEELHZIH 6. 518K (CPUR/NNY OVRE, 5H8ZI1TO/N\—FK
JI7) DFDENZZILERLIEVLWHS
— WARADOFTERIILIEFEICK D SWEEZEM. LI FTEZITHhRITNIETEVEEZESNRL
« PCHCPUBH AN — b7 #4#2HACPUBHTILF I CPUNLER
— TJFAFCPU: 07 (=5t8% 931wy hDH D) =EKEEH L7=CPU
- GPUD T WAFTEEITO 7Ot v

— HWOMgEZ +7 5| ST ICIE
WHETE I NE

s BXETETIIRBHE INIL2TOFEI 7%
FELnINg. EeezEZhLEIngu

Surface Pro 7 M1
(A%

RyT
B

Surface ProTO R D F,
7Oty HOFREM3DHD. AT7HBHBEELEINTWS,
M7 =148 TIIHBWLWH, BEELMHEOBZTIEIH S,

&5 BT © https://www.microsoft.com/ja-jp/surface/devices/surface-pro-7/tech-specs (2021.04.17DIBHARE)
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D ILF AT CPUDEREDHI

CPU% a7 (R |70y I RAKE & e0EHE HEHHAEY |HE
Ly F#) | XERRTHS Hitse (FP64) N2 FiE

SPARCG64VIIIfx 8 (8) 2.0 GHz X 8 128 GFLOPS 64 GB/s Ry OAYEa—2ICEE

SPARC64XIfx 32(32) 2.2GHz X 16 1.1 TFLOPS 480 GB/s HKRIBS AT LFX100ICH5 8,

A64FX 48 (48) 2.2 GHz X 32 3.3 TFLOPS 1,024 GB/s M'E&E1 « TARE] Typelil#s
&,

Intel Xeon Gold 6230 20 (40) 3.00-3.70 GHz X 32 1.3 TFLOPS 140.75 GB/s [RZE] Type IlICFEEH,

IBM POWERY 22 (88) 3.07GHz X 8 540 GFLOPS 170.7GB/s  Summit (2018F11HK=RD
HRRERR/NOY) ICHEH

Intel Core i9 10900K 10 (20) 3.70-5.30GHz X 16 592 GFLOPS 45.8 GB/s REDPCHAITNTLIV R

AMD Threadripper 64 (128) 290-430GHz X 16 3.0 TFLOPS 102.4GB/s SEDPCHEIFNALIVHR

3990X

IFLOPS=1MMEIC (BRE) FE/E_ER (N8 - ®8) Z1017Z 5146

1K=1000, 1M=1000K, 1G=1000M, 1T=1000G, 1P=1000T, 1Exa=1000P

REOAT7ZHB/UI SONIORI. AT7HIRLISBEBMLTETVS
RFEDOTOT S LOMREIEITHY (HiR) EEMELT TIHRESZVRISITEENBE
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GPUDEEEDH

. HPCHOBTLLFBING (SNfz. SNBTHSS) GPUDH

A7 BRI BimERME |(HESmAEY H@EXRKEHLY
(FP64) N> Rig

Tesla P100 3,584 (64*56) 1,328~ 1,480 MHz 5.3 TFLOPS 720 GB/s 2016.04 HmHFER

Tesla V100 5,120 (64*80) ~ 1,530 MHz 7.8 TFLOPS 900 GB/s 2017.06 H@mHFEX
[RE] Type llICHEE
NVIDIAA100 6,912 (64*108) ~ 1,410 MHz 9.7 TFLOPS 1,555 GB/s 2020.05 2 mHExE
ERiFInhH s

+ GPUIZCPUL LER T+
- REDETEI7. BULE{ERRE. SVIEREEME. SUVWXEU /N2 RIE
— MEUNDEWICDOWVTIEED

> HmERKHRIZAARY FFTENICERLICER, RERBRIRICOWVWTIE.
—EBAL—TADETREBREDHBZTCHL <O 5BV EHZ L,
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A=N=A>Ea-—% (R/83Y) ¥GPU

FHEHRXA=/NN—AEa—2id@ahr?
— —RHNLBHER S AT LEID DB ARIBICEVEEZ D DEHER S X T LA, I LBERERIFEL
— HIREEOREIZBRDEFSHBDHDIFIHS : TOP500!) X FoABEDIRGEITRAE Y

— PEBZHETIIHEVWS. BENICZHOFTERZERZE L XAT LA
ITETIEGPUZ KEICFHE L 7.GPUR/NO VHEMK

— GPUR/NOVIZEHEINTWLWAGPUIEEMAT=®. BAARE - FERETIELDEZMEGPUZ(E

STEHZBUL (BERER R

by

EWEHBD. HHEEISERICERD)

T DA LAMDRE  imtelit

FUR—RITS T4 vI R
T—==29
07w 37FI)LCG

Bl

fHAAH. BEHRE

GeForce
GeForce
Quadro

Tesla (=7 L &H &M
IZNVIDIA A100)

Tegra, Xavier, Jetson

Radeon Intel HD Graphics
Radeon

Fire GL IntelbHXe WS L LWGPUZ 1
Radeon PRO IR,
Fire Stream S 72 RBA,

Radeon Instinct
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I — R IER DBUERRE
5 AARLUD R
IBHARCCSD TE&E] M 2UL TFTZ KT
T THES
BADIALIF2011E1AD MF) MUK
— TEE&] I3TOP500. HPCG. Graph500. HPL-AI®D
ADDRVFI—0 THR—ZIZER
EM10 AT LHFL4D R T LT AT L ()
FN110> X7 LH6> 257 LHNVIDIA GPUIEE;
TOP100R34, £50041141
TXY)ADeBHEDS X T LHZL
FRS AT LI OATEP100R %8BR3
HEBEHHHTMWEK

10MWT—igREE300tH HIEE
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Rank

=1

System

Supercomputer Fugaku - Supercomputer Fugaku, AS4FX
48C 2.2GHz, Tofu int D, Fujitsu

RIKEN Center for Computational Science

Japan

onnect

Sumnmit - |IBM Power System AC?22, |B!
3.07GHz, NVIDIA
Infiniband, IBM
DOE/SC/0ak Ridge National Laboratory
United States

100, Dual-rail Mellanox EDR

Sierra - |[BM Power System AC922, IBM POWER?
3.1GHz, NVIDIA Volta GV100, Dual-rail Mellanox EL
Infiniband, IBM / NVIDIA / Mellanox
DOE/MNNSA/LLNL

United States

Sunway TaihuLight - Sunway MPP, Sunway SW25010 260C
1.43GHz, Sunway, NRCPC

National Supercomputing Center in Wuxi

China

Tianhe-2A - TH-|VB-FEP Cluster, Intel Xeon E5-2692v2 12C
2.2GHz, TH Express-2, Matrix-2000, NUDT

National Super Computer Center in Guangzhou

China

HPC5 - PowerEdge C4140, Xeon Gold 6252 24C 2.1GHz,
100, Mellanox HDR Infiniband, Dell EMC

X A100 SuperPOD, AMD EPYC 7742 64C 2.25GHz,
"

Selene -
NVIDIA AT
NVIDIA Corporation
United States

ltanox HOR Infiniband, Nvidia

Frontera - Dell C6420, Xeon Platinum 8280 28C 2.7GHz,
Mellanox InfiniBand HDR, Dell EMC

Texas Advanced Computing Center/Univ. of Texas
United States

Marconi-100 - |[BM Power & WERZ 16C
3GHz, Nvidia Volta V100, D finiband,
B

CINECA

ltaly

Piz Daint - Cray XC30, Xeon E5-2690v3 12C 2.6GHz, Aries
|A Tesla P100, Cray/HPE
mputing Centre [CSCS)

Switzerland

Cores

7.299,072

2,416,592

1,372 480

10,649,600

4,981,740

669,760

277,760

488 448

347,776

387,872

Rmax
[TFlop/s]

415,330.0

148,600.0

94,6400

93.014.6

81,4445

354300

27.580.0

239164

21,6400

21,2300

Rpeak
[TFlop/s]

13,8347

200,794.9

123,712.0

125,433.9

100,678.7

91,720.8

34,368.6

38,7439

29,3340

27,1943

Power

(kW)

28,339

10,096

=3
e
%)
[s51

15,371

18,482

2,232

1,476

2,384

14
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BE H2EE

— miElIcs| &

15T j5'4IE = —C'lﬂ'ﬁ_'

Ff110> 27 L6 X5 LHINVIDIA GPUEE;

— (1502 X7 LH20 27 LAHNVIDIA GPUEH;

A |&Type 14'6.62 PFLOPS T411i

Type 115%4.88 PFLOPS 5811
XY TS RTF LEBRFTHE L THME

elg LD 5

AW

- ROIFERFE R EDEMNMF TCPUD ATH E LD

B2 E DR

ENMIC e s NEHE]
DMRDODE I HHhH B

E%&5 AT : https:

(A64FX. FX1000)

//www.top500.org/

MEEZFDType I& Type II T NTZF

Rank

System

Supercomputer Fugaku - Supercomputer Fugaku, A64FX
48C 2.2GHz, Tofu interconnect D, Fujitsu

RIKEM Center for Cornputational Science

Japan

Summit - |IBM Power System AC%22, IBM POWER? 22C
3.07GHz, NVIDIA Volta GV100, Dual-rail Mellanox EDR
Infiniband, IBM

DOE/SC/0ak Ridge National Laboratory

United States

Sierra - IBM Power Systam AC922, IBM POWER® 22C
3.1GHz, NVIDIA Volta GV100, Dual-rail Mellanox EDR.
Inﬁnibarmellanax
DOE/MNMNSALLNL

United States

Sunway TaihuLight - Sunway MPF, Sunway SW26010 260C
1.43GHz, Sunway, NRCPC

Mational Supercomputing Center in Wuxi

China

Selene - NVIDIA DGX A100, AMD EPYC 7742 64C 2.25GHz,

MNVIDIA A100, Mellanox HDR Infiniband, Nvidia

NVIDIA Corporation
United States

Tianhe-2A - TH-IVB-FEP Cluster, Intel Xeon E3-26%2v2 12C
2.2GHz, TH Express-2, Matrix-2000, NUDT

Mational Super Computer Center in Guangzhou

China

JUWELS Booster Module - Bull Sequana XH2000 , AMD
EPYC 7402 24C 2 8GHz, NVIDIA A100, Mellanox HDR
InfiniBand/ParTec ParaStation ClusterSuite, Atos
Forschungszentrum Juelich [FZJ)

Germany

HPCS - PowerEdge C4140, Xecn Geld 6252 24C 2.1GHz,
NVIDLA Tesla V100, Mellanox HDOR Infiniband, Dell EMC
EniS.pA

Italy

Frontera - Dell C6420, Xeon Platinum 8280 28C 2.7GHz,
Mellanox InfiniBand HOR, Dell EMC

Texas Advanced Computing Center/Univ. of Texas
United States

Dammam-7 - Cray C5-5torm, Xeon Gold 6248 20C 2.5GHz,

NVIDIA Tesla V100 SXM2, InfiniBand HDR 100, HPE

Saudi Aramco
Saudi Arabia

Cores

7,630,848

2,414,592

1,372,480

10,649,600

933,920

4,981,760

449,280

669,760

448,448

672,520

Rmax
(TFlop/s)

442,010.0

148,600.0

94,6400

930146

63,460.0

61,4445

44,1200

35,4300

23916.4

22,4000

Rpeak
(TFlop/s)

3372120

200,794.9

125,712.0

125,433.9

79.213.0

100,678.7

70,980.0

91,7208

38,7439

55,423.6

Power

(kW)

29,899

10,096

7.438

15,37

2,646

18,482

1,764

2,232

15
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HICEET I EZXTES. XEUTIER
DG (BR) HEC S

+ DEAXAEVBRCLTRSZEHTES
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) (F—4) =##>. EWICEET7 I TE
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IBENNE

s HEXTEVBY LTHSLDICIE. PEIXEYD
EHEXED L THRSENRTHEADNE

XED XEY XE XE

= = Sp -
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HEXE

> ARRRIETIHERE LT (BEMG) BREE3

5E
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LY RIRIREFAT BT HDFE

« WHEFHERENAENRLI-SHTIIRAG Tk idDEE] hMEFHLNTLS
— NSNS CRER - BRI D ICTERTHHBIINZ I LHBL
« HARBAITICEV-DDOHDADEIRETHHATETS (B#M)
- MEEXTHEMDH B EIFRSHRVWAICITEEDNNE (MERERTHRME)
- HARBETITFEWTH - tﬂﬁi@ith“%uwﬂ'éiﬁﬂat ri“ BTERICAD LD
— BEATOLTHEDBEBECLICEICRADMENESNE LS ICT B HDHAEDLITHNTLE>HED
Fa—=>4
- HEMbIITETRLOH?
— L AAEREABDOITTIERV., HAEEIEIA/NTTFENToTINDS
- TN IO CHEZRS ) I—FZEHBELRHS. AV/INAMIJICE>TENKRFLV., BGHE
BA—RTRHEVES ZFLLDH BV EHZL
« BHIAITIRBAY - RFOFREFRBILD/INFZ—2DRESTVWBRHDIIANESC LD OV /A
XS4 T UDEHIEER

— OpenMP*0penACCIFEE « DEDER THRNRIY SR ZRgEr 725 (RLWE ZAED.
RSEIC & DR - eliREDHIER)
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OVINA ZICL BB - SIMDILS b7k & —EBDALIETH B

pthread : X L v FMHAIED 7o & DEAEES
— pthread_create’a ' MR L v RIEEBEZES

— RETIF 7 V523> - RTEEMHET ZCiEHED AL

OpenMP : X Lw RAFALERE, F(Z/L—TAFLEIT DISRFINE

— #pragma omp parallel for . !Somp parallel do
- RITDRETIES X VB GPURT LA & & HLTT

OpenACC : GPUREITDOpenMPD & 5 7%5H D

CUDA : NVIDIA#T®DGPUMEIF. GPUZEZE AT HI-RAE
NVIDIA GPUDEESIZ 7 IL;EHTE 3

OpenCL : FRFRRCUDA] D& S5HBHD. FPGAR Y THFIAAEE
MPI : 70+t XBEDBEERE. FICEK/ — PR HEEICHE

— MPI_Send, MPI_Recv, MPI_GatherZ ¥ OB{EEAE = FE S

X

D—2D.

RBICIGCLTINSZHAEHLETHWS (OpenMP+MPIA )

« /—FACPUR

ALy kL,

« HEXEUETI

1 ¢+ GPURLLZFIML

« FNATRARTIE
HEXEUET
L. AEBE DX
D ¥ DIEDELX
TEUETI

\ . J— RSN

« PBXEVETIL
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EHHBRDEERNG A X—=2 1 JL—THFHE (ChR)

« JTERBZFRETE « IL—=TFDHbDZREL. AKICETE
~ Bfliig0iRLIL— 5 E Cpp1 for(i=0; i<N/2; i++){
for(i=0; i<N; i++){ A[i] = B[i] + C[i];
A[i] = B[i] + C[i]; D[i] = E[1] + F[i];
D[i] = E[i] + F[i]; ! V
} _ P2 for(i=N/2; 1i<N; i++){
+ IL=TADOUEZREIL. REICFE A[i] = B[i] + C[]:
pp1  for(i=0; i<N; i++){ ) blal = Bl + Pl
A[i] = B[1] + C[i];
J ey

PE2 for(1:0; 1<N; 1++){
D[] = E[i] + F[i1;
}

PE: Processor Element. CPUGPULEETE# 3 3 Mah\y

« OpenMP*»OpenACCIZFCBE DA X—
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THHEOEARNGA X—= L JL—=LFE (FortrankR)

« TTERDERER e IL—TFDbDZREIL. FEICETE
- %%@@ﬁ%bi}gb)bhjg-l_% /PE1 dO 'i:'l, N/2 \
do i=1, N A(i) = B(1) + C(1)
A(i) = B(i) + C(i) D(i) = E(i) + F(i)
D(1) = E(1) + F(4) \G6nd, do J
end do
_ PE2 do i=N/2+1, N
« IL—THROUEZ7ZEIL. FERKICFE A(i) = B(i) + C(i)
. D(i) = E(7) + F(3)
do 1=1, N
PE1 A7) = B(1) + C(i) end do
end do T
PE2 do 1?1,_N . .
enz(;g ) « OpenMP*»OpenACCIZFCBE DA X—

PE: Processor Element. CPUGPULEETE# 3 3 Mah\y



EHAEDERNGA A= | 27 M5E
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« OpenMPICEWTHIRLFEYR— FHVER

— taskiEXX
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WHHETETZWTO7 S LH DA A0

- STRIERICHIKID D 315 S IS 2
« TRICEKDAREHBZIEDHHD

(7O LEZFRILERRICERZD DY)

RS LI LHELS R 5430

N RLIEA

MIEB

—ERALF | ALIEA

X

for(i=1; i<N; i++){
Al1] = A[1-T] + B[1];
C[1] = A[1] + D[1];

) Bl IL—T1 2L =3 EICH.
BICIL—12L—>3 > RICH.
KZEAFZRIH B = WL H
> time

T3 > THUEB% WFIEELL L f
SEOETRHEEER DL -

- FEMBERETIIDEY (LHE) DT HKSBRBZILHHDB

.« BRENR

X

« BRIRER

T7O5LDE =ML E

> 3h. GPUICHEYTHEZHh %

o MFIRER >

e
p— = > LohhEZZNEIRDH S
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W< SIE5ME L THRBEDEE L B 5700
MFHEICHEVBEREDA —/N—Nw KH

R SEHEMEN D B
- BRRITIIABETH > oBENEZ S

~ HEXEYETILTH Z0penMPICBEIE L
M. ZLw ROER - WEP XL v REOR

IINBTHDA—/N—AY REHB

Speedup

20

18

16

Amdahl's Law

P i A I I R
//
// Parallel portion
// 50%
/, ........ 75%
// — = 90%
—— 95%
/
/
/- B NN O N N A
[{ | T
H—r (6 LAEFULATEEART N T O S L
!} LEDK K %% EHTNS, ML
75 BATHKEETALLS 3, )

2

5

1
1024
2048
4096
8192
16384
32768
65536

Number of processors

% 2 7lFWikipedia T7 LFZ—ILDER] H 5518
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« [AIGPUZFERT2HELHBZDH?

— GPUIRIERICEWERBZ B DON—FU T 7THD. SEEATINEARERANGHARDERL
2% I MREBTDICHDONMERE

— GPUIZEIRAN DO A BRETERIBICEATINTWVWS . FIEXFILEBTHELLILIEZET TS
AICTRB
- ZHEXRR BREBL V2 —THTypelIH TS X T LICGPUEBE

« ¥ OoTUES?

