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m FEQR
v 108168 (ZK) 10:00-18:00

m JOJS A
v 09:30 - 10:00 =1
v 10:00 — 10:40 Reedbush-HAND O T 1
v 10:40 — 12:00 GPU & OpenACCEE (EEZ)
v (BfRH)
v 13:15 — 14:00 OpenACCERE (EZ)
v 14:00 — 15:00 MPI{EE (FEEZ, EHEED)
v (1KE8)

v 15:00 — 17:30 OpenACCEMPIIC KBV ILFGPUTO Y
55 \/9\\ (rE%\ I,sjj)




HEELS(CDWT

B NEEETIE
v GPU&EOpenACCTOT S VI DERE
v OpenACCEMPIZ(E S TEEBHGPUT OIS VT APT
ZPOCTHRVE T,

m TOMDBEBER
https://www.cc.u-tokyo.ac.jp/events/lectures/

v OpenACC., MPIDEEESMRICDOVTEVLWVES(E. OBS
2LSBHETBEEBBHLET,

m R)OAVARY MERX—ILB(ET—ER
https://regist.cc.u-tokyo.ac.jp/announce/

v BERIVPHAZOEAN. S 7II1—ROEMDERNSERR
ExBELTVWET,
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Reedbush (O VI3

m BJERl "ReedbushF
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L
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Reedbush KA EDF=E (1)

m 7L O RUICDWVWT (home & lustre)

v O014 VDT« L2 kY (Jhome/gt00/txxxxx) (C(ZOT 1 Vi
(CHBIRDID 71 ILDIHZE
v 7005 LMERVPETREICHER D 74 )UK /lustre LT D
T4 LKV (Jlustre/gt00/txxxxx) [CE <
v /home (IETE/ — kDO SEFERBTERL
v cdw OV Y R T Lustre 7 7MLV AT LNZEITE D,
$ cdw




Reedbush #lJ

-

tDF= (2)

n JYVIMILEXVOEITOEO DIRIZHE R

v DVINMILBKXOETDIEOHDIRIEZ X E(HIT D/=0(C module I
VY RZFERAT D, CNICE > TERARBRIREZBE(ICYIDEZ

TERTE %,

$ module load <module name>
TY 1—)L% <module_name> DEY 1—)LZ0—KULTEHE
1B R, RIBZHPATHR ENRESND,

$ module avail

{BERATIEEREY 1 —)L—BZRRI D,

$ module list

FERPODEY 1—-ILERRIT B,



TEIa21—-JLOYIDEZ

m PGIOYV/\A S (OpenACCYCUDA Fortran) Z{EDI155
$ module load pgi
8 CUDARRIRIRZEDHZE
$ module load cuda

B Intel AVINAM SZEFSHEE
$ module load intel

m MPIZ{&D1586

$ module load openmpi/gdr/2.1.2/{gnu,intel, pgi}
$ module load mvapich2/gdr/2.3a/{gnu,pgi}

v PGI7ZEDIVINA S(TEHU T load

m EY2-I)LEYITEFTECHIVINAMILBGERILHD
%z load 9 %,
m HHAESHETHIHTE3S




VT ID—kDIVINAI)L

B Reedbush NDOT 1YV

$ ssh -Y txxxxx@reedbush.cc.u-tokyo.ac.jp

v txxxxx SBOFBEES (PHOVE) CEEHBRZATLIESL,
v Y ZEDFTLIEE L,
m cdw VY RTLustre7 71 ILY AT LNEZEENT B,
$ cdw
m BODT4LORJICHYTIIID—-—RKZIE—T9 3,
$ cp /lustre/gt00/share/openacc_mpi_samples.tar.gz .

m YT I—RZERT D,

$ tar zxvf openacc_mpi_samples.tar.gz
| -'j-yjo“/j_ I\\\/\$§§}J-§_%o

$ cd openacc_mpi_samples
| :E‘\/\\:L—)lﬂé':D— Pa—éo

$ module load pgi

| J‘J/f’f)b—‘j_%o

$ cd openacc_hello/01_hello_acc
$ make

m BT 7PAMILDNTETNDC EZHERT Do
$ s



AR A INOE G

V3T EUTERAL, E1T9 5,
$ gqsub ./run.sh

RASNIZY 3T 7289 %o

$ rbstat

RITHRTITDE. UTOI 71 ILHVEREND,

run.sh.o??????
run.sh.e?????? (2?2?2777 (3¥=)
FEEDEBEL AT 71 ILDOPEZHETRT D,

$ cat run.sh.o??????