1. WHMkIN=Y I D7 (V5= 3Y) %ES

2. (EFMtInhTWERWwWFOd>Lh56) MBI NZ1 TS U TIL—LT—0%FE>S

3. B TUIEHEZERETS
- BAMRWIEWERDEE (77 7)) ZGPULTE 3

o JMWTCVLWEEHBEICGPUEETNTWE LGS ENZHE>THRWVH. GPUDZ e ZEFEL TWLWSH
EDNTTOICEVEERNMEONEIDEDDDRES. CHHB
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GPU (Graphics Processing Unit)

ESRNIBRADODN—ROIT7T

— CPURTH—R—RIHEAMAENT=F v L. £HEIEROY MIBHTIETAH—RELTA
<EM

— RFDKRE : E1F - SFEGERE. 3DEEUIE (BHREH. B8 - BBHA) . B EdAd

3XRTTEREE O FIE
IIIIIII Ili!ill

@ (2,2)
AT Ty hEM, EABEM, BV BATEE (5]) IEHEEE

@ (8,3) —>
® (5,7)
— BRFICTE 2D ZBVWEDHD. FNIChhE/N—RI T 7N EEL
- HESZal—2ay (REEMNHE) ZERICITTAS/N\—RIJTT7EMILTIehhhbD,
GPUDEELRHIHZFD—D B ->TE
- WETIEFICEY I T—4. BWEE. AILIELR Tz HiE
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« GPUIZCPUE LERTEMANIEZ ([EFZzEHT) I TATIZEDKRDOENBZT-.
FRISELIEN—R DT T7ACELLTET-
<JLF7CPU X-—_-—a770tvH% GPU

sPREIZ Y b [ | |

XE “——
TywiaRy \

BITEER 73 &~

I | | |

— GPUDRH { TeK TADETREIZ v b, @FAGXE. OSL R
« OSZEFD LIRRBIEFZERIEE ST VWCPULIZFKREIKER D
« HATHATETAL, CPUICK DT R— MDRE
- IHRDHABIREE (775 L—%) ORERB
« CPUKDROAM, EWVWS&DH, FEECTHEEN
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GPULIFED K DBN—FRI T T7RDIEADH?

— CI?UKL&U\“?‘/Z?T‘E'B\ K SADETED 7 EERBXAE) ZHE. WS T EIEFBHISHEN LI

B{AR7%EH (TeslaV1oon i)

— AT, NVIDIATESLAV100 GPU ARCHITECTURE& D5|H

— https://images.nvidia.com/content/volta-architecture/pdf/volta-architecture-whitepaper.pdf
« HABROERIZZBEH
« https://images.nvidia.com/content/pdf/tesla/Volta-Architecture-Whitepaper-v1.1-jp.pdf



£ 47y 07

PCI Express 1.0 Host Interface

Mamory Controllar
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PCle
GigaThread Engine

GPC GPC

\[ GPC=FtHEJI3 5 }

12 vwva (§516144KB)

NVLink

NVLink NVLink NVLink NVLink

NVLink




« GPC: GPU Processing Cluster 31
« TPC: Texture Processing Cluster
« SM: Streaming Multiprocessor

1GPUIC6GPCHaE;
1GPCICTTPCs#aE. &FTPCIC2SMsHaH;

64 FP32 cores
64 INT32 cores
32 FP64 cores
8 Tensor cores
« 4 Texture units
GPUL{ETIF6*14=84SMs¥a&. &5+ T
5,120 FP32 cores
5,120 INT32 cores
2,560 FP64 cores
640 Tensor cores
320 Texture units
CNHRKED A7 HE&EATS30MHZ TENME
GPUL{AT32GBMOHBM2Z &8
SMBHT=-DIGKBEXZ TOERERHEEXE) HFEEH
PCIe*°NVLink TR X FCPURIDGPUL Y
& &t



FP64

FP64

FP64

FP64

FP64

FP64

FP64

FP64

LD/ LD/
ST ST

LO Instruction Cache
Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

INT INT FP32 FP32

INT INT [FP32 FP32

INT INT [FP32 FP32

INT INT [FP32 FP32

TENSOR TENSOR
CORE CORE

V|

INT INT FP32 FP32

INT INT FP32 FP32

Dispatoh Unit {32 threadiclk) Dispatch Unit (32 threadiclk)

32

Reglster File {16,384 x 32-bit) Register File (16,384 x 32-bit)

s ZWOATZBRB—DRAT T a—FhHH
BLTWVWBRDHBKRKIREHD—D

« EALARAIVITIRALY RAELE
B%175 (BRh37—2ICxLTE—
DEtEZFE1T) ZEISEFEIRE

« VoltaTZEEHNADHDWVEEHE
HoT=1-8. Pascalllfi& VoltallP%

TIXIRBEICLOEADPERDI L H S

Register File {16,384 x 32-bit)

Register File (16,384 x 32-bit)

INT FRI2 FRI2 INT INT FP32 FP32

INT FP32 FP32 INT INT FP32 FP32

T FPI2 FPI2 INT INT FP32 FP33

FPE4 INT INT INT FP32 FP32

FRRFP% TENSOR TENSOR TENSOR TENSOR
CORE CORE = CORE CORE

IKIT e8I EaYa EBEd DR A e EBaT

INT INT

INT INT

LD/ LD/
ST ST

« VoltaTHLLLEBEHINFHEDT
o 4x4175)[FP160r32] = 4x4175[FP16] X 4x417%5|[FP16] + 4x417%[FP160r32]
YOLWHSEHEREITZEREICITS C

MNTE 3. BRENETIRERINEEE




SIMT(Single Instruction Multiple Thread)

33

CPUTAHWSNTWLSDIESIMD * NVIDIA®DR L TWL Al
— Single Instruction Multiple Data — Pascal&Fx TDOSIMTDAI
- 1B TERDOT —2%Z2HK>

if (threadIidx.x < 4) {

SIMTIF1ES B TEHED AL v RH |
EhET % e
- BV NE. EEOZL Y RH p o

ARFICE i nZ2RI1TI %

U
on
| -
[f]
>
=
o |
(¥
u
L

!

» Time

BENDIEIFT I VMIBINDS

- B LAVATAS S LAYV RIEBRT
3. 2Ly RALDIEERTT 30 L FE

— VoltalABFDSIMT DA

FEI_@E%FEﬁ?b\\b\b\% if (g;readxdx.x <4) {
C FREENHNEDINLDTBIRIFIST  rese
38 % 1 :

}
Z;

» Time
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r2OtEI7=BE L HHEI78) 1 H'ZEEBEEHINZ/N—KRT7

.:.?rfi&?:l?h@%%kéh’cmé\ ==L T5t8a 781 OFOETE I 7 DOENEICIZHIFR
HHD. BEICINTNTICFTETET3DITTIEAEL

X Lw RitiFl{E + SIMDMiFfbZ 1 X =T H bbb T L. b Lniau

— CPU : 1637 « AVX512 = 16 a7 HMERIICENE. & 77ATS512bit (64bit*8) HF & THEE
— GPU : 84SMs - 32FP64cores — 84SMsHMERICEIE. FSMAT32MDFP64coresh % & & TENE
— (FTELEDVEIEETILREIEER D)

GPULZE DB PSMADIEHKIZGPUDHMRICK > TEDL BT, EFRNLRHF =z —5Rm

HXB3HNEIIEL
EROTOTSITICEVWTIEH I RREHRILL THES
—- HbB53A. BELOBRICIZEGHNAGRFEZEZIBZCICRBLLH B
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ZEOAT7LTEBETITTDHBMAEEE25R S

— HFOA7E2Tz7I)ILBEESE I LIEHNNE

— OA7HOBEBULEDOEELHDIEHREXF LWV

« XEYFOEZAEZFOMICBMOHAENTES

WARPZ E5# 9 %

— NEBRVICII3EEZREMLTHELTHED. DIRDEBEREITTEFENNE
« Eof=DEH. Voltahr5Zbh->TLE-T-

« BHHo>TLE-ID. XTISWARPODENMEZ A X— LTTOT S L%ZERT % £ BUL\EREDYS
51230

AT T7IERICOVWTEZRD

— A7 LABXEY T I INEE

FHHRISHRAE (OpenACCTOY S LD&EiE L) ICTHRERT B
— BEAXRWICIF. THEIE L THRIKODEWEEIA O S LHEL



B :CUDA7OY S L

« BFRES O E— DBl

__global__ void gpukernel GPUJ:—C\'TT*)*L%%EE
(int N, float* C, float* A){ (GPUA—=)L)
int tid = blockIdx.x*blockDim.x + threadIdx.x;
int nt = gridDimd.x * blockDim.x;
for(int i=tid; i<N; i+=nt){ — -3 ;=
C[i] = A[i]; . HH%L?’L( Ci/l:%ﬁ'éﬂ%\ N
} « BODIDZETICETRE I BINTHBEZRET 5
}
/431/;a1n(1nt argc, char **argv){
int N = 100000;
float *A, *C; SIT

A = (float*)malloc(sizeof(float)*N);
C = (float*)malloc(sizeof(float)*N); e . = —
cudaMalloc((void**)&d_A, sizeof(float)*N); - FRHOBHBEZRAVWTHRLRUEZTITS
cudaMalloc((void**)&d_C, sizeof(float)*N);

cudaMemcpy(d_A, A, sizeof(float)*N, cudaMemcpyHostToDevice);
cudaMemcpy(d_C, C, sizeof(float)*N, cudaMemcpyHostToDevice);
gpukernel<<<4 4>>>(N, d_C, d_A);

cudaMemcpy(C, d_C, sizeof(float)*N, cudaMemcpyDeviceToHost);
cudaFree(d_A);

&f““ BNTLEFEZNECELVBOTIEBVA, STRENZ
NEDICHD THZ 2T ILRGPURIF ICI3HFDENAL
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GPUDMREZ /FRATE 2/HAB T T T UHAREAINTVLS
— https://developer.nvidia.com/gpu-accelerated-libraries
— B
* Deep LearningZ-1 73>\
— CUDNN, TensorRT, DeepStream SDK
« MEFHAE - BHFEZ 1TV
— CUBLAS, cuSPARSE, cuRAND, cuFFT, ...
- BE. C++U T X, etc.
— NCCL, Thrust, OpenCV, MAGMA, ...

— NVIDIAMBESFHIT3HDIE TCUDA-XI EMHENZLSICH T

- BENMMTVWEWLIEBEY Y FLTULWNIEAZICGPUDEEZ ER I AN TES

— OpenACCE DEEICDVWTIFEKIZEMTUVEVDE DO RFEZEHHBIEESH. RFILTa R
LICEELTHATEDD0HH3 (A—tFHcudaMalloc THEFRLIEXE)DRA > R2%Z5|ZE
g TIEEEE)
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RNE

OpenACCZ ZE.3\Ai|C

— WHFHEDER

— GPUZ OpenACC

BiaNY MLETEZEME L TOpenACCOEARZ ZERN
- AVNAILDREA. RIT0ER

— CPU-GPURBDF—ARERiX|CDWT
175E%EEME L TOpenACCOEREZ F .30
— WAL —TDIEFEICDWT

F D, OpenACCICRE 9 B 5ERE

- BE{tLDI=HDO—RINERE >~

- FN\yJe7a7 A1)y

- BEHGPUDER #AY

=)

2EZ (EYREE) . CGEMDOpenACCit
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GPU (D7 07€5L—%) RMITO7O07 5 LZzFEICEEDRTSHEHATET ST
OJ2z2J&85 (8T
— GPUEIFTDOpenMPD & S57%H D, C/C++¥Fortran TEHONT=-TOJ 5 LICEERIETR X % ENM
9 BT TGPUNIG A RIRE
c AVNAZEIITOOXY hZ5Eih T S
« XIE{LZITDICIEDBDEEGPUDRIEL D > T FHRL
« YILFGPU - WILF ./ —RICDVWTIEIMPIZR E & #HAEHHE TFHIA
« &IIF0penMPOGPUNIGHIEATWVD. SRELOHNERICKRDIDIEHH SR
— OpenMPICENITIND L WO FEEIEH B D BWHRBRHDEATLRL
- LWEFT IR LT LDIFOpenACC
- BOHDOESHHIMBICHEL TV EHOHHERKE LTEHNINEDOD
« YIBGH2011FE. 5P 10AFZBR3FLWVWEEE
— OpenMPEBUT=ER D HZWd, EEONZRATH I EDHS—HDEEFLRS
o DA EBETR AW E WD BEARNAGERD IFHE L TWBcOHFIZRAPC T WIET
— AMDDGPUTHER DL WLWOEEIFEH DD, HWZE L TLR L cHFRAE
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. OpenACCIE TEABRTOY S ATHCPUILTES) TCABTOYS ATHERIELTS
31 HIFTIEFBWH, ZLOTOTFLICRLTER
- BEO—RODOGPULZTTS CUNTETALETHRHBBFETIRMN T =TI ADFEL (HHICX
L TH+oniakgEhEFonsd) A&
« CUDATLAEITAVMLIESHZL)
- i <maVLWlFET—UETEITNIIR L WS HBIKAGPUREIT 7O 5 LTI
OpenACCTHt+mELVEEMNEOND
— CUDAZESARET O S LA
« GPULEODOEEREEXEU R vy 7S ZE@mML7ILdU X L
c 1RAFAVAIDZEEFHL=7ILIU X L
— CUDAIZThreadID7 & TID) Z =5 L Ty MIEZ R T B
— OpenACCiE TID) DEERZEDHDH7EL)
« ZTOM. BRFDON—RT Tz T7EEEE JILERLIEVWSEE

— Tensor core. RT core. H{EERE
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& 78 & DIEER

— https://www.openacc.org/

FAXAVINT S

— PR : PGI (—NVIDIA HPC SDKA#1T) . Cray. ERBRHELZ O

— BAZE : Omni. OpenARC. OpenUH. ROSEACC

— 0SS : GCC

JO7 74T NYAHBY

— allinea MAP/DDT. PGI pgprof. NVIDIA nvprof/nvvp

HAZECTEHMNTIEN

— [BPGIO > /N S:4i71E#R | HPC WORLD https://hpcworld.jp/pgi-compiler-archive/
« [BPGIOYNA SORIBIETHDY 77 v IDWeb 1 MMIEBHEINTWENOT7T—H17
« ERAERDPKELCEDLOTLEDRWVEDIFSEBROLEREAD
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PGId > /\1 5 HPC SDK
PGLIFIMIZ L= /N1 SHEESETH o 7=H'. 2013FICNVIDIAICEIN I Nf-c PGIOY
INA TITHERT L TR (BRFe. —EfEEXR) INTUWLh. 2020F68KRICNVIDIA HPC

SDKIZCHia TN,

— 7B, AMDDGPUADK L IEFHPC SDKNFIEIND T o HIICH BYI6NTWS
ZNH50penACCEIRD BI5EICIZHPC SDKEFES DL ERE BB BN . K&
£1H 2 THPC SDKOFIAZRIIRE L TIER L TH B
NVIDIA HPC SDK

— Web~R— https://developer.nvidia.com/hpc-sdk

— REJ IZIFNIET 2modulefile PAREINTWA1-HOEREICFIBETES

— (SDKE®IZFA—THEETHA VA =L TET S, BEFRZIZPLEVTTVEEIZIEDTEA
LTLIETW)
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e 1DDFHE ./ —KRICIDOCPUET1DDGPU

M EE INIRE
« OpenACCZRWVWTHAEEFCHE

MHEEZ BB I=OHICHNEL
GPUICXT§ % KPR DIERE

— GPUIZZHOEED 7 (EHROTEI7E)
MPEFIN-70tzv

— CPUCGPUIXERIICEHHER®D
XEUZFLTED.,

HFRADOXE) ZGHAEIT T BICIF
CPU-GPUED@Eh'w \E

(CPU-GPUREID@EEIZH F Dk LV =8,
- KEICBELEL<HEW)

HFE DRI

<7WY)

VAN

A8/ —FK
XA XE
Ce - (DDR*)
BEHNMNE (HEDIE
GPU FINTAXE

(GDDR*. HBM2)

ZHOFEIY
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1. BAOERXZECY —XI—FZzAETS
- BRBHRFREREDH SN TLAEL

2. ERHOIOYNAZTOAVINTILT B
— OpenACCHEITDA T a>rzisET S

3. 179 %

— CPURINTDEITHERET 71 ILEBIRRICED £ £EI1TRIEE
« ./a.out

- (DA< EBHBHPCSDKTHNIL) HFRlAaTOT S LZN LD TEIHEIFEL
« LD LIBRARY_PATHZ & DXt wAE

—  IR#] TlEmodule loadDBETHREINTWLDS

- MEEINTWVWABGPUAFIATETRVWCRITRIS—

« nvaccelinfo04 5 LATGPUBEHRNA R X TUL3 Z & h\EiRSH



GPUZR

IRODEESD

nvaccelinfod<Y > KT
GPUDEFIEIESRTET S
RETHINENDH S

Type I 7 RFLAOY A
J—RTEITLEGEDH

—

$ nvaccelinfo

CUDA Driver Version:
NVRM version:

Device Number:

Device Name:

Device Revision Number:
Global Memory Size:

Number of Multiprocessors:

Concurrent Copy and Execution:

Total Constant Memory:

Total Shared Memory per Block:

Registers per Block:

Warp Size:

Maximum Threads per Block:

Maximum Block Dimensions:

Maximum Grid Dimensions:

Maximum Memory Pitch:

Texture Alignment:

Clock Rate:

Execution Timeout:

Integrated Device:

Can Map Host Memory:

Compute Mode:

Concurrent Kernels:

ECC Enabled:

Memory Clock Rate:

Memory Bus Width:

L2 Cache Size:

Max Threads Per SMP:

Async Engines:

Unified Addressing:

Managed Memory:

Concurrent Managed Memory:

Preemption Supported:

Cooperative Launch:
Multi-Device:

11020

NVIDIA UNIX x86_64 Kernel Module 460.32.03 Sun Dec 27 19:00:34 UTC 2020

0 =
Tesla V100-PCIE-32GB
7.0

34089730048

80

Yes

65536

49152

65536

32

1024

1024, 1024, 64
2147483647 x 65535 x 65535
21474836478

512B

1380 MHz

No

No

Yes

default

Yes

Yes

877 MHz

4096 bits

6291456 bytes

2048

7

Yes

Yes

Yes

Default Target:

_ 1GPUS D1ESR
(FICBHS12DGPUD D DIE
A DIL)

_ OpenACCO > /XA JLEFIC
IBE T D NITGPUEER

Yes
Yes
Yes .

ccio

45
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EiiZsOpenACC7OY S LDOH (EEFIDEHEITE)

C (vectorl.c)

#include <stdio.h>
int main(int argc, char *
{ . o

nt 1;

int n=10;

double v1[10], v2[10];

for(i=0; i<n; i++){
vi[i] = (double)(i+1);
v2[i] = 0.0;

}

*argv)

OpenACCHEF LT 5R

=GPULTE{TINS

« Fortran (vector1.f90)

/

#pragma acc kernels
for(i=0; i<n; i++){
v2[i] = vI[i] * 2.0;
}

/

for(i=0; i<n; i++)printf("

printf("¥n");

for(i=0; i<n; i++)printf("

printf("¥n");

return 0;

}

%.2", VILil);

%.2f", v2[]);

1 program main

2 implicit none

3 integer :: 1, n=10

4 double precision :: v1(10), v2(10)

5

6 do i=1, n

7 vi(i) = dble(d)

8 v2(i) = 0.0d0

9 enddo

10 \Y \

3 —— > B 700 5 LThHhNnIL
W‘» do i=1, n kernels?'émSZ'C‘ﬁ%%’a’:?EE

14w = vIg) *2.0d0 ¥ 31217 TGPUfL O ETAE

15 enddo

16| !Sacc end kernels

17

18 do i=1,n

19 write(™," (TH F8.2)',advance="N0")v1(i)