H % %EE o/t

%_\%(L_be FEODIS—EANT71)LDcC
Do

$ cat run.sh.e??????
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11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

i——ZIT*"jt%EIE
A—/N\—aFEFa1—4
(JCAHPC: HijE K -EHK)

Oakforest-PACS
T2K Tokyo a _
140TF 31I?ITB> Fujitsu, Intel KNL Big Data &
— | 25PFLOPS, 919.3TB Extreme Computing

Oakleaf-FX: Fujitsu PRIMEHPC
FX10, SPARC64 IXfx

1.13 PFLOPS, 150 TB
I I I

Oakbridge-FX
136.2 TFLOPS, 18.4TB

| |
T—RT-2al—ay
MERX—/N\—arEa1—4

| | | | |

REB aJERTRHEENREE Reedbush-L HPE
FTE=AFHR—/N\—arE1—4 1.43 PFLOPS

BDEC System
50+ PFLOPS (?)

Oakbridge-CX
Intel Xeon CLX

6.61 PFLOPS AL
Reedbush, HPE A—/N\—avEa1—4
Broadwell + Pascal

1.93 PFLOPS

12




3VRT A FIBE2,000+, FH50+%

m Reedbush (SGI, Intel BDW + NVIDIA P100 (Pascal))

n T YIaL—Y 3 VRER—/\—
aAvEa1—%

m 3.36 PF, 201678~ 2021 38K (FF)

m SEKITCYIDGPUY AT I\ (2017838 &K D), DDN IME
(Burst Buffer)

m Oakforest-PACS (OFP) (2 £38, Intel Xeon Phi (KNL))
m JCAHPC (3URARCCS & AITC)
m 25 PF, TOP 500 T6fiZ (2016511 8) (BA11i])
(B 0%) e
® Omni-Path 77— 52 F 4, DDN IME (Burst Buffer) &5
m Oakbridge-CX (8 138, Intel Xeon Platinum 8280)
n KIREBIHIR—/)\—OVE21—9 Y RT A
m 6.61 PF, 201978 ~ 2023F6H
m £1,368./ —RDA128./ — R (CSSDZEHEE,
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RRKNFIBREH

Reedbush (SGIRackable #S5 X4 AT L)

Reedbush-U (2016/7/1 ~ )

- IHEZHTEHE: 508TFlops

o /—F#1:420

. © /—R¥&Rk : Intel Xeon Broadwell x2
Reedbush-H (2017/3/1 ~ )

« IE:GT4HE: 1418TFlops

e /—F#1:120

¢ /—R¥&Rk : Intel Xeon Broadwell x2 + NVIDIA P100 GPU x2

AN

(Reedbush-L (2017/10/1 ~ )
o IEZHTEHEE: 1435TFlops
« /—F#1:64

\_© /—R¥&RK : Intel Xeon Broadwell x2 + NVIDIA P100 GPU x4 y
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SR APEREE LYY — /)3y (20)

RRKFAERERAR L F—
EXENER

Oakforest-PACS (Fujitsu PRIMERGY CX600)

Total Peak performance : 25 PFLOPS

Total number of nodes : 8,208 S Eo s - I

Total memory : 897.7 TB 2016&12% 1H uﬁ%ﬁ@iﬂﬁﬁ&n

Peak performance per node : 3.046 TFLOPS

Main memory per node : 96 GB (DDR4) > IN
RPNV 201754 A3 B IE=UE AR

Disk capacity :26.2 PB

File Cache system (SSD) : 960 TB
Intel Xeon Phi 7250 1.4 GHz 68 core x1 socket

PACS

Oakforest




Reedbush-U./— kD7 0Owv VUK

s XEUDSSE, haly XETEUE LRV, X3
Uh\dp B
=> NUMA (Non-Uniform Memory Access)
(FX10(&7 2wy )

(11

4 ™
}  DDR4_>(" Intel Xeon 76(';?3('38/3 Intel Xeon
AEY DAL DDR4 | E5-2695 v4 s — AEY
128GB } . DDR4_ | (Broadwell- — (Broadwell-EP) 128GB
KDORE )\ € 76.8GB/s (DDRL,
76.8GB/s 76.8GB/s
15.7 GBIs

IB EDR
HCA

16



Broadwell-EP D& ik 19459y DHZEH =

a7 H=YL17—4: 2KB, L2: 256KB,

ﬁ QPI x2 PCle
5Core L
| L3 L
Bl = AR IE
§Core L
L3
< BARIE
L3 ‘ Cor
< AR IR
r L3 L
il B |-
| -
DDR4
DIMM cMa
16GB x28¢ 16GB *x2F%

L3: 2.5MB(£4) => L3 [ 2 {AT45MB \

Core
#10

e
N

VirykHf-YAE)=:16GB X 8=128GB

L3

L3

T
[ ]

Ié L3
|

I [
C C

16GB 2/

L 1
mir
; L3
e
ema

16GB x24%

76.8 GB/#)

=(8Byte X 2400MHz x 4 channel)
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Reedbush-UD BIEHE

B )L\ o3 V)Y Rig%&FF DFat Treelfd
v EOXDICEHE/ —RZZATHEWICEFE CEREDITEE
m Mellanox InfiniBand EDR 4x CS7500: 6487 7h— I~

v ?iﬁ}i%ﬂ'{’— k24w F (SB7800)% (36+18)yEHAAEHERHD
23]

/ 6487R—kDirector A/ YF 15D H 5

36748 — k
Spine XA v F
185

Uplink] 18
367~ — h

lLeaf XA v F
36%H

Downlink: 1

/\ / N\

1 ]... 18 19 -+ | 36 37| --- 154
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Reedbush-H./ — <D

ovox

Intel Xeon

76.8GB/s |
P Intel Xeon 4
ol csa69508 [ DDRE, | A%

76.8GB/s
% 157GB/s 157GB/

76.8GB/s

PCle sw

X o Oo’
= \%

| PClesw | [
N Be
20 GB/s
IB FDR
. Pascal

NVIDIA
Pascal

20 GB/s

>{ EDR switch }<
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Oakforest-PACS

m Intel Xeon Phi (Knights Landir

5 =

ml/ —KIVTY K~

m MCDRAM: A2/ T -
DS/ FEXED16G
+ DDR4XEV

VrykH =Y AT E:16GB X 6=96GB

MCDRAM: 490GB/F LL £ (S=8)
DDR4: 115.2 GB/F)
=(8Byte X 2400MHz X 6 channel)

StE ./ — R

MCDRAM \

1

HotChips27
KNLRS AR &Y

2 x16

X4

wWrmzz2>IT0 &~ OO0 w

MCDRAN
I

D

36 Tiles
connected by
2D Mesh
Interconnect

4

- &ACDRAM

1T

MCDRAM

-
MCDRAM
Package

wWrmz2z2>I0 000 w

|

MCDRAM

4

——

20



Oakforest-PACS: Intel Omni-Path Architecture [C & D
2)LI\1A o> 3\ KigFat-trecif

= | = 768 port Director

= = Switch -
E | e 124
3 | = (Source by Intel) ~— |

2)[ =
Uplink: 24 v

-

Downlink: 24 ‘ e g
N 2% | [25 ) --[48[a9] )-- [72 Swhlz 4 ek

OARMEIDMBMTILINA I3V N RiEE#
« VRATLEZRFERABICEEVLSIEREEZER
« ZEER a7 TAEE/—FEYLETOBEHRENSLY

48 port Edge Switc

é iz

21



B AEERERR VY —Oakforest-PACS R —/\—3 YV
21— AT LADOEE 20174818

m/\—VFHIJ)LO—R (FRH)

m J—X1: 100,000 : 8/ —KE#H)., K16/ —F
X T
m J—22: 2000008 : 16/—FE%E)., FK64—
KEXT
m J)L—73—R
-4;)(%000%(@¥480,000P3) 108/ —F (BE¥) . &K128/—RK

s UEE. Th—D Vil TEE
m BULAH S — REx360Bx24058D 'k—o V) 5 5ND
n B —REXTE. =D VBEERED 1.0
n B —RZEBZ2E. BRI, BERED2.0CKSD
m KEEDI—H(EFX10. Reedbush& DIEE ~—2 V#B1TH AL
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RFNIEGHREE LY —ReedbushR—/\—3IVE1—HY
AT LADEE 201748 1H