20 enddo

21 write(™,*)""

22 do i=1,n

23 write(™," (TH F8.2)',advance="N0")v2(i)

24 enddo

25  write(*,*)""

26 end program main
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o BELERIITHAGPULTEITEINDS

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

#include <stdio.h>

int main(int argc, char **argv)

{

int 1;

int n=10;
double vi[10], v2[10];

for(i=0; i<n; i++){
vi[i] = (double)(i+1);
v2[i] = 0.0;

} %

cC TO

#pragma acc kernels
for(i=0; i<n; i++){
v2[i] = v1[i] * 2.0;
}

for(i=0; di<n; i++){printf(" %.2f", vd 5}
printf("¥n"); C
for(i=0; i<n; i++){printf(" %.2f", v2
printf("¥n"); P
U

return 0;

} N

« R LTCPUA TE) . GPUA MMy DR
« BEEINTLLRLEDIZCPULTEITEINS

« CPUASGPUICX L TEtERET
niThn 3
« GPULEDXE ZHEfR. CPUD
L BGPUNEBLT S

[’J GPULDEEIF7ICLDALFFHEINS

O~ CPUIRGPUDEEIRT %D
+ GPUMBCPUARER T — 2 %5
%, GPUL®DXE U % fR1K
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054>,/ —RKLETmoduleloaddY > RZEFTLTERBEITS
module Y > RFDEWE (KKESA T g e FDEK)

module avail FMARGERES 2a—IILO—EB%2 KT
module load <modulename> XWRES 2—I)LDload

module unload <modulename> XERET 2 —J)LDunload

module list load’BAET 2a—ILD—E%X KT
module purge loadEAHEEY 2 —JLDunload

O+ VEE A Hload TN TULRLVIRRE
hpc_sdk/21.2 Zloadd % & A/ SFELFBEEEICK D
— module load hpc_sdk/21.2

— /21.2 |3BE&AEE, BRRLI-HGR. SBEDFHLVWDBDZA VA M—ILLTIRET 315

HDOHWEENICHARAEINS X SICE DB,

BldF L L



a2 /81 LG

nvc X 7=ldnvfortran T3> /N1 L

— -Minfo=accel

OpenACCILICEE 9 5 1B Z H /]

— -acc OpenACCiETRX %= Bt
— -gpu OpenACCORR/N—FT T (RRGPUDTELE) ZIiETE
- -tp WRCPUZIERE

$ nvc -Minfo=accel -acc -gpu=cc70 -tp=host -o v1_c_acc vectorl.c

2 /N )L main:
XHTIBRD B ARG
Sl Wl ESE SUNERES

$ nvfortran -Minfo=accel -acc -gpu=cc70 -tp=host -

main:

16, Loop is parallelizable
Generating Tesla code

-gpu (XIHRGPU) At

« nvaccelinfo® lDefault Targets IZXTIS

« {5 : Tesla P1007%: 5cc60. V1007% 5ccT0

. BEINTWLWBGPUNVINOTH B 7-ccT0%IEE
-tp (FERCPU)

« hosticT XAV NNTILREBHIBEIND
BEEEMOHZ3HVREZEEL THEEBCEY LA OV
A ZICKBRECODEEVDTH S,

T —AEEPGPULOHE I 7 DEVLAIZ
AN SHhHBEEHEL T n3H.

16, #pragma acc loop gang, vector(3 iE CRL (BBEDEES) CHbHhd

16, Generating implicit copyout(v2[:]) [if not already pre
Generating implicit copyin(vi[:]) [if not akready

~acc vector1.f90

12, Generating implicit copyin(vi(:)) [if not already present]
Generating implicit copyout(v2(:)) [if not already present]

13, Loop is parallelizable
Generating Tesla code

13, !Sacc loop gang, vector(32) ! blockidx%x threadidx%x
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ELLETINTUVBIED, GPULTEEINTUVLWB ZCIFEHTIT AL
— HATUVLWOSES5NEE

ChkD3%ma

0 4.00 5.00 6.00 7.00 8.00 9.00 10.00 <TT =%
.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 —5EER

FortranhR D% a

S ./vl_f_acc
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 —TT—R
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 —5TEER
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MODDRIRERZRALS C & TCPUDHIAR R = fEESA]
IRIRZ#N NVCOMPILER_ACC_TIME

— export NVCOMPILER_ACC_TIME=1 HXIEE L THSERTT 3 L. HELFEEO O PN T

=3

$ export NVCOMPILER_ACC_TIME=1
$ ./vl_c_acc

_OgAy ) —RETOERFH - P20

Accelerator Kernel Timing data
/home/center/a49979a/share/20210607/vectorl.c
main NVIDIA devicenum=0
time(us): 30
16: compute region reached 1 time

GPULTOEEICEET 315%R 16: kernel launched 1 time
SHEEM. SHEEE  — . grid: [1] block: [32

4.00 5.00 6.00 7.00 8.00 9.00 10.00
8

T elapsed time(us): total=26 max=26 min=26 avg=26

16: data region reached 2 times
16: data copyin transfers: 1

CPU-GPUEDBIEICEA S 515K device time(us): total=14 max=14 min=14 avg=14

BEEIE. BEKRME \ 18: data copyout transfers: 1

device time(us): total=16 max=16 min=16 avg=16

00
.00 10.00 12.00 14.00 16.00 18.00 20.00
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« NVCOMPILER_ACC_NOTIFYHER)

- 1,2,4,8,16ME Y rEAGHE (GRIEM) THEE. UTOBBHRAHIINS
« 1: GPUAZ —=RJLICH
« 2. T —HERX
« 4:region®Mentry/exit
« 8: wait/sync
« 16: TNA AXE OFERETKE

— 5l - export NVCOMPILER_ACC_NOTIFY=3
« 3=1220DFHEM. GPUN —XILEENBIRE 7 — X EnXxBHRAIH AT NS
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NVCOMPILER_ACC_NOTIFY{&ERDfl

1: GPUAZ — =X)L EE]
launch CUDA kernel file=/path/to/source.c function=main line=16 device=0 threadid=1 num_gangs=1

num_workers=1 vector_length=32 grid=1 block=32 WEHIETRR () HEIRTE3
2: T—XEmX

upload CUDA data file=/path/to/source.c function=main line=16 device=0 threadid=1 variable=v1 bytes=80
download CUDA data file=/path/to/source.c function=main line=18 device=0 threadid=1 variable=v2 bytes=80

4: regionMDentry/exit
Enter enter data construct file=/path/to/source.c function=main line=16 device=0 threadid=1
Leave enter data construct file=/path/to/source.c function=main 1line=16 device=0 threadid=1
Enter compute region file=/path/to/source.c function=main line=16 device=0 threadid=1
Leave compute region file=/path/to/source.c function=main line=16 device=0 threadid=1
Enter exit data construct file=/path/to/source.c function=main 1line=16 device=0 threadid=1
Leave exit data construct file=/path/to/source.c function=main line=18 device=0 threadid=1

8: wait/sync
Implicit wait file=/path/to/source.c function=main line=16 device=0 threadid=1
Implicit wait file=/path/to/source.c function=main line=16 device=0 threadid=1
Implicit wait file=/path/to/source.c function=main line=18 device=0 threadid=1

16D 7 /N1 AXE U REIR/MREITERE
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> 7))L 5 L (vectorl.c £7=ld vector1.f90) =2 /N1JLL. FFIEFDFFO

TJA>2 /) —RTEITLTHS

_ O > ) — RIZHPCI ExpresshROVI00AEE S T W3 - 0HGPUMIF FOY S L % 2ITAT4E

- (%T)auc._export NVCOMPILER ACC_TIME=1LT#H< &. GPUREYICEILT WS = & HRER
TZ3

IS5 NyFPaJeLTEITLTAHS

INYFOgTELTEITTERES. THICIREZTHNVCOMPILER_ACC_TIMEX

NVCOMPILER _ACC _NOTIFY=Z=t v |* LTEITLTHS

AR

— OJa4>/—RISEHESND GEIDGPUZE->TWVWBEERITTIRY) 2. ZAIDSIERE
Elb\&t—_ﬁo)i% %B%L\—C‘i/\ /%/37&: L/—C;{fi'-a_é Z

ERRICR>THAELLD



e ISR . directive

OpenACC70OY 5 LDIERK . $5THE (ETA) : clause
COBERPTIEIRED TIERXEERZLICT S

BTRXICEDETZz5hd 3
- EBRX AR IICH L TERZITOHFREIX >
« C/C++ [ #pragma acc ~
 Fortran : !Sacc ~
« EAXRMICIE TERLTLF>THMEN I ALY
- AN SHBRELTVARWGEED AV /N1 ILEEITEEIFARE. H5 5 AGPUIFER AL
- MIGRERITI—-FEZNUAZADO O RIZDITHS THRVLO TEEHE
» MIGDBEEICL>THO7 I X LZEVRGBEIXE S ICHB5BVH
BRI LIETXX DA
- WIFFE DL EZIERT52HD
 kernels, parallel
* loop, seq, collapse
« gang/num_gangs, worker/num_workers, vector/vector_length
- TROBIANCOWTIERTSHOD
« data, enter/exit data, copy{,in,out}, present, update, create, delete

55



WS ExTREBEIDISTE - kernelsk parallel

56

'CDOEHERNZGCGPULTLHIRITLIEW SR
— kernels parallel TIEA /N1 SICKBEROEAHNELR D
» parallel : EXBICFHABIHEDNIEET S
- kernels : H$2EI /N1 SHHIlT. FEITHAE (LEFF) 18
« RELZ LTWERRRAILELSBRO—RICHS. 13T THD
ﬁl@ﬁ¢1%%?%$?@%LMTT(hM/memw@t)
- AT BETHICHEVWHELS

kernelsé:?ttdﬂ]ﬂ%@‘é%d) parallelé: ICHBI5HD . OpenACCOHREDITY 1 o T35 T A

« async/wait async/walt DENMCEELTVS £ 57
: ﬁcewce -type ic}lewce -type » kernelsZ paralleld &5 5ZHVWTHERE
. default . default LWhY, &FERE Tldkernelsz AL\ 3
« copy% ¢ copy®R

« num_gangs / num_workers /vector_length
 reduction
« private
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C (vectorl.c)

#include <stdio.h> 1
2

int main(int argc, char **argv) 3
{ 4
int 1; 5
int n=10; 6
double v1[10], v2[10]; 7

8

for(i=0; 1i<n; i++){ 9
vi[i] = (double)(i+1); 10
v2[i] = 0.0; 1

} 12
13

14

#pragma acc kernels 15
for(i=0; 1i<n; i++){ 16
v2[i] = vI[i] * 2.0; 17

} 18
19

for(i=0; i<n; i++)printf(" %.2f", vi[i]); 20
printf("¥n"); 21

for(i=0; i<n; i++)printf
printf("¥n");

return 0;

}

« Fortran (vector1.f90)

program main
implicit none
integer :: 1, n=10
double precision :: v1(10), v2(10)

do i=1, n
vi(i) = dble(q)
v2(i) = 0.0d0
enddo

ISacc kernels
do i=1, n
v2(i) = v1(i) * 2.0do
enddo
ISacc end kernels

do i=1,n

write(™,"(1H F8.2)",advance="N0")v1(i)
enddo
Wr.i.te(*’*)llll

~(OpenMP L BHEID)

> C/CH+TIBRNERDIL— T {} THE- 789 (BEl7Oovy) H

ETRXDERANRERS

> FortranTldend TH L 3 RMEHLH B
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-1 IL’ql‘f‘1f<JI»|¥%F<ZJ>J>(»231‘12!"" iiauﬁEE:uua

C $ nvc -Minfo=accel -acc -gpu=cc70 -tp=host -o v1_c_acc vectorl.c

main: 0 — ol —
16, Loop is parallelizable Zl//.\’(70)=|t|Jli=ﬁL_<J:0'C ) N
Generating Tesla code copyin, copyout WS i hEm I Nz
16, #pragma acc loop gang, tor(32)fL:,b{62kIdx.x eadIdx.x */
16, Generating implicit copyout(v2[ N [if not alreadyAiresent]
Generating implicit copyin(vi[:]) [TRQot alre present |
Fortran Tesla(NVIDIA GPU)[@EIF D d— RAER I Lt

$ nvfortran -Minfo=accel -acc -gpu=cc70 -tp=

|IL—=ToEFehMTh N

main:
12, Generating implicit copyin(v1(:)) [if not already pr
Generating implicit copyout(v2(:)) [if not a V present]
13, Loop is parallelizable
Generating Tesla code implicit | BERARI ‘
, 1Sacc loop gang, vector(32) ! blockidx%x threadidx%x 7073 LICIEEDNTVWED o e hl
AN SHHIBTL 7
EDXDICHE - WIBSNT-OHZHESR T D CIFFERICEE

% if not already present & blockidx % threadidxiZ 2> W Ti&&ih
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C (vectorl.c)

« C(vector2.c)

int main(int argc, char **argv) 3 int main(int argc, char **argv)
{ 4 {
int 1; 5 int 1;
int n=10; 6 int n=10;
double v1[10], v2[10]; 7 double vi1[10], v2[10];
8
for(i=0; i<n; i++){ 9  for(i=0; i<n; i++){
vi[i] = (double)(i+1); 10 v1[i] = (double)(i+1);
v2[i] = 0.0; 1 v2[i] = 0.0;
} 12}
13
14) #pragma acc kernels copyin(v1[:]) copyout(v2[:])
#pragma acc kernels 15| #pragma acc loop gang, vector(32)
for(i=0; 1i<n; i++){ 16 for(i=0; 1i<n; i++){
v2[i] = vI[i] * 2.0; 17 v2[i] = v1[i] * 2.0;
} 18}
19
for(i=0; i<n; i++)printf(" %.2f", vi[i]); 20 for(i=0; i<n; i++)printf(" %.2f", vi[i]);
printf("¥n"); 21 printf("¥n");
for(i=0; i<n; i++)printf(" %.2f", v2[i]); 22 for(i=0; i<n; i++)printf(" %.2f", v2[i]);
printf("¥n"); 23 printf("¥n");
return 0; AV N1 ZDHEICE D Tcopyiny Tcopyouty

; oop gang, vector(32)1 AEEMICEAIN TV B XIEFEL
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Fortran (vector1.f90) « Fortran (vector2.f90)
program main 1 program main
implicit none 2 implicit none
integer :: 1, n=10 3 integer :: 1, n=10
double precision :: v1(10), v2(10) 4 double precision :: v1(10), v2(10)
5
do i=1, n 6 do i=1, n
vi(i) = dble(q) 7 vi(i) = dble(q)
v2(i) = 0.0d0 8 v2(i) = 0.0do
enddo 9 enddo
10
11} !Sacc kernels copyin(v1(:)) copyout(v2(:))
ISacc loop kernels 12| !Sacc loop gang, vector(32)
do i=1, n 13 do i=1, n
v2(i) = vi(i) * 2.0do 14 v2(i) = v1(i) * 2.0do s¢end loopld FE
enddo 15]  enddo (BVWTHTS—IciE
ISacc end kernels 16| !Sacc end kernels KBS0 S72)
17
do i=1,n 18 do i=1,n
write(™," (1H F8.2)"',advance="N0")v1(7) 19 write(™," (1H F8.2)"',advance="N0")v1(7)
enddo 20 enddo
write(*,*)"" 21 write(™,*)""
do i=1,n Ea—

write(™,"(1H F8.2)",ad
enddo
Wr.i.te(*,*)llll

AV INA ZDHIBFICK D, rcopa;/im l'copyout
loop gang, vector(32)1 AEHFHICERATNTULWEEZIFRL

end program main

26

end program main
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« ERXTERDTICHESEDZZ CDHOEE
— RAB-oTLEF-TEETRLEIC
« C/C++&FortranTYLESDTIEE

#pragma acc kernels copyin(v1[:]) copyout(v2[:])
#pragma acc loop gang, vector(32)
for(i=0; i<n; i++){
v2[i] = v1[i] * 2.0;

}
#pragma acc kernels ¥
copyin(vi[:]) copyout(v2[:])
#pragma acc loop gang, vector(32)
for(i=0; di<n; i++){
v2[i] = v1[i] * 2.0;
}

- KEDY Ny I RXTvia) Tk
o WEBTTOLEEICIZpragmalI R E

% Z1UEOpenACCHEREE LS & D
C¥ FortranD kD RIRE
(OpenMPTHEIRRICEWVWD H D)

ISacc kernels copyin(vi(:)) copyout(v2(:))
ISacc loop gang, vector(32)
do 1=1, n
v2(i) = vi1(i) * 2.0do
enddo
ISacc end kernels

&

ISacc kernels &
ISacc copyin(v1(:)) copyout(v2(:))
ISacc loop gang, vector(32)
do i1=1, n
v2(i) = vi(i) * 2.0do
enddo
ISacc end kernels

« RKED&THkHL
o MEBHTODABEICH!SacchHNE
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CPUE GPUIZERIDAXAE) > THbh. EEBFAOAXAEIVIZCTIEATETAHL
— FIANBHD. FFEL < IFEID
e BUYIRT—EAEXZEZITHRIFELVEEHIITAARL
— GPUAZ—XRILEFE : XA XFEUDISTNAAXEIYADT —FERX
— GPUD—ZILIERTHE . TNNAZAXEUDBSE XA I XEYADT —FE5i%
- B TOJ S LTIZEEIMNIC
T—REEZITo> T NBH,
HIDIEEEERTFZEICIE
FARS AW EHLH B CPU
— BRIC/CHTIE. OVINTSHEFIDET% s
B TEHBVEOICELZRTRIS—% jj;

X1 > XE!) (DDR*)

CHWVWRTVEOHIEHNRE
— GPUﬁ-*)LbQEE}ZZ‘S?’L@b")TCD\ AN >

ETEHICIS—LEDTBREAE L3 <wu<;;> TINAAXE
(GDDR*, HBM*)
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GPUA—XRILETRIIC. TNATXAXEVEZBERL. RAMDISTNAAANIE—-T 3

« copyin
GPUAN—RILETRIC. TNAADBRAMEZTRL. TNTAXEVZIRET S
* copyout X O0penACC2.5D0 5 IFHEIC Tpresent_or_*1 DEEBHE D,
copyin + copyout FELTULDNIFFEVWEL T NS, ZRICES/bNE DI
. copy AN ILEFD X w2 — X NVCOMPILER_ACC_NOTIFY%
e FAWNIXHEEETE %, OV /N1 JLERIC[if not already
TINA XX E) 2GRS 5D present] E HTWDIEZ D=8,
* Create
BHCTNAZAXEVICEELTWACZA N1 JICIER 3
* present

FEL TLWARWEEDHcopy{,in,out}d 3
* present_or_copy,in,out} XF—2EFEVET. YT IEONEFNSRTETS —
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ElH A TIE G —BDAZEXRET 5 C D FAIEE

AR . C/C++FortranTIIER D ERSDIEE R ENER B
— C/C++ KB REC%ZIEET S

#pragma acc kernels copy(A[head:length])

— Fortran : AR EC T RZIBET D
ISacc kernels copy(A(begin:end))

— A[:N], A(:N)

DESBERRTHAE CEHISNERNELSND)
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* GPUN—XIIZREHBERITIBHBEIIEDRBIEADD?