m /\—VFI)LI—R (&FE)

m 150,000 : RB-U:4/—F (BE¥#) [ FKI16/—FXT
RB-H:1/—Fk (E#) . ®RKK2/—KFXT
m J)L—T 23—

m 300,000 : 104/—F (%) . K128/ —KXT,
RB-H: 1./—K (B#) . 8K32/—RZxT (=9 VE¥IZUuD2.5(%)

m RB-UDH 1©F 360,000 : 104/—FK (E¥) . K128
J—KXT
m RB-HOH 1©F 2160001 : 101./—F (%) . &k32./—
KET
s D EE. Th—OVHL) TE=S
m BULIAH S/ — FEIx360B x240FED =0V 55X 513
m B —RXTIE. b= VBERED.0
n B —REBZDE. BRI, BHEREN2.0(CRD
m KEZEDI—IIFX10, Oakforest-PACSE DG ~— 20 ViE{THOJEE
m / —REELHHD
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BERERER L VY —FXI0R—/)\—OV 21—V 2F
INOY & 20174818

m/\—VF)LID—R (F[))

m J—X1: 90,000F : 12/—REH%#H)., FK4/—FKET
m J—22: 180,000 : 24/—R(E¥E) k9% —RET
m J)L—7 33—

m 360,000/ (2 432,0008) :10. 12/—RK, §K1440/ —RET
mn U EE, Th=OViH) TEE
n PLIAA S — REIx360Bx2485ED k=0, 52 5NnD
n B —RKXTE. =D VBERED1.0
n B —RZBZRDE. BRI E, SBERED2.0CED
m KFEFDI— (EReedbush, Oakforest-PACSE DG ~—20 V24T
0] gk
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JPY (=Watt)/GFLOPS Rate 25

Smaller is better (efficient)

JPY/GFLOPS

Oakleaf/Oakbridge-FX (Fujitsu)

(Fujitsu PRIMEHPC FX10) 125
Reedbush-U (SGI)

(Intel BDW) 62.0
Reedbush-H (SGI) -

(Intel BDW+NVIDIA P100)

Oakforest-PACS (Fujitsu) 16.5
(Intel Xeon Phi/Knights Landing) '



~SA 7))L A—RFEICDWNT

n Rffi[CH 2> 5 —DOakleaf/Qakbridge-FX, Reedbush-U/H, Oakforest-_
PACSY _RT AHMEZ S MEENSS 71— B THELRSA
ZIL1—R) FENHD XTI,

m PHTF=vOFA
m/\—VYFILI—R, FIL—FI3I—RONRA (17B~378)
m {BFA
0 //\—‘I{ﬂbj 2 (178~347A8) (FX10:8K24./ —K,. &K%
RB-U: 2K16/— K, RB-H: &K2/—RK. OFP: &XKl16./—R, &
7(64/ =)
BIEVNVINHDRBENNE., BERE
m J)L—O—2R
s MESSAPILI-R: (1578~37A8) #& (FXI0:RA
1,440/ — I RB-U: &xK128./ — | RB-H: 25x32./—R. OFP:

a-jc2048/ ~)

"*I\ 47»1 (1 B~8XKE&E9+A8) . BE (Gt
¥ Zﬁ\_j/tl YHAEREBEZESDEENVE (F20
3t

n WHDI—-REBIC, BHBAABRSSDRENDE

26



2—)\—3VFE1—93I2F LhDF

IJ//(_FUD’\ VR IEE L
.$|J BB /1:\
IL_%1Z|KTF*
n B2
m FIFHDF3]
th"ﬁh(uﬁni'ﬁ?o

http://www.cc.u-
tokyo.ac.jp/supercomputer/ofp/service/

http://www.cc.u-
tokyo.ac.jp/supercomputer/reedbush/service/

http://www.cc.u-
tokyo.ac.jp/supercomputer/obcx/service/
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What’s GPU ?