*

int main(int argc, char
{
int 1, j, n=10;
double v1[10];

*argv)

for(i=0; i<n; i++){
vi[i] = (double)(i+1);
}

for(§=0; i<10; j++){
#pragma acc kernels
for(i=0; i<n; i++){
vi[i] = v1[i] * 2.0;
)
}

(vector3.c)

program main
implicit none
integer :: 1, j, n=10
double precision :: v1(10)

do 1=1, n
vi(i) = dble(d)
enddo

do =1, 10
ISacc kernels
do i=1, n
vi(i) = vi(i) * 2.0do
enddo
ISacc end kernels
enddo

(vector3.f90)



BOEBLT—FEEZITS5ZEDME

* GPUN—XIIZREHBERITIBHBEIIEDRBIEADD?

int main(int argc, char **argv) program main
{ implicit none
int 1, j, n=10; integer :: 1, j, n=10
1 ; ision :: — == .
double v1[10]; double precision v1(10) FENAZAXEY DER Y HEA 12
for(i=0; i<n; i++){ do i=1, n DRLTLED =D, KRIFAE
, vI[i] = (double)(i+1); dljﬂ(i) = dble(i) RIS T ORETHREEADD B
enddo
for(§=0; <10; j++){ do j=1, 10 N
#pragma acc kernels ISacc kernels DR L
for(i=0; i<n; i++){ do i=1, n TINA AXTE) DERL
vi[i] = v1[i] * 2.0; vi(i) = vi(i) * 2.0do ==
} enddo N | -
} 1Sacc end kernels TINA AXE DIKRE
enddo

(vector3.c) (vector3.f90)
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XA VAXEBIRTNA AXE) DEREREICK L TCPU-GPURB DT — A
iR, SEELEEITETIZV
— CPU- X1 XE
- DDR4. 100GB/s/socket’2E (STREAM Triad==l)
— GPU-FTNAZAXEY
« HBM2. P100C550GB/sT2E. V100 TI|3800GB/s55 (STREAM Triad3EAl)
— CPU-GPU

XIEREILT o &

~200 GB/s

« PCI Express Gen.3x16

— IR MRE THHRAI6GB/s (XINATM) CPU X1 > XE! (DDR*)

— GPU - GPU —
« NVLink. 20(Pascal) or 25(Volta)GB/s>.<5(X7'3'F'EU 0l pcre. ~3268/s
— 1GPU@ 7= b 4(Pascal) or 6(Volta)ZdDNVLink. 7
GPUBIC & o ToBFHIED DS —
— Power&CPUTIZCPU-GPURI THNVLINkHER 3 GPU @ TNTAAEY
(GDDR*, HBM*)

~1TB/s
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« dataigX
— IL—=TUHHIDEZAZIITUNT. T—FDHEIRETE S

#pragma acc data copyin(A) copyout(B) ISacc data copyin(A) copyout(B)
BEt7Oyv o BEt7Oy o

ISacc end data

 enter/exit datatg "X
- BEt7 Oy I ZzEEX T ICHRARBRMUEBE CTEREZITO CCHAEE

#pragma acc enter data copyin(A) ISacc enter data copyin(A)
#pragma acc exit data copyout(B) ISacc exit data copyout(B)
- 55 F>THRL

- enter/exit datatige "X DA DMEREH. TOT S LDRBELHE

— GPU{LEEBDRITEICH K EEELTEVWEe T ?
— B/ —AI—RICTOT S LDBRE TN TVWBREE?

CBEBVELDITEFRENNE



datatf"XICEL BT /N1 AXEY OEEFRDORE(L

o GPUND—XIILZEBHEITI 5FEH L ICdatais "X DB

*

int main(int argc, char **argv) program main

{
int 1, 7, n=10;
double v1[10];

for(i=0; i<n; i++){
vi[i] = (double)(i+1);
}

implicit none
integer :: 1, j, n=10
double precision :: v1(10)

do 1=1, n
vi(i) = dble(d)
enddo

#pragma acc data copy(v1[:])
for(j=0; j<10; j++){
#pragma acc kernels
for(i=0; i<n; i++){
vi[i] = v1[i] * 2.0;
}
}

ISacc data copy(vi(:))
do j=1, 10
ISacc kernels
do i=1, n
vi(i) = vi(i) * 2.0d0
enddo
ISacc end kernels
enddo
ISacc end data

TINT AXEY) DERK
R L

STHE
FTINTAXE) DIEE

FRERE IRV &REIC
DHTHI, FEERH L
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datatfRXIC & 57 /N1 AX T OEEFHROREL

* GPUN—XIIZREDBEITI SHmERLICdatals "X Hh B

. . . « BIDTI/LRICEERBELN DI HEHL
int main(int argc, char **argv) program main o e — Pk N
int 1, i, n=10; integer :: 1, j, n=10)  F—HAE—ZLTLES2CHHB
double vif10]; double precision :: vl s kernelsiCpresentBizMZ 2 & AV /N1 5D
for(i=0; di<n; i++){ do i=1, n Hlie LESTES
v1[i] = (double)(i+1); vi(i) = dble(i) |+ acc kernels present(vl)
} enddo B
#pragma acc data copy(vi[:]) ISacc data copy(vi(:)) TFTINTZAXEYDER
for(j=0; j<10; j++){ do j=1, 10 2 A 2
#pragma acc kernels present(v1) ISacc kernels present(v1) RORL
for(i=0; i<n; i++){ do i=1, n _
vi[i] = vi[i] * 2.0; v1(i) = vi(i) * 2.0do S
} enddo
i Sacc end kernes F /A AT OWE
ISacc end data

ERERE TR RRIC
DHITHOI. EEAH 7R L)
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[

- vector3.c, vector3.f90% jtic. datatsmXZzEA L7-707% S Lvectord.c, vectord.foo%z
ER L. EITHRREZLERT S
— IRIEZHNVCOMPILER_ACC TIMEZtw b LTETIT BB ZICLEEARIEE

F<CRZ . RTEHBRTREDBAS KRB D DHBIFT THS

ERRICNP > THAEL LD
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Accelerator Kernel Timing data
/home/center/a49979a/share/20210607/vector3.c
main NVIDIA devicenum=0
time(us): 117
15: compute region reached 10 times
15: kernel launched 10 times
grid: [1] block: [32]
elapsed time(us): total=131 max=28 min=11 avg=13
15: data region reached 20 times
15: data copyin transfers: 10
device time(us): total=55 max=14 min=4 avg=5
17: data copyout transfers: 10
device time(us): total=62 max=16 min=5 avg=6

e

Accelerator Kernel Timing data
/home/center/a49979a/share/20210607/vector4.c
main NVIDIA devicenum=0
time(us): 30
13: data region reached 2 times
13: data copyin transfers: 1
device time(us): total=13 max=13 min=13 avg=13
18: data copyout transfers: 1
device time(us): total=17 max=17 min=17 avg=17
15: compute region reached 10 times
15: kernel launched 10 times
grid: [1] block: [32]
elapsed time(us): total=116 max=26 min=9 avg=11

Accelerator Kernel Timing data
/home/center/a49979a/share/20210607/vector3.f90
main NVIDIA devicenum=0
time(us): 110
12: compute region reached 10 times
13: kernel launched 10 times
grid: [1] block: [32]
elapsed time(us): total=127 max=26 min=10 avg=12
12: data region reached 20 times
12: data copyin transfers: 10
device time(us): total=53 max=13 min=4 avg=5
16: data copyout transfers: 10
device time(us): total=57 max=13 min=4 avg=5

e

Accelerator Kernel Timing data
/home/center/a49979a/share/20210607/vector4.f90
main NVIDIA devicenum=0
time(us): 29
10: data region reached 2 times
10: data copyin transfers: 1
device time(us): total=14 max=14 min=14 avg=14
18: data copyout transfers: 1
device time(us): total=15 max=15 min=15 avg=15
12: compute region reached 10 times
13: kernel launched 10 times
grid: [1] block: [32]
elapsed time(us): total=148 max=34 min=10 avg=14
12: data region reached 20 times



ZRhicDxEZ{E

* 57/9@13@55']@1_ 1|:|:E)__l-
— L. EE L X OFEE LAMRI AL > CEEO-X (3R Eealis

- ) THRE
° ; o =1 \\ \\
BRTHIEETEXT SHENH D o oo P
[0,0] [0,1] ;
— C/C++  #pragma acc data copyin(A[head:length][0:N]) ?1X;303'/W [®1x*2’3®5 .
. C/CHFAERIDRTAERTT o6 oror | oxos
[2,0] 2,1] 2,2]

— Fortran !Sacc data copyin(A(1:N, begin:end)) > Fortrand—Je5t (2%5t) BB

 Fortrani& /A EID R THERTT 5|5 B
0x**00 0x**03 0x**06
[0,0] n0,/] |20
> YNBMARXEY 7 RL XIEF—KT 0x**01 /@/@4 0x**07
[0,1] 1] [2,1]
0x**00 0x**01 0x**02 0x**03 0x**04 0x**05 0x**06 0x**07 0x**08 0x**02 /‘ 0x**05 0x**08
[0,2] 1,21 7 12,2
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BB ERIXRF DEEEE IS ER RV THRL

FEICHER LTI AN IIVBICET ORI DD N5 2VWHDIFRIZHTRT 54
BENHB

- 2B E L TVB L SHREICHRNARENBBELHEDP T

(allocatel.c) (allocate1.f90)
double *v1, *v2; double precision, allocatable :: vi(:), v2(:)
int *index; integer,allocatable :: index(:)
vl = (double*)malloc(sizeof(double)*n); allocate(vi(n), v2(n), index(n))
v2 = (double*)malloc(sizeof(double)*n); ISacc kernels
index = (int*)malloc(sizeof(int)*n); do i=1, n
#pragma acc kernels v2(i) = vi(index(i)) * 2.0d0
for(i=0; i<n; i++){ enddo
v2[i] = vi[index[i]] * 2.0; ISacc end kernels
}

> VIOERH (RE) MO FLKEHTSETYI. AVNTIILIFTESZN
RITEIS—PELLBRVMERICEZ ZeHH D BFICCEEEMR)
> copyin(vi[n]) BEX U copyin(vl(n)) ZMZ B EELLLEET S



HNLETID T —2EZ(E

15

BB ERIXRF DEEEE IS ER RV THRL

FEICHER LTI AN IIVBICET ORI DD N5 2VWHDIFRIZHTRT 54
BENHB

- 2B E L TVB L SHREICHRNARENBBELHEDP T

(allocate2.c) (allocate2.f90)
double *v1, *v2; double precision, allocatable :: vi(:), v2(:)
int *index; integer,allocatable :: index(:)
vl = (double*)malloc(sizeof(double)*n); allocate(vi(n), v2(n), index(n))
v2 = (double*)malloc(sizeof(double)*n); ISacc kernels copyin(vi(n))
index = (int*)malloc(sizeof(int)*n); do i=1, n
#pragma acc kernels copyin(vi[n]) v2(i) = vi(index(i)) * 2.0d0
for(i=0; i<n; i++){ enddo
v2[i] = vi[index[i]] * 2.0; ISacc end kernels
}

> VIOERH (RE) MO FLKEHTSETYI. AVNTIILIFTESZN
RITEIS—PELLBRVMERICEZ ZeHH D BFICCEEEMR)
> copyin(vi[n]) BEX U copyin(vl(n)) ZMZ B EELLLEET S
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allocatel.c
$ nvc -Minfo=accel -acc -gpu=cc70 -tp=host allocatel.c

main:

21,

21,

Accelerator restriction: size of the GPU copy of v1 1is unknown
Complex loop carried dependence of v1-> prevents parallelizition
Loop carried dependence of v2-> prevents parallelization

Loop carried backward dependence of v2-> prevents vectorizatio
Accelerator serial kernel generated

Generating Tesla code

21, #pragma acc loop seq

allocate1.f90

$ nvfortran -Minfo=accel -acc -gpu=cc70 -tp=host allocatel.f90
main:

14, Generating implicit copyin(vi(:)) [if not already present]
Generating implicit copyoufiv2(1:10)) [if not already present]
Generating implicit copyip(index(1:10)) [if not already present]

15, Loop 1is parallelizable
Generating Tesla code
15, !Sacc loop gang, vgctor(32) ! blockidx%x threadidx%x

ELFIvI DR S HHh 5 78 LW iRER

Generating implicit copyin(index[:10]) [if not already present]
Generating implicit copyout(v2[:10]) [if not already present]
Generating implicit copyin(vi[:]) [é-nmm#geint]
Complex loop carried dependence of v1-> prevents parallelization

Loop carried dependence of v2-> prevents parallelization
Loop carried backward dependence of v2-> prevents vectorization

allocate2.c
$ nvc -Minfo=accel -acc -gpu=cc70 -tp=host allocate2.c

main:

21,

21,

Generating copyin(vi[:n]) [if not already present]

Complex loop carried dependence of v1-> prevents parallelization
Loop carried dependence of v2-> prevents parallelization

Loop carried backward dependence of v2-> prevents vectorization
Accelerator serial kernel generated

Generating Tesla code

21, #pragma acc loop seq

Generating implicit copyout(v2[:10]) [if not already present]
Generating implicit copyin(index[:10]) [if not already present]
Loop carried dependence of v2-> prevents parallelization

Loop carried backward dependence of v2-> prevents vectorization

xf=7c LFortranicDWTIXZC DX £ TH
(WERIZ) MBSV

allocate2.f90

$ nvfortran -Minfo=accel -acc -gpu=cc70 -tp=host allocate2.f90
main:

14, Generating implicit copyin(index(1:10)) [if not already present]
Generating implicit copyout(v2(1:10)) [if not already present]
Generating copyin(vi(:n)) [if not already present]

15, Loop 1is parallelizable
Generating Tesla code
15, !Sacc loop gang, vector(32) ! blockidx%x threadidx%x



1

4=9+
i‘fﬂ'iﬁn%@ttﬁ

Aoy v1#ERE 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Aoy v2 ) HAE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
index (CEEEhR) 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
index (FOOhR) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
IFLULW2DEEER 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00
allocatel.cOv2#E5R  : 2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
allocate1.fO0DV24ER @ 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00
allocate2.cOv2#EER  : 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00
allocate2.fO0MDV24ER @ 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00

« allocatel.cTIIEHEZ S F<EBHE TSI TLERVLI=OIFHEFERELEH L LY,
s YORETCRENEI TUVWIDOIEFHEZESEITBCIETEBRIEA5H0?
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NVCOMPILER ACC _NOTIFYZtw L CTEMEZTESR

¢ export WCONPILER AcC NoTTFv=2 | <T2ICERE T % £ CPU-GPUR D allocatel.c Tldvih'8byte. DEDI1EXR
o BEDBHRMNMEAINSD LAMXEINTOBWVWI DD B

$ ./al_c_acc
upload CUDA data file=/home/center/ad49979a/share/20210607/allocatel.c function=main line=21 device=0 threadid=1 variable=index bytes:fgl,/”/’
upload CUDA data file=/home/center/ad49979a/share/20210607/allocatel.c function=main line=21 device=0 threadid=1 variable=v1 bytes=8
download CUDA data file=/home/center/a49979a/share/20210607/allocatel.c function=main line=23 device=0 threadid=1 variable=v2 bytes=80

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

allocate1.fO0IXIE L < 103 (80byte)f X TE ek 572

§ ./alf_f_acc

upload CUDA data file=/home/center/ad49979a/share/20210607/allocatel.f90 function=main line=14 device=0 threadid=1 variable=v1 bytes=80 4—”"J’V
upload CUDA data file=/home/center/ad49979a/share/20210607/allocatel.f90 function=main line=14 device=0 threadid=1 variable=index bytes=40
download CUDA data file=/home/center/a49979a/share/20210607/allocatel.f90 function=main 1ine=18 device=0 threadid=1 variable=v2 bytes=80

1.00  2.00 3.00 4.00 5.00 6.00 7.00  8.00  9.00 10.00
2.00 4.00  6.00  8.00 10.00 12.00 14.00 16.00  18.00  20.00 allocate2.cH1EL K 10EXR
(80byte)dmx TEF /=L D

$ ./a2c_c_acc

upload CUDA data file=/home/center/ad49979a/share/20210607/allocate2.c function=main line=21 device=0 threadid=1 variable=v1 bytes=80 —
upload CUDA data file=/home/center/a49979a/share/20210607/allocate2.c function=main line=21 device=0 threadid=1 variable=index bytes=40
download CUDA data file=/home/center/a49979a/share/20210607/allocate2.c function=main line=23 device=0 threadid=1 variable=v2 bytes=80

5.00 6.00 7.00 8.00 9.00 10.00

1.00 2.00 3.00 4.00
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00

$ ./a2f_f_acc

upload CUDA data file=/home/center/ad49979a/share/20210607/allocate2.f90 function=main line=14 device=0 threadid=1 variable=v1 bytes=80
upload CUDA data file=/home/center/ad49979a/share/20210607/allocate2.f90 function=main line=14 device=0 threadid=1 variable=index bytes=40
download CUDA data file=/home/center/a49979a/share/20210607/allocate2.f90 function=main 1line=18 device=0 threadid=1 variable=v2 bytes=80
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00



HNEEREF OECHNBERDEXICIIFIEDBE

19

- TE7%DeepcopyHTETRL (NGB ERZIH OEANLGERZIFEHTEETITHW)
— C/C++ : BIMNICHERINIEETNZ AN LTEOBERY I S A Zz—FEIE—-TF AL
— Fortran : allocatableE¥*pointerBZ I FOX N Z B RERZ—FIE—-TETHRL
— BHRT—AIARBEZN S HRISERINMVE

o BRIRAE
— {ERD S DERAE (FRIEHD B2 HHER)
« MBRDIEITFEI Tcopyd 5
- ODIRFAE (BELEDFLODEEDT-OHIFEL THESIHREDHD)
« AV /NTILEFD -gpu 7> 3 > IC deepcopy ZiENN
— Fortran® &Xtit. T2 7% Deep copyh TE3 (139°)
« Unified memory% 5
— XA AEBI T NA AXE) ZR—IZK S Fifr
— AV /IN1ILE®D -gpu 72 3 > IC managed ZE1. #lIRD H D 7= FBEHNNE
- VTN BT—RBEICI—F2ETHZD



80
Deep copyfiE (1/2)

BN AR BRZIF ODEGHNLERZIRSRICITFENVE

— C/C++ : FIVICHERINIEI Z XN LTEOBERY I S AZ—EO -9 31585

— Fortran : allocatableE$ ¥ pointerBEZ i FOXA N Z 3O REEZ—FIE—T 5155

—- RAVZ - TRLADAHAE—CNTEDORENIE—ETNT. FEZHHBVICHICEITHRT

F— (ZZ—LABEVWE LTHEAEBREIHHLEL) CVLWSREELNEL S
— XUNEPEETHNIIBEITEIFHL

struct Sobj{ type :: Tobj
|:> double values[10]; |:> double precision :: values(10)
}; end type Tobj

s%ruct Sobj obj; type(Tobj) :: obj
for(i=0; i<10; i++){ do i=1, n
obj.values[i] = (double)(i+1); obj%values(i) = dble(d)
} enddo
#pragma acc kernels ISacc kernels
for(i=0; i<10; i++){ do i=1, n
obj.values[i] = obj.values[i] * 2.0; obj%values(i) = obj%values(i) * 2.0d0
} enddo

1Sacc end kernels

(deepcopyl.c) (deepcopy1.fo0)
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e AVNICEHNERZFDOI— RFDH

struct Sobj{ o NI
} double *values; <=2 /\N1JLEFICH 1 AHIRE
s%ruct Sobj obj; Ei;/

TEEO5 8D SnEEUE L Tmalloc

if(argc<2)n=10; else n=atoi(argv[1]);

obj.values = (double*)malloc(sizeof(double)*n);
for(i=0; i<n; i++){
obj.values[i] = i+1;

}

#pragma acc kernels
for(i=0; 1i<n; i++){

obj.values[i] = obj.values[i] * 2.0;
}

(deepcopy2.c)

type :: Tobj
double precision,allocatable ::
end type Tobj

type(Tobj) :: ob

I R1TEF S 18D 5n 218 2R IS E B

values(:)

TaAVINTILEICH 1 IDKRE

allocate(obj%values(n))
do i=1, n

obj%values(i) = dble(i)
enddo

18acc kernels
do i=1, n
obj%values(i) = obj%values(i) * 2.0d0
enddo
I18acc end kernels

(deepcopy2.fo0)

. FortranH}iL:’)L\TLatdeepcopyz“ 723 DB EELLEIELTNDLDICHD

& ceceee Eif?jkjh_ >, 7:_(Z)j7:_
- L7077 LTHD FLWVWIHIREH

$ nvfortran -Minfo=accel -acc -gpu=cc70

-tp=host -0 d2f_f_acc

BRERRATOI OB LTHOELLEWVWTLES LS

deepcopy2.f90

$ nvfortran -Minfo=accel -acc -gpu=cc70,deepcopy -tp=host -o d2f_f_acc_dc deepcopy2.f90
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- managedd 7> 3 >z FI1FB & C/C++, FortranWgNHIEL <ENMET 3
« Unified Memory& WS CPU(ZRR M) GPUDXED Z X HTIDICRESEHAZREWS
— EREHEENRITTH B 78, Unified MemoryZ2 FEH T FFHTRELEBES LD RVERHL D
h B EIREED B B
- WRIOAT FLICE >TIEHEDHEENZELRWVWCCHH D H. 7O 5 LBREDRICIE. D&

9’ managed TEEL THTH S T—FEEXDRE %

CPU

GPU

MEM

MEM

=N

CPU

GPU

MEM

MEM

175 CVLWSFEIIKRFTICIET %

Unified
Memory
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1761

- managed#d 7> 3 EMITIEEE e e L LA
C S nvc -Minfo=accel -acc -gpu=cc70,managed -tp=host -0 d2_c_acc_m deepcopy2.c Eﬁiy_é)lkiﬂ,% ET:E) JZ <
ma1n.25, Loop is parallelizable YN Y R/ L Y SRR

Generating Tesla code
25, #pragma acc loop gang, vector(128) /* blockIdx.x threadIdx.x */
25, Generating implicit copy(obj.values[:n]) [if not already present]
Generating implicit copyin(obj) [if not already present]
$ ./d2_c_acc_m
upload CUDA data file=/home/center/a49979a/share/20210607/deepcopy2.c function=main line=25 device=0 threadid=1 variable=obj bytes=8
before
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
after
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00

Fortran S pvfortran -Minfo=accel -acc -gpu=cc70,managed -tp=host -o d2f_acc_m deepcopy2.f90
main:
32, Generating implicit copyin(obj) [if not already present]
Generating implicit copy(obj%values(1:n)) [if not already present]
33, Loop is parallelizable
Generating Tesla code
§ ./d2_f_accm 33, !Sacc loop gang, vector(128) ! blockidx%x threadidx%x

upload CUDA data file=/home/center/a49979a/share/20210607/deepcopy2.f90 function=main 1line=32 device=0 threadid=1 variable=obj bytes=144
upload CUDA data file=/home/center/ad49979a/share/20210607/deepcopy2.f90 function=main line=32 device=0 threadid=1 variable=.attach. bytes=8
upload CUDA data file=/home/center/a49979a/share/20210607/deepcopy2.f90 function=main line=32 device=0 threadid=1 variable=descriptor bytes=128
before
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
after
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00
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RKFERALTOT S LTIEFEDLIDDDD. 2 TFHTHINT D EDHAEE
— enter datak updateD#EAH#EHE (updatelZ DWW TIFRELAE TERRA)

#pragma acc enter data copyin(obj) copyin(obj.values[n])

#pragma acc kernels
for(i=0; i<n; i++){
obj.values[i] = obj.values[i] * 2.0;
}

#pragma acc update host(obj.values[n])

#pragma acc exit data delete(obj.values[n], obj)

(deepcopy3.c)

ISacc enter data copyin(obj) copyin(obj%values(n))
ISacc kernels

do i=1, n

obj%values(i) = obj%values(i) * 2.0d0

enddo
ISacc end kernels
ISacc update host(obj%values)
ISacc exit data delete(obj%values, obj)

(deepcopy3.fo0)

— datafi THIL S BimE Idcreate presentz fES E B L)

« (create%Z copylZ9 3 ENG)

#pragma acc data create(obj) copy(obj.values[n])

#pragma acc kernels present(obj.values[n])
for(i=0; i<n; i++){
obj.values[i] = obj.values[i] * 2.0;
}
}

(deepcopy4.c)

ISacc data create(obj) copy(obj%values(n))
ISacc kernels present(obj%values(n))
do i=1, n
obj%values(i) = obj%values(i) * 2.0do
enddo
ISacc end kernels
ISacc end data

(deepcopy4.fo0)



T =2 DER

e datais X ADGPUAN—RILBITT —RXDESEYCEF 2TV CWERIZE D TNIXRLE
BT,

ISacc end kernels

}

. mwmw—7®ﬁ¢vﬁ%ﬁwbtu BHEF LU
ttiw::Tﬂ@ﬁ%mﬁbthWﬁﬁ*nét55ﬁ?

pragma acc data copy(v1) r‘!$acc data copy(v1)
{ , !Sacc kernels
#pragma acc kernels i do i=1, n
for(i=0; i<n; i++){ I vi(i) = vi(i) * 2.0do
vi[i] = v1[i] * 2.0; : enddo
|

#pragma acc kernels ISacc kernels

for(i=0; i<n; i++){ do i=1, n
vi[i] = v1[i] * 2.0; vi(i) = vi(i) * 2.0do
} enddo
_} ISacc end kernels

—1Sacc end data

. datafBEE D H L THNUSHBERERNLTAA VA EVICESIRINTLZDRED 2

for(i=0; i<n; i++){ do i=1,n

printf(" %.2f", v1[i]); write(™," (TH F8.2)"',advance="N0")v1(i)
} enddo
printf("¥n"); write(™,*)""

(updatel.c) (update1.fo0)
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T =2 DER

e datais X ADGPUAN—RILBITT —RXDESEYCEF 2TV CWERIZE D TNIXRLE
BT,

| pEagma acc data copy(v1) r‘igacc gata iopy(vl)
ISacc kernels
: #pragma acc kernels : do i=1, n
| for(i=0; i<n; i++){ | vi(i) = vi(i) * 2.0do
I vi[i] = v1[i] * 2.0; I enddo
: } : ISacc end kernels
: . WHHLIL—TDERPTEERER LV § BH LW
| 7 £ ZNE T = TVIDEE A LT SEAEASI NS5 5 ? |:> SHEHOEAEATATLES
I I
I #pragma acc kernels : ISacc kernels
: for(i=0; i<n; i++){ p doi=1, n .
I } vi[i] = v1[i] * 2.0; I vi(i) = vi(i) * 2.0do
: I enddo
I} : ISacc end kernels

—1Sacc end data

. datafBEE D H L THNUSHBERERNLTAA VA EVICESIRINTLZDRED 2

for(i=0; i<n; i++){ do i=1,n

printf(" %.2f", v1[i]); write(™," (TH F8.2)"',advance="N0")v1(i)
} enddo
printf("¥n"); write(™,*)""

(updatel.c) (update1.fo0)
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KA MBS T /N1 X update device

FINAZXEY QER - BEEZHDAWVWT —2E5% (BH) ICidupdatez W3

TN ZAH57R R b [ update host & 7-Id update self
—HDHDEFHHAEE. BERIDIEEF Alddatafam & Bk

r—#pgagma acc data copy(v1)
I
#pragma acc kernels
for(i=0; i<n; i++){
vi[i] = v1[i] * 2.0;
}

#pragma acc update host(v1)
for(i=0; i<n; i++){
printf(" %.2f", v1[i]);
}
printf("¥n");

#pragma acc kernels
for(i=0; i<n; i++){
vi[i] = v1[i] * 2.0;
}
_

(update2.c)

- 18acc data copy(v1)

1Sacc kernels
do 1=1, n
vi(i) = vi(i) * 2.0do
enddo
ISacc end kernels

ISacc update host(v1)
do 1=1,n
write(™,"(1H F8.2)"',advance="N0")v1(i)
enddo
Wr.ite(*,*)llll

I1Sacc kernels
do 1=1, n
vi(i) = vi(i) * 2.0do
enddo
ISacc end kernels
ISacc end data

(update2.fo0)
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RNE

OpenACCZ ZE.3\Ai|C

— WHFHEDER

— GPUZ OpenACC

BiaNRY MLEEZEME L TOpenACCOEARZ ZERN
- AVNNAIILDOEA. RITDMES

— CPU-GPUR DT —RERiXIC DWW T

175FEE EME L TOpenACCOEERZ F.N
— WEHHEIL—TDIEAEICDOWVT

F D, OpenACCICRE 9 B 5ERE

- RBEEDTHD—RINAE >

- FN\yJe7a7 A1)y

- BEHGPUDER #AY

=)

2Z (EYEE) : CGEMOpenACCit
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« giElZkernelsEizE AW TG ELEHRDIEEEIT o T

- BEO7O77L (EML7TOFL) TEa> /N1 ZICiE)IL—TH5{E A e]gETH B H
ZHETIHEWVWI EhH D

e kernelsiE "X TIL—FZEBATH. AT SHAIHLTEITHRVWECHIFTEIZEAH S
7O 5IHh LIt D¥ | EBRR T NISLI LI EBR N TES

« W, MWHELIEHHEVWIEHTETS




loopaR™XIC & B AMFLFIERDIEE

90

* loop1E "X
— WHEXRIL—T=ZIEET S

o looptERXICINA TUTDIEREIZFES C & THIKT - BiEZHIEH - BIET BN TES
> independent$5REl & seqtenEn
« XIRIL—TZMFRITT IDNERRITIS3DZHRT S
e BBHEIADHD. AN SICKBFIFIZITHNRLC KRS
> collapse(n)&7=E0 © collapse(2), collapse(3)7 &
« ZEI) -T2 T HTAILT S
- WHIEDEVEEBIL—TDMINLEEICHBH TEE
> reduction$g’RE7 : reduction(+:a) Y
c STERERDOENREZITD
« ZLOBFEIEAVINAISHELKHIBL T NBHESHMEITBRVDA, OVNN1SDHEDKS
ICHIBT LT DEEE TE B LS ICHRA A ZERA THCERL
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ZEL-TBEICL B BEFBITINRTOT 5 LD

double precision, allocatable :: a(:,:), b(:,:), c(:,:)

c(n,n)

c(3,1) = c(3,1) + alk,7) * b(j,k)

« C(matmull.c) « Fortran (matmul1.f90)

double **a=NULL, **b=NULL, **c=NULL;
// mallocTa,b,cZ LR allocate(a(n,n), b(n,n),

36 #pragma acc kernels 36 !Sacc kernels

37  for(i=0; 1i<n; i++){ 37 do i=1, n

38 for(j=0; j<n; j++t){ 38 do j=1, n

39 for(k=0; k<n; k++){ 39 do k=1, n

40 c[i][J] += a[i]l[k] * b[kI[]i]; 40

41 } 7y enddo

42 } 42 enddo

43 }

n=10CRITL CHEREEL®KL THi B ondo

44 Sacc end kernels
C 37: compute region reached 1 time

37: kernel launched 1 time
grid: [1] block: [1]
elapsed time(us): total=80 max=80 min=80 avg=80

Fortran 36: compute region reached 1 time
39: kernel launched 1 time
grid: [1] block: [128]
elapsed time(us): total=28 max=28 min=28 avg=28

5% 5CEFortran CEITERIIC
AIBELRHD LS. AIKIES
D 7?
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« Fortran (matmul1.f90)

double precision, allocatable :: a(:,:), b(:,:), c(:,:)
allocate(a(n,n), b(n,n), c(n,n)
36 !Sacc kernels

37 do i=1, n
38 do j=1, n
nvfortran -Minfo=accel -acc -gpu=cc70 -tp=host -0 | 39 do k=1, n
main: 40 c(j,i) = c(j,i) + a(k,i) * b(j,k)
36, Generating implicit copyin(a(1:n,1:n)) [i 41 enddo
Generating implicit copy(c(1:n,1:n)) [if 42 enddo
Generating implicit copyin(b(1:n,1:n)) [i 43  enddo
37, Loop is parallelizable 44 1Sacc end kernels
38, Loop is parallelizable .
39, Complex loop carried dependence of c prevents parallelization > copyBfRIE > /N1 S DRIETT
Loop carried dependence of ¢ prevents parallelization FRICREIL R W

Loop carried backward dependence of c prevents vectorization
Inner sequential loop scheduled on accelerator
Generating Tesla code
37, !Sacc loop gang, vector(128) collapse(2) ! blockidx%x thyeadidx%x
38, ! blockidx%x threadidx%x auto-collapsed > 37,38,391TEM3EIL—T
39, !Sacc loop seq.
39, Complex loop carried dependence of c prevents parallelization

_seq=sequential > 3FI)IL—TOA[R2 DT LI L (auto-collapsedic DWW TIE&
W=THBRETENZDCEERKT D ) . AL —FIEZFREIT. c(j,i)DFrE LA WEZ R3],
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ZEL-TEEICK B BEMBITINRTOT 5 LOH

e C(matmull.c)

double **a=NULL, **b=NULL, **c=NULL;
// mallocTa,b,c%x HER

36 #pragma acc kernels

37 for(i=0; i<n; i++){

38 for(3=0; j<n; j++){

39 for(k=0; k<n; k++){

40 c[i1[3] += a[illk] * b[kI[j];
41 }

42 }

nvc -Minfo=accel -acc -gpu=cc70 -tp=host -0 mml1_c_acc matmull.c
main:
37, Complex loop carried dependence of a->->,b->->,c->-> prevents parallelization
Accelerator serial kernel generated

43 '}

Generating Teslalcode > KEFREFRAHDLFETETI. FRERTI—FH
37, #pragma acc loop seq S s EWmINn-ERHEATNTVS
38, #pragna acc loop seq. - > 37,38, 39THD | T cempnaza @REFOEOER
39, #pragma acc loop seq. 3ZE)L—-7 -
37, Generating implicit copy(c[:n][:n]) [if not already present] > copyBaf&iza VIS S O MR

Generating implicit copyin(a[:n][:n],b[:n][:n]) [if not already present]
Complex loop carried dependence of a->->,c->-> prevents parallelization
38, Complex loop carried dependence of b->->,a->-> c->-> prevents parallelization
39, Complex loop carried dependence of b->->,a->-> c->-> prevents parallelization
Loop carried dependence due to exposed use of c[i1][12] prevents parallelization

THICEIZEIX L
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38
39
49
41
42
43
44
45
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C (matmul2.c) « Fortran (matmul2.f90)
double **a=NULL, **b=NULL, **c=NULL; double precision, allocatable :: a(:,:), b(:,:), c(:,:)
// mallocTa,b,cZ LR allocate(a(n,n), b(n,n), c(n,n)
#pragma acc kernels 36 !Sacc kernels
#pragma acc loop independent 37 !Sacc loop independent
for(i=0; di<n; i++){ /= 38 do 1i=1, n /=
#pragma acc loop independent } WHIRATS B 39 !Sacc loop independent } WHIRTY S
for(j=0; j<n; j++){ 40 do j=1, n
#pragma acc loop seq — MHE1T L 7R LY 41 !Sacc loop seq — T L AL
for(k=0; k<n; k++){ 42 do k=1, n
c[1]1[3] += al[i]lk] * b[k][3]; 43 c(j,i) = c(3,1) + alk,i) * b(j,k)
} 44 enddo
} 45 enddo
} 46  enddo
N=10CET L THT- 47 !Sacc end kernels
38: compute region reached 1 time 36: compute region reached 1 time
42: kernel launched 1 time CERD BB IC &3kt 42: kernel launched 1 time
grid: [1] block: [128] grid: [1] block: [128]
elapsed time(us): total=16 max=16 min=16 avg=16 elapsed time(us): total=26 max=26 min=26 avg=26

o —fRMIC. Fortran7OYJ S LDAN IV /INA FICK B LAFCHIFTHEYICE <
o C/C++IFRA U 2EBBDEBETAEGHEZILVL SERTFHGHEFHAINP T L
o looptERXTHERETNUIINTIZDH|Zz LEZITES



AN TS & D FIETD LB

- CSE. loopindependentigiE 4 L (matmull.c)

37, Complex loop carried dependence of a->->,b->-> c->-> prevents parallelization
Accelerator serial kernel generated
Generating Tesla code
37, #pragma acc loop seq
38, #pragna acc loop seq %)L — P RIFMA B D WHUL TSI BV LARINTLS
39, #pragma acc loop seq
37, Generating implicit copy(c[:n][:n]) [if not already present]
Generating implicit copyin(a[:n][:n],b[:n][:n]) [if not already present]
Complex loop carried dependence of a->->,c->-> prevents parallelization
38, Complex loop carried dependence of b->->,a->->,c->-> prevents parallelization
39, Complex loop carried dependence of b->->,a->->,c->-> prevents parallelization
Loop carried dependence due to exposed use of c[i1][i2] prevents parallelization

- CS3. loopindependentigE # b (matmul2.c)

38, Loop is parallelizable
Generating implicit copyin(b[:n][:n]) [if not already present]
Generating implicit copy(c[:n][:n]) [if not already present]
Generating implicit copyin(a[:n][:n]) [if not already present]
40, Loop 1s parallelizable —_ - . —
42, Genzratiﬁg Tesla code EI:EHTL_ﬁEO T%)L_ 7% jﬁ§']'ft L/TC (- (\./_ 75‘/7_\37“—( ‘J\%
38, #pragma acc loop gang, vector(128) collapse(2) /* blockIdx.x threadIdx.x */
40, /™ blockIdx.x threadIdx.x auto-collapsed */
42, #pragma acc loop seq
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e C(matmul3.c)

double **a=NULL, **b=NULL, **c=NULL;
// mallocTa,b,c%x HER

36 #pragma acc kernels
37 #pragma acc loop independent collapse(2)

38
39
49
41
42
43
44
45

for(i=0; i<n; i++){

for(3=0; j<n; j++){

#pragma acc loop seq

}

for(k=0; k<n; k++){
c[i][j] += a[il[k] * b[k][]];