®m Graphics Processing Unit

B HE&EHE PC DIDIFBERHDESE

 /\VIVDEREUVTEE=NT
50 ngﬁl%ﬁ(:jfﬁ

Computer Graphics



GPUDYVE1—FT 44 VT

GPUIRXT ST 14 VO RPT —LADBHRSTE D= (TELZ Kl TLY
Do

CPUN D PEH2-12BFZREICK U, GPUIX10002L ED I TP HH B,
GPUZ—RD 7 TV — 3 VDOERLICHIBT DI E%Z TGPUD
YE21—FT414>Y7%)1 TGPGPU (General Purpose computation on

GPU); IREEWS,

2007 [CNVIDIAfTDCUDASEN U U —RENTKELEE
CCHEFE. TA—TS5—ZVT (REFE) . BHFEE. Al (AL
*0gE) BRETHEBZBU TS,




GPUDSFEL

n BEGPUNMEDNDDH ?
v EEES L)
v NVIDIA P100 (Reedbush-H) 5,304 GFlops
v Intel Xeon Phi (Oakforest-PACS) 3,046.4 GFLops
v JHBSNEL
v 2)3VCEH=NTND
m JYE1—5ICEDF(FBIERM—
v BIRTIIEETET . CPUNSDIERTHIRE,
v CPUEGPUIRRXEUNERLD/H. XTEUBDT—5%BEHTOT
SZIVIITDIRENDH D,
m ZHONSI7 (1000 L) ZH8&. INZzBRITERT
Dicsd TWHEE) DA,
v CPU[KERID7 : DRFE. I\ TS5A VNIBIRETED, ER
IBHS R
v GPUINS72 7 : CPUDHE DEENF EALEZVND. <R,




NVIDIA Tesla P100

m 56 SMs, 3584 CUDA 3 J)?, 16 GByte

Tesla P100 whitepaper & D

32




5158

n E1TER T ORRNEO FOTS A% p SOHEHTIL
HEtHEI D ET, ETRRBZ T/p 9B,
R S (F—— —

» T
I—

=)

» T/p
m ERICTEDIHESHE, WERS (ZILTVRA) I
&do PILTUXAICEK > THIEIERRD,
v WIHETERBRWZILTU XA, BEDQOA—/{—Ay R
v AT THIINETERVWTZILT VLD HDE. ENFE
W5#7z EIFTH. ZDREIFEBEI NV,
m SR (BTR) DiE%a
c THROAF, & 15—,
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o ]l

m YR (tF) Z=ndlddZ &Titbd B,
m YROWHDH - hL—ZED

v £  BEEYS

v 152 : RZEY)3

v T8 3  KzHESED

v 1354 BRERZTANTEAD

v 55  AL—DILDOZEANDS

m AL

> s> »
-

—_—m——————————

GPUXEF



7 — 55

n T—Y%EREIT B ETHINLT B,
v TYERBBINHEOFHEEA L,

n TP Folde UTEH YL Z#EL
v BFRIRBZIHHEOFHERE L,

2+1= 12 — 88 = 34+3 = 2+4=
3+19= -20+29= 1+2= 99 — 72 =
4-6= 4+ 10 = 342 = 2+10=
S5+3= 1 +10= -10 - 10 = 3-11=
2+ 10= 1+13 = 2+ 1= 12 -34 =
1+2= 0+0= 1-10= 45+ 19 =

GPUDIEAEHE (X Z D RA,



GPUTOETED RN

1. RELT %25 >
/o RO /N (PCle 7 &)
CPU GPU
~32GB/s
~20GB/s | ospmpiacing OSIFFFFELZZLY
chaﬁﬁﬁﬁéﬁT
~200GB/s ~1,000GB/s
F A A
AE

AL AEY
m STE(XOSDHBDCPUNSIBED

n PIBNTIRIZDT/INA R XED
ET =YDV DED A

36



GPUTOYUS=ZIVITODEESR (1)

cnsliE70o>5=zV205EH CUDA H
OpenACCICEEN 59, GPUZOI SV
TIEXERITDIRENDH D,

m CPUXTED &EGPUXTEY AVRAL
v fED CCPUEGPUDXEURBTT—YDVPDEDNRE(CIRD
HY. CPUEGPUDBIDT — Y EnXHRE(SHEITEVICIELY
v $5COpenACCTIE, INZEFIT DINEHNDH D
B SUVVEREEBDICIE. ALY R >> 378 (P100 Tl&
3584)
v AL SHBARALY RIZE

v XEUPHLRICEBBHERE (RA—IL) &, #BORLY R
MEHDBZENTED
v Intel CPU TTI& Hyperthread (CHBY, 2L ES(EPEIT x2