}

« IL—TZ@Ma L THhoUINtT S
« BWIL—THXELTWBERICER
o RITKAIELRZINIIIL—TOBELRIXE

C

Fortran

36
37
38
39
49
41
42
43
44
45
46

« Fortran (matmul3.f90)

double precision, allocatable :: a(:,:), b(:,:), c(:,:)
allocate(a(n,n), b(n,n), c(n,n)
ISacc kernels
ISacc loop independent collapse(2)
do i1=1, n
do j=1, n
ISacc loop seq
do k=1, n
c(j,1) = c(3,1) + ak,i) * b(j,k)
enddo
enddo
enddo
ISacc end kernels

38, #pragma acc loop gang, vector(128) collapse(2) /* blockIdx.x threadIdx.x */

39,
41,

38,
39,
41,

/* blockIdx.x threadIdx.x collapsed */
#pragma acc loop seq

ISacc loop gang, vector(128) collapse(2) ! blockidx%x threadidx%x

I blockidx%x threadidx%x collapsed
ISacc loop seq
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#pragma acc kernels #pragma acc kernels
#pragma acc loop independent collapse(2) #pragma acc loop independent
for(i=0; i<n; i++){ for(ij=0; ij<n*n; ij++){
for(3=0; j<n; j+){ i = 9j/n; § = 13%n;
for(k=0; k<n; k++){ for(k=0; k<n; k++){
mat[i][j] = ...; mat[i][j] = ...;
} }
} }
} }

« BWIL—TTHZIHOHABEIATZEVVTINDG L SICHD
« OpenMP®collapse & DR
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« kernels®AZloopHh D& DH B 7T THNIK. kernelstloopZz F e HTEL e HAEE
— (OpenMPTUL\S & CZ A Dparallel for/parallel do & [E#k)

#pragma acc kernels ISacc kernels
#pragma acc loop ISacc loop
for(i=0; di<n; i++){ do i=1, n
v2[i] = v1[i] * 2.0; v2(i) = vi(i) * 2.0d0
} enddo

ISacc end kernels

(loop1.c) (loop1.f90)
#pragma acc kernels loop ISacc kernels loop
for(i=0; i<n; i++){ do i=1, n
v2[i] = v1[i] * 2.0; v2(i) = vi(i) * 2.0d0
} enddo

ISacc end kernels loop

endflligEH %< THOK (IRHT1DDloopT
HBEHBERRTIOERTSES)
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« INEXFTOA—RIFZBEIL—TEZZSTH. TEDIL—THO2BEH
WTHHIICRICL TWED o T

» OpenACCICH 1T B EHCES D L
— 2B SEXfirstprivater 12 3
« MHLEBNDEZSIZIWHET. BT S LDHHOAEL
— BEINETNA ZAXEVICTHEINS
s BWCZFHT S, privateilsT"EIC L D EFHZEE TS HAEE

« BZE ! OpenMPDIFE
— private/sharedgREI TISE
— fAIBHIEELR VW Esharede D XLy REITFHT 3
— CTIIMFLEBBARNTEE NS BAZ R privatedfz Ly
— Fortran®&. WHELEERDZFRIL—TDIL—TFHD > Zldprivatedz Ly

BRa

9 B AEEMEICD
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LHNRITHIADIEE

e CCETIN—THEDLSICGPULDEAEOVICEIDH TSNS I8EHHE] o7
« FEBEL O SLTIIFICEERVWC EHAZUVH, BBRINICAEBLI-WVESDH S
— XZAMLEIL—F (BEIL—) FEOELSICHEOaTICEIDY=>TWBR?

— N—=FOxzT7OEHICHHOEIIL—TEBEICLEED2BHDEA. AT IIFENICEDLEEETE
LT<NTWBDOH?

o RIEFAVNRAMIEFOXyE—JICEDLSICEIDZTEMHHATA TV
— gang, vector & blockIdx, threadldx & WS BLEDEFEET D EHERTE S

nvc -Minfo=accel -acc -gpu=cc70 -tp=host -o v1_c_acc vectorl.c
16, #pragma acc loop gang, vector(32) /* blockIdx.x threadIdx.x */

nvfortran -Minfo=accel -acc -gpu=cc70 -tp=host -o v1_f_acc vector1.f90
13, !Sacc loop gang, vector(32) ! blockidx%x threadidx%x

— BFZIEEID_EDHTETSLOE
« vector(32)
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« OpenACCTIEN—F DT 7ICEERNGLIEDRH 2 e z2BELTED. LUEELSIE

ICgang, worker, vectorZ 72 > TLV%

CNEZLEDEDICHAEHETEITISINZEIEETES

CUDADIEF|RITETILHEBNICH > TWB . ENICHHE TEFHEH

Z % D hHhEt]]

— CUDAIZgrid, threadblock, thread D = f&E18&

— OpenACCOEH FH R NMHRITETILOR ST
gang —— blockId 0

vector

blocklId 1

blockId 2

Stanf-. &

> threadIld 0,1,2---

threadld 0,1,2--

threadld 0,1,2-
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N=FIOx7DEL TDLERIGTT

gang : block » Streaming Multiprocessor(SM)RIDIEF 14 Idvector. SMEAIDIEF M IE
vector : thread . %;%gib\‘:‘;

« ERXEUT7IERTBHEABDIL—TIIvector
- KOAFIDIL—TIEgang
CBLDA A=
« HWOFIK EERRICIF2OAT R EDEMTEMELTWA e Z2RBEATHELL
BULWHEgEANEHBZCcHH B
s THEZS5ASRITFOREMNTEDEITSENS
e JL—TEX IOty HRICHOLETHABRTIRMADH D, BEICEZXT
HIS

HS5DLEMICE ZIK-
e ganglFHWLANJLTHRATETAVWEMNOBNELS M (SMEA)
o Worker(iHWl//\“)lfCﬁ,H\H'C35%13@%53&)%3]25‘]’& (SMW@WARPE¥)
L . vectoriZworkerIEE TDSIMD® R kLAFILIE (WARPDH)
e XHNMADIL—TIFE AL (gangfil]) TARITNIEA SR D OpenACC 2.0LAFT
AL
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me . BEiRTRTaI 5 4

C (matmull.c) « Fortran (matmul1.f90)
double **a=NULL, **b=NULL, **c=NULL; double precision, allocatable :: a(:,:), b(:,:), c(:,:)
a = (double**)malloc(sizeof(double*)*n); allocate(a(n,n))
b = (double**)malloc(sizeof(double*)*n); allocate(b(n,n))
c = (double**)malloc(sizeof(double*)*n); allocate(c(n,n))
#pragma acc kernels ISacc kernels
for(i=0; i<n; i++){ do i=1, n
for(3=0; j<n; j++){ do j=1, n
for(k=0; k<n; k++){ do k=1, n
c[i1[3] += a[i][k] * b[k][]]; c(j,1) = c(3,1) + a(k,1) * b(j,k)
} enddo
} enddo
} enddo

ISacc end kernels

matmull, matmul2, matmul3ZERICTAV/NAILLTRITLTHELD
> wHEINich?

> RITEEIEE < B> Teh?

> independent®seqzZEL THDIELEDH?

> collapsetlEEZZETHLEDH?

> BB A XZRKILLTHDIEESH?
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o BRLC2EEEMTIE. EDRITET —HDE
ZH< LTHELD. (BBAA.

double **a=NULL, **b=NULL, **c=NULL;
a = (double**)malloc(sizeof(double*)*n);
b = (double**)malloc(sizeof(double*)*n);
¢ = (double**)malloc(sizeof(double*)*n);
#pragma acc kernels
for(i=0; di<n; i++){
for(3=0; j<n; j++){
for(k=0; k<n; k++){
c[11[3] += a[i][k] * b[kI[i];
}
}
}

#pragma acc kernels
for(i=0; i<n; i++){
for(3=0; j<n; j++){
for(k=0; k<n; k++){
} c[i][3] += a[i][k] * b[k][j];
}
}

XD FEET B39 TH B, datafeamX THEIE

independentm & HIEEL 75X To )

double precision, allocatable ::
allocate(a(n,n))
allocate(b(n,n))
allocate(c(n,n))
ISacc kernels
do i=1, n
do j=1, n
do k=1, n
c(j,1) = c(3,1) + a(k,i) * b(j,k)
enddo
enddo
enddo
ISacc end kernels
ISacc kernels

a(:,:), b(:,:), c(:,:)

NVCOMPILER_ACC_TIME=1
X

do i=1, n NVCOMPILER_ACC_NOTIFY=2
do j:], n % L/—tl_1n0))|klﬁ,%ﬁﬁ L THELD
do k=1, n
c(j,i) = c(3,i) + a(k,i) * b(j,k)
enddo
enddo
enddo

ERRICNP > THAEL LD

ISacc end kernels
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RNE

OpenACCZ ZE.3\Ai|C

— WHFHEDER

— GPUZ OpenACC

BiaNRY MLEEZEME L TOpenACCOEARZ ZERN
- AVNNAIILDOEA. RITDMES

— CPU-GPUR DT —RERiXIC DWW T

175 E EME L TOpenACCOE A * Z.R

— WAL —TDIEFEICDWT

F O, OpenACCICRE 9 B 5ERE

- BELDTHD—INRE >

- TNy IJeT7aIrAI>Y

—- BHGPUDER AY XOPHLO. OEBBITEIEEVEUVGER
=)

2EZ (EYREE) . CGEMDOpenACCit
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mEtD=-bnk>k (1,72)

. GPU iﬁg@{l‘%l Z7IIERATACETRVEETHRZFESIN—FI T 7 THBE L

— GPU‘J%%&@D-I_%:IJ C«_J:%j]'ﬁ']n‘f%h_ck’)f |‘$ Tb\éf:&b\ ngu'ftﬁ%“/“_j)‘:_l_ﬁj\
BRIDDDELDICTS

« vector(threadIdx)(&32A E. gang(blockIdx)l&SMZLL &
« BWIL—"ldcollapse THESIEZHE TS
« YA XZRETLLTHD
— K BGHEZKREICITO CeZ0hNT B

« CPU-GPURDT—X@EII&R/NRICT S
- AR OHEmEXEDRST

+ RIFCGPUA—FIILOEFHERTICHD LEEL DD >TWVDS
- RRBEATOY S LATRETHBICKET . FLOONBZHAEA—RILIEFEHLADRL
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mE{bkDfcHDE> b+ (2,72)

« EFRAXATUT7IEVLATTAELDICTS
— AL —7TvectoriC&K B EHEXAED 7V Z1T5
— A7 LRBAEVT7I7E2R%ES
- (CPUZOYZ VI THEBAE) 77 XEEKITERED)

#pragma acc kernels ISacc kernels
#pragma acc loop gang ISacc loop gang
for(i=0;1i<N;i++){ do i=1, N
#pragma acc loop vector ISacc loop vector
for(j=0; j<N; j++){ do j=1, N
O a[il[j] = b[i][]] + c[i][]]; X a(i,j) =b(,3) + c(i,3);
X aljlli] = bl3l[i] + c[31M1]; O a(j,1) = b(],1) + c(3,1);
} end do
} end do

ISacc end kernels

« HIBLHODOIIEIR  EEMEE - X'V MeEEZE X S eEISH A L. CPUICEB TS CIE
FE 5 73 L)
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E—SMADECUDADTZICELBRRFAE) 7IOLEADT7 Ut REHEWVES
7Ot ZAL T NdEEE

—ﬁﬂ@%#ﬁ@M@ﬁﬁt&oTﬁ@5\%ﬁﬁﬁﬁ&%#ﬁ%w
TIOEIMWNSINTHE (BV) BE

a70 371 72 373 -
| — 4 ABIDAED) 772 ADMTHhNS

\> —>

T ZIDH->TWD GEW) BE

GlobalMemory

]70 7’2 3173
- - 1B XED 772 RIEDH THIEIND
//“//

GlobalMemory

BEARMICIZvector)L—THEEXEY 7O RICHBZ LD ICTNIFEL

ICEXREHT
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OpenACCHiSIMLERIC &S 1T BB DFUH L

+ kernels/parallelREE (OpenACCHFLNRAF=GPUL) TREHZERITLICWES
— O I NBEEICroutine’s’ "X (accroutine) ZEWTEHELKHBELH S
— fl (RR—ZADELE L. BEBOEE R L ITER)

#pragma acc routine module mod
void calc(int n, doub\e *v); contains

subroutine calc(n, v)
18acc routine

*

int main(int argc, char

{ do i=1, n
#pragma acc data copy(v1) v(i) = v(i) * 2.0do0
{ enddo

#pragma acc kernels end subroutine calc

: calc(n, v1); EE55DRATHRL end modute mod
} } (MAEVTHREIEREW) program rgain
use mo
} / :E:EE data copy(v1) » CTIZEMRBOERIC. FortranTIiX
#pragma acc routine call calc(n,v1) BEHBDERICIETR X ZHEA
void calc(int n, double *v) !$acc end kernels > LD L. CNBDEZTATIFNEUHY
{ '$acc end data SNTRERAD L — T IBEREITIC
int 1; d : C C g / -
}gr(}:o; i<n; i++){ S prosrEn e HoTLES (calcEABADIL—T
vlil = vli] " 2.0 ICloopE X Z M A THZFREITIC

) } (routine@_c) (routine@.f9®) BmHo>TLED)
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\

#pragma acc routine gang ”x“
void calc(int n, double *v); 2 void calc(int n, double *v); o
/
int main(int argc, char **argv) / int main(int argc, char **a(gﬁ)
{ oA
#pragma acc data copy(v1) ,/ #pragma acc data copy(v])
{ / {
#pragma acc kernels B B\ #pragma acc ke,rﬁels
{ =5 { o
calc(n, v1); Eﬂ\;y H chﬁ(n, vl);
} R }o
} / ‘}x
/
} / o
l "0“’
#pragma acc routine gang o s
void calc(int n, double *v) “x” void calc(int n, double *yﬁ
{ {
int 1; » int 1; v

#pragma acc loop gang vector
for(i=0; i<n; i++){
v[i] = v[i] * 2.0;
} . }
} (routinel.c) }

#pragma acc loop gang vector
for(i=0; i<n; i++){
v[i] = v[i] * 2.0;

(routine2.c)

BIRARERD#E D IR LEBICloopIaED 4 LVi5
BlxaV N1 SERICHEZ =80, BEEICA
“metu%AM¢E¢5:t

module mod
. contains
% subroutine calc(n,v)
: 18acc routine gang
t dinteger ::n
¥ double precision :: v(*)
ISacc loop gang vector
do i=1, n
v(i) = v(i) * 2.0do
enddo
end subroutine calc
end module mod

program main

use mod
implicit none
integer :: 1, j, n=10

double precision :: v1(10)
ISacc data copy(v1)
ISacc kernels
call calc(n,v1)
ISacc end kernels
ISacc end data

end program main

(routine1.f90)
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A ZLEINRITISHE EHY/ —RXA771ILDIHS (C)

« routinefe R”RX ZBYNESHEHLH D
routine3a.c

#pragma acc routine gang

o B EEBRTIEZ7AOMZA TEEREDEA ICroutineis "X BN E
o ’ o« AVINAIL - UV IIFEBICITTRIXEL
int i (ZNZ2Nod— RiZ-gpu=ccT0EF % 111 3)

#pragma acc loop
for(i=0; i<n; i++){
vii] = v[i] * 2.0;
}

« nvc -Minfo=accel -acc -gpu=cc70 -tp=host -c routine3a.c

} « nvc -Minfo=accel -acc -gpu=cc70 -tp=host -c routine3b.c
) « nvc -Minfo=accel -acc -gpu=cc70 -tp=host
routine3b.c ~0 r3_c_acc routine3a.o routine3b.o
#pragna acc routine gang o (B3 >0 931175 DT-Minfo=accelz DT THESNBBEHRIT A LIZT .
void calc(int n, double *v); SF=F 35—6:6%‘:%3%‘1@“)
int main(int argc, char **argv)
{
#pragma acc data copy(v1)
{
#pragma acc kernels
{
calc(n, v1);
}

}
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o routineismXZBEYICESHRENLNDH S

routine3a.f90

module mod
contains
subroutine calc(n,v)
ISacc routine gang
integer :: n
double precision :: v(*)
ISacc loop
do i=1, n
v(i) = v(i) * 2.0d0
enddo
end subroutine calc
end module mod

routine3b.f90

program main
use mod

ISacc data copy(v1)
18acc kernels

call calc(n,v1)
!18acc end kernels
I8acc end data

end program main

Fortrankk Tl 720 &89 37T TRL
AVNTILDEBICITTR D
(ZNZ2Nod— RIiZ-gpu=ccT0&F % 111 3)

nvfortran -Minfo=accel -acc -gpu=cc70 -tp=host -c routine3a.f90
nvfortran -Minfo=accel -acc -gpu=cc70 -tp=host -c routine3b.f90
nvfortran -Minfo=accel -acc -gpu=cc70 -tp=host

-0 r3_f_acc routine3a.o routine3b.o
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TINY T CEEERRMR

« TNwY
— BfiA704 5 LD0penACCILTT N IICHZ ZEiZHED BV EBHN S
- BERIL7=@DICGPULR T —FERZENTEI TWVWS DA AN SOHAITFEDNUE
T 5
— NVIDIAtT D$e# 9 B nvprof¥nvvp. nsys(Nsight Systems)7: & HF AT EE
« fEEIEnvprof& nvwphMEHLNTET oA SR IdnsysICEITT S ENVIDIAKEE L TWS
— GUINRRINS D DIIXELED N E
« MovaXterm|(FiZZEXS . Putty AR TIIXTISAEE. CygwinldX WindowBEfRD /Ny 7 — O HLE
« sShOAV Y REITICYA T2 a3 Zz[HTTEKRBELH S
- TNy T - 7A77AVJICBRTZIA T e LTIV /N1 54T 3> -g* lineinfo
BKHzH. (DERCeHFIOT7 71U TICDO0WTE) [FIFTHERITAERLSTHEELSRVWLS TH
%2 WEBRT—INHZ2DHhHLNKEW)

$ nvc -Minfo=accel -g -acc -gpu=cc70,lineinfo -tp=host -o m2_c_acc_gl matmul2.c
XRIFICIF-g& lineinfoldFERFICIEE TET AL, IBE T B L lineinfoM BRI NS
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nvprof ./al_c_acc DHIIEERSB

==13056== NVPROF is profiling process 13056, command: ./al_c_acc

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
==13056== Profiling application: ./al_c_acc
==13056== Profiling result:

Type Time(% Time Calls Avg
GPU activities: 51.15% 4.9920us 1 4.9920us
25.25% 2.4640us 2 1.2320us
23.61% 2.3040us 1 2.3040us
API calls: 94.21% 391.79ms 1 391.79ms
5.46% 22.695ms 1 22.695ms
0.20% 842.41us 1 842.41us
0.05% 205.17us 4 51.293us
0.01% 60.081us 1 60.081us
0.01% 57.935us 1 57.935us
0.01% 34.941us 1 34.941us
0.01% 34.115us 2 17.057us
(FRER)
OpenACC (excl): 93.18% 146.14ms 2 73.068ms
6.58% 10.324ms 2 5.1619ms
0.08% 119.67us 1 119.67us
0.05% 85.814us 1 85.814us
0.03% 46.566us 2 23.283us
0.02% 39.116us 1 39.116us
0.02% 38.304us 3 12.768us

Min
4.9920us
1.0560us
2.3040us
391.79ms
22.695ms
842 .41us
3.0360us
60.081us
57.935us
34.941us
4.7160us

10.280us
22.703us
119.67us
85.814us
5.6830us
39.116us
1.7200us

EIFAEBTIFCUDAICEHR T 2D MEIEINTED
OpenACCH'CUDAD ETEIWLWT WS & S REfRICH
3. WSz (B) HERBIZLHTES

Max
4.9920us
1.4080us
2.3040us
391.79ms
22.695ms
842 .41us
181.27us
60.081us
57.935us
34.941us
29.399us

146.13ms
10.301ms
119.67us
85.814us
40.883us
39.116us
34 .149us

OpenACCO— R DEI{THE
ICENEITERRD DD -
fehhhh s

[CUDA mgmcpy DtoH]
cuDevigePrimaryCtxRetain
cuMemHostAlloc
cuMemAllocHost
cuMemAlloc

cuMemcpyDtoHAsync
cuModuleLoadDataEx
cuStreamCreate
cuMemcpyHtoDAsync

acc_enter_data@allocatel
acc_exit_data@allocatel /c:21
acc_enqueue_download@a)flocatel.c:23
acc_device_init@allocdtel.c:21
acc_enqueue_upload@allocatel.c:21
acc_enqueue_launch@allocatel.c:21 (main_21_gpu)
acc_wait@allocatel.c:23
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nvvp (NVIDIA Visual Profiler)

- AlEAZE (NyFT3TRART) :nvprof -o filename ./a.out
— -OCHAKT 7 ILBZIEE. CNZnwpTiHRO
- BERAE
— nvwpd~Y > R TicH
— XZ a—Dfileh 5importZzEU. R = s e P
Select an import source: TNvprof#z T — T —T T
FEUNext. Single process TNext. | T — ———T——
Timeline data file: TH A I NI e
&R T 7+ L& BUFinishz BIR T 1S
BRERZ2ZeNTES
- OJa4 >/ — R LETEITOEE |
(LARVZADBHED RSBV o ——
O—AJLPCICA VA R=IJLLTEITLL e O e o
HHREDS LG Wh BEHPCSDKIE o o - " [E- -
Linux@iF LHOEELRL) e S ! - -
- HmEH - |

Stream 17
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wLw ooy >oY—IL

Nsight Systems, Nsight Compute,
Nsight Graphicsh 58 I N3
CUILGUIENZENTHIATE S

CULIC&L 5707 71 ILIEHRD
g E &R

nsys profile ./a.out
--stats=truez4 7> 3 >%ZDIF THL
EEDIG CTHaTBmRHEOND
.« HEHEHRDO—E —
TI7HILEDHAT 71 IL%AIE
reportl.qdstrm
Nsight Systems TEE I 5ICI1&-0T
qdrep7 71 ILZEEL TH <
WEBERDD LD

Generating CUDA API Statistics...
CUDA API Statistics (nanoseconds)

Minimum

Maximum

Time (%) Total Time Calls Average
17.1 23989788 1 23989788.0
13.2 4123835 1 4123835.0

3.8 1181563 10 118156.3
2.9 898283 1 898283.0
1.4 423594 20 21179.7
0.6 181128 28 6468.9
0.3 94849 7 13549.9
0.3 82336 6 13722.7
0.2 53309 7 7615.6
0.1 37604 7 5372.0
0.1 28981 1 28981.0
0.1 22506 7 3215.1
0.0 6956 2 3478.0

Generating CUDA Kernel Statistics...

Generating CUDA Memory Operation Statistics...
CUDA Kernel Statistics (nanoseconds)

23989788
4123835
2924
898283
5039
2476
4444
3396
3497
1915
28981
1366
1764

Minimum

23989788
4123835
1110527

898283
52341
20178
25066
27629
29734
13222
28981

5176
5192

Maximum

cuMemHostAlloc
cuModuleLoadDataEx
cuMemAlloc_v2
cuMemAllocHost_v2
cuLaunchKernel
cuStreamSynchronize
cuMemcpyDtoHAsync_v2
cuMemsetD32Async
cuMemcpyHtoDAsync_v2
cuEventRecord
cuStreamCreate
cuEventSynchronize
cukventCreate

Time (%) Total Time Instances Average
12.2 4448 2 2224.0
11.2 4064 2 2032.0
10.8 3936 2 1968.0
10.3 3744 2 1872.0
10.2 3712 2 1856.0

9.8 3584 2 1792.0
9.5 3456 2 1728.0
9.4 3424 2 1712.0
9.1 3296 2 1648.0
3.8 1376 1 1376.0
3.8 1376 1 1376.0

main_159_gpu
main_132_gpu
main_132_gpu__red
main_171_gpu__red
main_191_gpu__red
main_171_gpu
main_123_gpu
main_191_gpu
main_181_gpu
main_142_gpu
main_150_gpu
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Nsight SystemsDGUIIC & 3 ERDRT

nsysCTH /1L 7=qdrep” 7 wwz st IAA TGUIRIRT 3
Windows®MacD I 517> bDH 378, qdrep7 71 )lzA o >O—RFLTHE
DHHT IO

ﬁm nsys prof11e -0 reportl.qdrep --stats=true ./a.out

File - OpenTqdrep 7 TIVERWVWTHE | - .
r— -
jj — *)Llj\] @’Eﬁ%?}ﬁ’ﬁ(: ‘3: :_’g ,5 ‘: ,mq L N
Nsight Compute & OiE#EH HKE gy P Y
- 247> b0 1>./—RIC i
EHL TEZDERVLDIEDN —
WEDEZADFLEHMETLRWL
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OpenACC APIES# D FIA

« OpenACCIFERXZRAVWTHESHDTHBIN. FDZL OEEEIFBERICE > THIRHETN
TLWL3
— OpenMPDomp_THRFIEWDLO2GBHDLEEXIFRWV

— #
- MATRERGPUDOHZ1ES
— acc_get_num_devices
» CPU-GPUEIDT—2JE—
— acc_copyin, acc_copyout

— CE&8Tld#include "openacc.h". FortranTiduse openaccL TES
- FICEDLGCTHRVY, BHEGPUZFIE T RRARCICERRICHH D (&)
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NEMER

e OpenACCIdEE%| (XEY) DRAMLEIZHBZIDDITNAT R EICHZDhZzHEDEH LA
CTRWEDICHR->TWS
— % updatetsmXIC K B EFHT
- 7O S LR THWBEINIEHEA T NI ATmAZIET LD BELRICE->TWVWS
. —HT. BRMIC—HOXEUEIELIK BB LS DB BT, TOLHDTRAEEH R
HINTWLDS
— host_data, use_device, deviceptr
— S FLLES ¥ TCUDARMPIE DEHEHIMEFIICITZA B
c RAMXEBUDNTNARXEUDZEMEKILTZZET. €D F FcudaMemcpyPMPLESEE D
5lEICEZ5NE L5105 (D L#ETOpenACC+ MPID & b BEAMAFIBIZRY)
#pragma acc data copy(buf)

#pragma acc host_data use_device(buf)
MPI_Send(buf, n, MPI_DOUBLE, 1, @, MPI_COMM_WORLD)
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EHMGPUDER

1/ —RICERZDGPUZREREH L LIREHEITWVS
- [RZE] TypeIIﬂ7“/Z7_-L\#51/ K iZ4GPU

BEDGPUZRES CE T, LDEEK + KO KREZTOT S LDORITHAIEEICHE B FIEENME
AN RS

OpenACCRESTHE I B5GPUZEYIDE X B ICIdacc_set_device_numPBaEZz=fE S

OpenACCTOY S LDERHBTIT ZGPULTAE - HIH Y B ICIXRIBEH
CUDA_VISIBLE_DEVICESZ{£E S

- Z0HDEHCUDATHER (NVIDIAGPUZES7-GPUTOT 5 L& TEMBARELEW)

GPUR/NAC DB (fc& ZIFF/ — RICEFH INTCCPULGPUDE) IIBLEZ 5N
H IMPIZOEXANMGPUZEZHT B LS BRITHERZZE X TH K CAREDH > TEL
gL
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/H : OpenACCHE T & FI,
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B9 55

ADDEHZRAEL. TNENELSCPUICAIEIE S ZE XS

#include <stdio.h>
#include <openacc.h>

program main
use openacc

(10,4), v2(10,4)

) + dble(i)/100.0

int main(int argc, char **argv){ = - A — o= integer :: i, j, n=10
int 1, j; STRAROEYE 2R T———double precision :: vi
int n=10; do j=1, 4
double vi[4][10], v2[4][10]; do i=1, n
for(j=0; j<4; j++){ v1(i,j) = dble(]
for(i=0; i<n; i++){ v2(i,j) = 0.0d0
v1[j1[i] = (double)(j+1)+(double)(i+1)/100.0; enddo
v2[j][i] = 0.0; enddo
} do j=1, 4

}

P GPUA—XIILDERITHRGPUZTIDEZ -

for(j=0; j<4; j++){ ¥

18acc kernels

call acc_set_device_num(j, acc_device_nvidia)

) * 2.0do

> NVCOMPILER_ACC_TIME=1% 5% L TE1T
9 % LGPURICIEIRD KRR I NS T8, B

acc_set_device_num(j, acc_device_nvidia); do i=1, n
#pragma acc kernels v2(i,3) = vi(i,]
for(i=0; i<n; i++){ enddo
, v2[j][i] = v1[3][i] * 2.0; I$acc end kernels
enddo
} do 3=T1, 4
for(j=0; j<4; j++){ write(*,*)"GPU",j
printf("GPU %d¥n", j); do i=1,n
for(i=0; i<n; i++)printf(" %8.31", v1[I[i]);
printf("¥n"); enddo
for(i=0; i<n; i++)printf(" %8.3f", v2[j][i]); write(™,*)""
printf("¥n"); do i=1,n
s
return 0; enddo
} multigpul.c ogrite(, )

write(™, " (1H F8.3)",advance="N0")v1(i,]j)

write(™, " (1H F8.3)",advance="N0")v2(i,7j)

GPUNDMER TWB W EHEICHEIITET 2

90

multigpul.

end program main
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/ —FAREHGPUD;ER : OpenACC + OpenMP DI

BIEDFITIEF4DDGPUICXT T BIEHNZFRBIICE>TLED
ZGPUZ M ICBIES B - LIBEIX0penMPPMPIE A EHLEZDHR LY

BHYEA X — multigpu2.c multigpu2.f90
#pragma omp parallel for private(i) #pragma omp parallel for private(di)
i=0; for(j=0; j<4; j++){ for(j=0; j<4; j++){
acc_set_device_num(j, acc_device_nvidia); acc_set_device_num(j, acc_device_nvidia);
{ #pragma acc kernels #pragma acc kernels
acc_set_device_num(j, acc_device_nvidia); for(i=0; i<n; i++){ for(i=0; i<n; i++){
#pragma acc kernels v2[j][i] = vi[31[i] * 2.0; v2[3I[i] = vi[3]1[i] * 2.0;
for(i=0; i<n; i++){ }} ,
v2[j1[i] = vi[j]1[i] * 2.0;
™
{
acc_set_device_num(j, acc_device_nvidia); j=0; j=1; 2] =3
#pragma acc kernels { { { {
f0r(1’f®: .1‘<“5 1‘++.){. acc_ acc_ acc_ acc_set_device_num(j, acc_device_nvidia);
v2[j][i] = vi[j][i] * 2.0; O #pragma | #pragma | #pragma | #pragma acc kernels
} c for( for( for( for(i=0; i<n; i++){
“ ............................................................... = v2 v2 v2 v2[310i1 = vI[j1[i] * 2.0;
4
} } } }
{ | R } } }
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J — FREHGPUDER : OpenACC + MPIDHI (R1TH:EDH)

.+ MPIZ0O45 LRTHET 3GPURIEE T 3 ICI3IBIBZHCUDA_VISIBLE_DEVICES % fE >
— CUDA _VISIBLE DEVICESIZZ7OtEXN 5B ZX3GPUE FDER%ZED DIRIEL
— acc_set_device_ numBEE THIEEDL FIEE. HAERDLETHATEZ3NERALLAWVWESITER

— ERBN
job1.sh

export CUDA_VISIBLE_DEVICES=0,1
.Ja.out

— fER%I2
job2.sh

mpirun -n 4 ./run.sh

run.sh

CDEITHETIZa.outDRTIF2GPUD ARERTZT DL S
3. 57HICCUDA_VISIBLE_DEVICES=3,2¢EE T D &
GPU3 X GPU2HIEFICE X B Z CIZHR B DN
NVCOMPILER_ACC_TIME®D H /1 EdDdevicenumiZ0& 11278
3D TIEEHNRE,

1/ —FRDAGPUEZFIAT 36l, OpenMPIZ fE S BRIFIRE
ZZHOMPI_COMM_WORLD_RANK IS >0 &SHEY b
N3DT. TNwECUDA_VISIBLE DEVICESIC5ZzT& 7O
T ZHELZGPUZEMNL &S ICHMEITTWS, 7Ot XIC
IEERDIGPUDADR R BIREICH D F-H. TOT T LK
Tacc_set _device numZIIEETRIHNEILL LY,

#!/bin/bash

.Ja.out

export CUDA_VISIBLE_DEVICES=${OMPI_COMM_WORLD_RANK}
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J— RREHGPUDEA : OpenACC + MPIDOHI (OS5 LDOHI)

TCE B BMPI 7O 5 LD
// BEFrbuf £ sbufi0. 0 CHIEHMES M TLBHOL T3

/] TAERATCICEERT—2Z%mK
for(i=0; i<10; i++)sbuf[i] = (double)rank + (double)(i+1)/100.0;

// T TshufDfEZprintfHA (J— RIZERR)

/] &0t XDsbuf #MIP_Reduce T FOt R0DrbufiC&EH (INE)
MPI_Reduce(sbuf, rbuf, 10, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);

// T TrbufdfEZprintfHA (J— RIZEER)

7O+ R00rbufic2 7Ot ADYERL L 7esbuf OFEFIDE I 1L TL
378, REDprint TIZIE L KHBAHRTIN 3,

B 2Z  multigpu_mpi0.c

OpenACC+MPIZ’O7 5 L DB
// EEFrbuf & sbufid0. 0 THHAETNTWLWBRHDE TS

// GPUAEZSIZ O —
#pragma acc data copy(sbuf[10], rbuf[10])

#pragma acc kernels

{
// &704 RII6PUL Tsbuf = E£RL
#pragma acc loop
for(i=0; i<10; i++)sbuf[i] = (double)rank + (double)(i+1)/100.0;

}
// MPI_Reduce TE% £
MPI_Reduce(sbuf, rbuf, 10, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);

}
// T TrbufdfEZprintfHA (J— RIFEER)

MPI_ReduceZE1T9 3RS TAAM Y XE EDsbufiCix&ER L 7=E

HA>TULAEL (GPULEDsbufiCOAER LT=EHRA>TWD) =8,
MPI_Reduce THFZRHTH0.0TH D . REDprintf TIF0.0HFK R
TNdo

B 2Z  multigpu_mpil.c
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J— RREHGPUDEA : OpenACC + MPIDOHI (OS5 LDHI2)

OpenACC+MPIZ’O7 5 L D22
// EEFrbuf & sbufid0. 0 THHAELI N TWLWBRHDE TS

// GPUAEZSZ O —
#pragma acc data copy(sbuf[10], rbuf[10])

#pragma acc kernels

{
// &0+t XIKGPUL Tshufz &Rk
#pragma acc loop
for(i=0; i<10; i++)sbuf[i] = (double)rank + (double)(i+1)/100.0;

}
#pragma acc update host(sbuf[10])

// MPI_Reduce TE% £
MPI_Reduce(sbuf, rbuf, 10, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);
#pragma acc update device(rbuf[10])

}
// T TrbufdfEZprintfHA (J— RIZEEK)

MPI_Reduce% 32179 % ail_sbufZupdate TR R M- T N,
REDPrint TIFIE L <HEFIHNRRIINS,  (rbufZupdate devicel
TeEh W data copylc &K DGPULEDrbufAZE SN TSI THRIES N
TLESHITEE, )

BZ  multigpu_mpi2.c
MPIBEDEICRRA X EVICEZTRIDIFFME. MEEMNICHERE,

OpenACC+MPIZO7 5 L DHEHZ3
// EEFrbuf & sbufid0. 0 THHAETNTWLWBRHDE TS

// GPUAEZSIZ O —
#pragma acc data copy(sbuf[10], rbuf[10])

#pragma acc kernels

{
// &704 RII6PUL Tsbuf = E£RL
#pragma acc loop
for(i=0; i<10; i++)sbuf[i] = (double)rank + (double)(i+1)/100.0;
}

#pragma acc host_data use_device(sbuf,rbuf)
// MPI_Reduce TE% £
MPI_Reduce(sbuf, rbuf, 10, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);

}
// T TrbufdfEZprintfHA (J— RIFEER)

host_data, use_devicexfEx |£. MPI_Reduce% 179 BFEIC X1 > X
T 1) EDEFH TIE7% < GPULDEST %= > TMPLEEMTTHhN 3
(CUDA-Aware MPI) 7=8. mEDprintf TIXIE L < AR IN B,

MEEDbM LT B EHHRFIND
(M mETB RS FEF)

BZ . multigpu_mpi3.c

| E#RICNCCLICH IHARIEE>EZE | multigpu_mpid.c
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B/ — FEBGPUDEA : OpenACC + MPI

- OS5 L LTIE TOpenACCHMPIZOS S LDMIHZ3] DFHIDE X TLL
« DadRIVVTFIHIZBLOIRIMNE

« 2/ —KX4GPU (&&t8MPI7OtEXR) DA

job.sh run.sh (chmod TEITIEZE X THL I K)
=i #!/bin/bash
export

CUDA_VISIBLE DEVICES=S{OMPI_COMM_WORLD LOCAL_RANK}
numactl -1 $1

module load hpc_sdk/21.2 /[

mpirun -n 8 -machinefile SPJM_O_NODEINF -map-by ppr:2:socket |./run.sh|./a.out
B/ —RIC7OXZEBYICEET 2 dDA T3>
GFL<IEWeb®D TXR—=NN—=2>Ea—% IR ERYZa7IIELVEEER) (I
B/ELTWS MypellH T XFLARITO7OER - ALy REEERZE] ZEHR)
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B/ — FERITICATSY—-ROA—-FI 370V TMI—E

« job_multigpu_mpil.sh, job_multigpu_mpil_a.sh

— 1./ —FR4GPUDZEITH (multigpu_mpi0d.chH 5 multigpu_mpid.c £ TLHER)
job_multigpu_mpi2.sh, job_multigpu_mpi2_a.sh

— multigpu_mpi2®2./ — K X4GPUKR

job_multigpu_mpi3.sh, job_multigpu_mpi3_a.sh

— multigpu_mpi3®2./ — K X4GPUKR

job_multigpu_mpi4.sh, job_multigpu_mpi4_a.sh

— multigpu_mpi4®2./ — K X4GPUKR

BY—XROA—FOEBRICOAV/NNTILOHBEE

- BIEEERIE L E LD RIBEBREOCHEELTOJ S LDAT, HEEORLBLIZRTWEEA. T+
DICEVWERZRZOHICIIY AT LAIDREPREZERDEMDVELBRINK B A FHITcRIE
RIFEF—DWebICTHBNMLTLWEET,
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OpenACCZ ZE.3\Ai|C

— WHFHEDER

— GPUZ OpenACC

BiaNRY MLEEZEME L TOpenACCOEARZ ZERN
- AVNNAIILDOEA. RITDMES

— CPU-GPUR DT —RERiXIC DWW T

175 EEME L TOpenACCOEERZ F.N
— WHEIL—TDI_EFEICDOVT

F D, OpenACCICRE 9 %552

- RBEEDTHD—RINAE >

- TNy TATrAIT

- BEHGPUDER #AY

=R )

2Z (EYEE) : CGEMOpenACCit
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T

« OpenACCOERRPFEVWAFICDWTIENT LT
— HIHBITDIETRX TCGPULFRIBTE S
— OpenMPEITWB . MAFERDEBLEFATES
— GPUHFIATEZ3REN DI HZEITEIEE > THTAL L

- BFROOEBIFEESR™ME LET
— EEMEC LTCGEDZERA— R 2L TVWAD T, IER-XEBALTHIELTAHAEFL LD
- FOM. FEO IO S LDOGPUER TOT 71 SDTARREZ L THE>TIBVLWELFA



- 130
P

OpenACCZ ZE.3\Ai|C

— WHFHEDER

— GPUZ OpenACC

BiaNRY MLEEZEME L TOpenACCOEARZ ZERN
- AVNNAIILDOEA. RITDMES

— CPU-GPUR DT —RERiXIC DWW T

175 EEME L TOpenACCOEERZ F.N
— WHEIL—TDI_EFEICDOVT

F D, OpenACCICRE 9 %552

- RBEEDTHD—RINAE >

- TNy IJeTATrAI)T

- BEHGPUDER #AY

=)

2Z (EYEE) : CGEMOpenACCit




CGE7O4Y 35 LMDOpenACCiL

131

« BHIGCGEDETEN—=IL (RIEFESRS) Z&EMIC. 700 5 LD0penACCIEZE X B
— BEIZTBH. 1T

2175 snB I mR -1 >y

2175, B

- CGE (H1&MEE. Conjugate Gradient Method)

— NFEEMEITIZ R T 5 EIL—RARENACDE#E FE

e 1THIA. BEEIDOXRZ kILb. KEDNT b )Lx

- BEAXT7ITVIL

 Wikipediah*55|FH. AIMLIEZ L
« MAYTZOA—RIIHBIEBREHINEEINTULSHR
o BRITHIAY 5 OH LITHIXXD'5bERH THE
Ax=bE VN Txexxh (1FIF) —HITBcx
HEER T D, CWLWOBEICLTHS (FCICPNELTLES
=%, EEEHIIL—STHEZAETIERL)

- BEAIEZ BEICE < 1= 0penMPEEE %= F
— OAVINAILEFC-mpA T a MR ZBEHD

m = b — A'.]’.‘.n
Po =To

for (k = 0; : k++)

?‘E Pk
X =
-
P Apy,
Tkl = Tk + OGPk
Tril = Tk — O Apy

iT | ﬁ{'f"ﬁ[:fl‘*él-\ then
break

oL
TI':L"“]. T'J; =1

T
TL- Tl

Pi+1 = Tis1 + BrDr
ﬁ%'i H o |

Br =
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HWACGEI— RFDHEFIE

Compute r (@ = b-[A]x ©
for i= 1, 2, -
solve [M]z (-1 = p G-1)

piy = r (1) z G-
if 1=1
p (=7 © .
else
Big = Py /P o
5.;1) =z GO+ Bz () .
endi

q () = [A]p

a; = pig /p PV aq

x ) =x (1 + g, p®

r () = ¢ @G-1)  _ a; q (1)

check convergence |r|
end

« Ax=b : AlF1THI. x&bldgXT kL
« 7,n,p,qiERT L

FEHME. x(0)IFBEHAME (SEIFONRT ~IL)
INRIBETEDIRY

FIALIE. SEIIreXxBERTE ST
Ao 3y

aE—

2o 3>
N7 ~ILFEF

1T9IRT FIILE=—FBRELI DD D UIE
2o 3>
R ~ILER
R ~ILFER
INR¥IE (FEIFVATS 3V EFAIR)

% B4 E X FIERERIEIC KT

e A*BplFRAT— RTKNILOUA DS 3 U HER)
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NIl

RTZ5THh3

XEMDINIEZER T35 SIXHEZEN LD S

BAEMICIZE D & S5 BRFIETOpenACCiE

TNIERWEA 5D 7

ZEBRICXIGT 2 d— RZEEL TULBHN
F 9 ldcgl.cE7cldegl.fI0721FZ AT
THEEREZBIEL THELD

PRY BMILICX T 2 BERMAREE
DD THEAINTWB 2O,

1t « OpenACCILIZ B 7

* ITAERFELTO I —PHAER

*  E#HEE (dot product, reduction)
_NoZeTGPUA—RILICLTLZERIE

¥ FICINELTLES =8, =2
ICHEROI—REBMLTHZ

for(iter=1; iter<=maxiter; iter++){
printf("iter %d ", iter);
/] {z} = [Minv]{r}
for(i=0;i<N;i++){
// {rho} = {r}{z}
rho = 0.0;
for(i=0;i<N;i++){
/] {p} = {z} if iter=1
// beta = rho/rhol otherwise
if(iter==1){
for(i=0;i<N;i++){
}else{
beta = rho/rhol;
for(i=0;i<N;i++){

}
// {a} = [Al{p}
for(i=0;i<N;i++){
q[i] = 0.0;
for(j=0;j<N;j++){
q[i] += A[i*N+j]*p[]];

p[il = z[il;

*1TFINT ~ILTE

}
}
// alpha = rho / {p}{q}
pq = 0.0;

for(i=0;i<N;i+h){  pq += plil*alil; } K
alpha = rho / pq;
// {x} = {x} + alpha*{p}
/] {r} = {r} - alpha*{q}
for(i=0;i<N;i++){
x[i] += + alpha*p[i];
r[i] += - alpha*q[i]; *

L}

// check converged

dnrm = 0.0;

for(i=0;i<N;i++){ dnrm += r[i]*r[i]; }
resid = sqrt(dnrm/bnrm);

if(resid <= cond){break;}

if(iter == maxiter){break;}

rhol = rho;

p[i] = z[i] + beta*p[il;

Z[4] = dd[i1*r[3]; } K
XWMABRSDIEITORY MLddzBEE

rho += r[i]*z[i]; } WK

¢

} ok

T DFBEZLINIITZS

*
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CGEMDOpenACC{t : 1.ZHRBEEDALFIE : 1TFIXNT FILEE (1.72)

e FIIF—FBETHEAHIPEVWVLIETHZ1THRT LI

151

152 #pragma acc kernels loop

153
154
155
156
157
158

R WHLL THB

// {a} = [Al{p} 143 | {q} = [A]l{p}

for(i=0;1<N;i++){ 145 do 1i=1, N
qli] = 0.0; 146 q(i) = 0.0
for(j=0;j<N;j++){ 147 do j=1, N
qli] += A[I"N+3]"p[3]; 148 q(i) = q(d
} 149 end do
} cgl.c 150 end do

144 1Sacc kernels loop

X cg0.c, cg0.fo0IFIERXH
Folt< A>TWaWId—F

) +A(3,1) " p(3)

cgl.f90

« FElIkernelsZ looplEF L ®HTIITTIEET S LN TES

« Fortrankk DAL 2ER"XHFE

e« OAVINTILLT=E T A, FortranhRIFHNMAL—FHAES LI nf-H. CEERIFAIL—TFL
HseqikWLE . EEFIADRTIHABECHIINTLE -1

153, Accelerator restriction: size of
the GPU copy of A 1is unknown

145, Loop 1is paralleli

153, #pragma acc loop seq
155, #pragma acc loop seq

zable

Generating Tesla code
145, !Sacc loop gang, vector(128) ! blockidx%x threadidx%x
147, !Sacc loop seq
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CGEMDOpenACC{t : 1.ZHREEDALFIE : 1TFINT FILEE (272)

- independent/seq& copyinz &%

151 // {q} = [Al{p}
152 #pragma acc kernels copyin(A[N*N])

153 #pragma acc loop independent
154 for(i=0;1<N;i++){

155 q[i] = 0.0;

156 #pragma acc loop seq

157 for(j=0;j<N;j++){

158 qli] += A[I"N+3]"p[3];
159 }

160 } cg2.c

143
144
145
146
147
148
149
150
151
152
153

' {a} = [Al{p}
ISacc kernels
ISacc loop independent
do i=1, N
q(i) = 0.0
ISacc loop seq
do j=1, N
q(i) = q(i) + A(3,1) * p(J)
end do

end do cg2.190
ISacc end kernels

- CEEBDHEILFortrank tERTcopy*independentz 15 RILEYIC
MWHESINBEVW ERZVWEICRZMITA L
« AVNNAZDHAZLoDDHERTECHEE

154, Loop 1is parallelizable
Generating Tesla code

146, Loop 1is parallelizable
Generating Tesla code

154, #pragma acc loop gang, vector(128) /* &HE& */ 146, !Sacc loop gang, vector(128) ! &HEK

157, #pragma acc loop seq

149, !Sacc loop seq
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CGEDOpenACClt . 1.ZFREBDALINE . FETEDIALFIE

- EREICLT. RESHEBOLTOT - N RLEEELFHEL TV

e OAVNAZDXAyE—UZEESEL. HOLWED ICHWINEINTWSI D ZHEEET S
- BICCDZE Latlndependent/copy*/presentEn7a': LombDEATS
— reductionBBEYNCEMINTWVWBI D ZHEET
c (CO&SBEBERTIOTILTERETSC tunutuofﬁmﬁ)

134 // {rho} = {r}{z} 127 ! {rho} = {r}{z}
Cg3.C 435 rho = 0.0; €g3-190 1% rho = 0.0d0
136 #pragma acc kernels 129 !Sacc kernels
137 #pragma acc loop independent 130 !Sacc loop
138 for(i=0;i<N;i++){ 131 do 1i=1, N
139 rho += r[i]*z[i]; 132 rho = rho + r(i) * z(i)
140 } 133 end do
134 !Sacc end kernels
137, Loop is parallelizable 131, Loop is parallelizable
Generating Tesla code Generating Tesla code
137, #pragma acc loop gang, vector(128) /* &HB& */ 131, !Sacc loop gang, vector(128) ! &HB

Generating implicit reduction(+:rho) Generating implicit reduction(+:rho)
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RIEABZHLDODETDITE] - XU MNILETE%E
W5qL L THA 7
BELEETIEIH DD

(FEREY A AN T T NIERED E THEW)

IRIEZ# NVCOMPILER_ACC_TIME=1

ZRELTEITLTHBLE

PEEIC T —REX L TWB 2 ehhHhh B

— NVCOMPILER_ACC_NOTIFY=2 58 E T3 ¢
kernels®EICEdFeAZ IE—LTWLW3
ZrHbbhhB

AYICCARICHERICERXT D

WBIZHBIDEADH?

cg3.cnfl
130: data region reached 20 times
130: data copyin transfers: 20
device time(us): total=91 max=15 min=3 avg=4
132: data copyout transfers: 10
device time(us): total=62 max=15 min=5 avg=6
138: compute region reached 10 times
138: kernel launched 10 times
grid: [1] block: [128]
device time(us): total=30 max=3 min=3 avg=3
elapsed time(us): total=178 max=20 min=17 avg=17
138: reduction kernel launched 10 times
grid: [1] block: [256]
device time(us): total=30 max=3 min=3 avg=3
elapsed time(us): total=166 max=19 min=16 avg=16
138: data region reached 20 times
138: data copyin transfers: 30
device time(us): total=126 max=12 min=3 avg=4
140: data copyout transfers: 10
device time(us): total=68 max=20 min=5 avg=6
147: compute region reached 1 time
147: kernel launched 1 time
grid: [1] block: [128]
device time(us): total=2 max=2 min=2 avg=2
elapsed time(us): total=18 max=18 min=18 avg=18
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cg3AVINTIILED X vt — DEBHEER

o FEMNCHEZICOE—HTHNTUVWBREEM L H

nvc -Minfo=accel -acc -gpu=cc70 -tp=host -0 cg3_c_acc cg3.c
main:
130, Loop 1is parallelizable
Generating Tesla code
130, #pragma acc loop gang, vector(128) /* blockIdx.x threadIdx.x */
130, Generating implicit copyout(z[:N]) [if not already present]
Generating implicit copyin(r[:N],dd[:N]) [if not already present]
138, Loop 1is parallelizable
Generating Tesla code
138, #pragma acc loop gang, vector(128) /* blockIdx.x threadIdx.x */
Generating implicit reduction(+:rho)

nvfortran -Minfo=accel -acc -gpu=cc70 -tp=host -o cg3_f_acc cg3.f90
main:
120, Generating implicit copyin(dd(1:n),r(1:n)) [if not already present]
“Generating implicit copyout(z(1:n)) [1f not already present]
122, Loop 1is parallelizable
Generating Tesla code
122, !Sacc loop gang, vector(128) ! blockidx%x threadidx%x
129, Generating implicit copyin(z(1:n)) [if not already present]
Generating implicit copy(rho) [if not already present]
Generating implicit copyin(r(1:n)) [1f not already present|
131, Loop 1is parallelizable
Generating Tesla code
131, !Sacc loop gang, vector(128) ! blockidx%x threadidx%x
Generating implicit reduction(+:rho)
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REDT —FEERRDA A=

Compute r (@ = bh-[A]x (@
for i=1, 2, -

solve [M]z G-D = ¢ G-D
p_i__l =r ('I—]) Z ('I—])

7 (0)

= Pia /Pin

=z G + B,z O
q ) = [Alp O

a. = piq/p@q®

x ) =x G0 + g, p @

r (i) =r G - a; q ()
check convergence |r|

end

CPU GPU

) - FTR%ZIBEIC. BRT BE
) > FleTEERFELTVS

i

BB olcT—RICITEE
RETNIERWVWIET TIX?
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CGEMDOpenACCILFIER : 2.7 —REmEDERIE(L

datafiz AW T T —FEmXZHIB L TH S
- ERENVELT —RIFENIEE5H 7

#pragma acc data copyin(?) copyout(?) ISacc data copyin(?) copyout(?)

Compute r (@ = b-[A]x @
for i=1, 2, -
solve [M]z G- = ¢ (-1
p_i_.l =r ('i—]) Z ('i-])
if =1
p (M
else
Bisi = Piq /Pis
p =z 0D + B,z O
endif

z (0)

q = [A]p O KT 3 UERDANSE
o5 = Pig /DD QO BIZEEMICCPURIICE SN S

x W =x 0D + g, p () N =] — <

check convergence |r|
end

- BROABRERIED LLBEVWHERESEL-VESEICIX. updatefiz AL TER DB T —2 %
IRWTHBERL
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i‘i......

s FHICETDT—F%ZGPUNERX L. REBICHERNI MILZEOINT B 7EITTREM o7
— bh-oTLWNIEVWE DO F—2BEOREILEZIT>THREMN -
— DL DOTmEBEIEAITUOVCTWVWEIZ 7O T LARELICPVLWTE THEIN S

#pragma acc data copyin(z[N], dd[N], r[N], ISacc data copyin(z(N), dd(N), r(N), p(N),
p[N], q[N], AIN*N]) copy(x[N]) q(N), A(N,N)) copy(x(N))
{ do iter=1, maxiter

for(iter=1; iter<=maxiter; iter++){

forB8&=| -
HOHE Ap,qRTGPULICHBIK ! 1o = (W)
» b /1 {a} = [Al{p} PPN R I$acc kernels
#pragma acc kernels BTITHIRY HILEED BE ISacc loop
#pragma acc loop independent ey GRS do i=1, N
for(i=0;1i<N;i++){ q(i) = 0.0
q[i] = 0.0; do j=1, N
for(3=0;j<N;j++){ q(i) = q(i) + A(G,7) * p(3)
q[i] += A[i*N+j]*p[]]; end do
} cgd.c end do cgd.f90
} ISacc end kernels

cg5.c £ cg5.f90 X T B I RDI=HpresentBiZz Nz 7=H D)
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175A (1 INXN)

Xt EYEN
X 8 LA

I

> A X, XXZFHAfE L. b=AXxxZEHEL THWIED X T, (@ETAX=bZHBE LxZXKDHZ WS 707 T LA

ICLTH B,

> INBSFLEDRWVWEHRCCGETHEHEICINERT o
>» CLABEBI TICICNRLTERTLTLES O ERBIICEZBIEL TIRRLBEWVWELSICLTH S,
AT INER LA EITARE L TR LBV F kD B, )

N k)bx (1 XN)
£70.0

N ~Ibxx (1 XN)
25 W

N LJLb (- XN)
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A: — B '
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1
1
9
1
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1
1 .000000
1
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-000000 1.000000 1.000000 1.000000 1.000000 9.000000 1.000000 1.000000 1.000000
-000000 1.000000 1.000000 1.000000 1.000000 1.000000 9.000000 1.000000 1.000000
-000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 9.000000 1.000000 1.000000 . % % |§&‘ 5 B <
oo n_@/( ZIBEITHDEWERLTH
-000000
N
400000 -l-%:% ‘)L. 3 % ( a < ‘!t—li“;ijo C L/ 35 2 D
700000
“—RYI KILX CROBZEZ ZH<SHS1DDE)
600000 N I\ z = A 2 1

000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 9.000000
400000

e ]
P
o —a
e B O
- S
e B O
O s m
RPN
© —m oo

000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000

o3

TN U OO0 WO =~
i

600000
700000
300000
000000
200000

131.900000
134.300000
127.100000
77.500000 w
139.900000 (—E%%ud)-/\a I\ )l/b
93.500000
134.300000
139.100000
104.700000
82.300000 S = < S = _ —
jter 1 1.089293e-01 1.000000e-16 <« = ’% = Yrﬂ H ‘_ H% Fﬁ :E) i%
jter 2 2.331098e-16 1.000000e-16 &@D-l_ﬁ@% e\ &@D-I_ﬁl‘l T % ‘—Fﬁg T 18 N
iter 3 5.450800e-18 1.000000¢-16
time: 0.000010 sec , 0.000003 sec/iter
result:
8.400000
-700000
-800000 _
—EHERRAY R ILX
400000 D-I_%’%l:l A\

8
7
1
9
3.600000
8
9
5
2
i

-700000
-300000
-000000
-200000
diff:
1 8.400000 8.400000: 3.552714e-15
2 8.700000 8.700000: 5.329071e-15
3 7.800000 7 8.881784e-16 -I-%fl'xﬂ:%/\“ 7 I\ }l/x K *}J ‘ =/Lr— L/ 7‘
4 1.600000 1 : -8.881784e-16 I:I Hﬁ « aX L-E (-
5 9.400000 9.400000: 0.000000e+00 .
6 3.600000 3.600000: -1.776357e-15 A 7 I\ } l/xa) J:L/’El\
7 8.700000 8.700000: 0.000000€+00 X
8 9.300000 9.300000: 0.000000€+00
9 5.000000 5.000000: -8.881784e-16
10 2.200000 2.200000: -1.776357-15