GPUTOUSZVITODERER (2)
B ALY FEITOERDIUNIE (DIF) (X&EFD
v B UTE32R LY K (Warp EIES) DR UaneZE1T

v WarpATRIRFENRBRDE. ETONIRTEZERITLU. BICKD
SO UNIBD AR

v branch divergence, divergent branch 7& & & L\ S,

onemn el
5 5 ¢

¥
sésis




GPUTOYUSZIVITODIEESR (3)

B B UWarpADRLw k GBI DAL W ER) (VWX E
P RLANTP DL RT B ERNERD
v JPLRARPOER (coalesced access) & IS

v XEUPOTRIF128 Byte B TITHON D, 128 Byte [CIXEN
(X1BD7 O ER, BANIL128 Byte PO LREFDHDERDRT,

128 byte x IBIDXEU 7O R

AT T

128 byte x 2BID XEU 77O R

Address 128 160 192 224 256




EABRTP TVIRSGPUTERILTESD ?

m REl ! GPUIC—E&X>Te T —Y = EbBELIES 77T
J—3Y
m RETH100@(FFELEHD L7zL)
m Bl T=HENICHUTEEZS oV?) LEDETE (1THIE. 2R
RIRE) Y. RIEE[RE
HBaAE1—2DMtRE

n BEEER | Tt
N 3/’30)7’27“5A%3\ 5;3%@%3\/ CPUMD AE!) 65 GB/sec
E2—5®(1)CPU S 7126F (2)
GPUZE > = B DT (& ? SHIOPTEY | v
CPU-GPURE M /\ X 10 GB/sec

double A[N], B[N]; (1) 2 * 8 * N * M / 65,000,000,000
Forj=1,M (2) 2 * 8 * N * M / 540,000,000,000
For1=1,N + 2 *8*N/10,000,000,000
A[i] = B[i]; N = 1,000,000,000 M =10 7515 ?

(1) 2.46 sec (2) 1.90 sec 40
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GPUIOYVE1—TFT 1 VIDAE

B S 7S5UDFA (CUFFT, CUBLAS 7 &)
v GPUBSA TS UZEIEIRLEIFT. T<ICHATES,
v D473 ULANDED EERIES AR,

B IBERXN—2 (OpenACC)
v B (TA4LOT47) ZEBEATBIEFTTHIEE
=&
v BEOY—20—REEATES,

m JOJS5=ZV2JEEE (CUDA. OpenCLRE)
v GPUDMEEZ = ARRICEH,
v OS5I VTICIEGPGPUREEAERAITINED
D,

GE:

UL

42



GPUICH [F D54t

B BA it 5] YE o ay IW—T Gk EFEHY
for(i=0;i<3;i++) for(i=0;i<3;i++) for(i=0;i<3;i++)
Ali] = A[i] + 1; A[0] = A[0] + 1; Ali+1] = A[i] + 1;
for(i=0;i<3;i++) for(i=0;i<3;i++) for(i=0;i<3;i++)
A[i] = BJ[i] + C[i]; b=>b+A[i]; b=A[i]/b;

\ / ¥ 0penACCTH., GPUTIELLEIK

OpenACCOSF i DR e LR

\ )

CUDA®D ST EiEH

n FREFEBEATH>TH. —EGPUICE>TZDEFELEE/RLY
CEICIFRLSE SR

n HRIIC(Z0penACCECUDAZRAEHLETESDH AR
AX




OpenACC

m OpenACCE (&
v FILWPOESL—YBRO095I V01459 —T1—2R
OpenMP DKSBT 4 LOT4T (HERX) - N—2
= £8/C++, Fortran [ZXIfity
201 1EEFX(C OpenACC1.0. &FTIE 2.5

8 )y/f»r > [@A)] PGl Cray, [ZU—] GCC (PGLIERIIRD

v WEBT - |~ : http://www.openacc.org/
B IETNN—ADF 5
v BRX . 3VINMSN\NDEY ~
v PTUT—23 Y DR PBIEDLLEVE &
v KRRk (CPU) AD—k. EHO7 OS5 L—YHAI—KZ8—
J—R&EULTER, XVTFHFIYADNEG . SEEMN,

<N X X

EiE Fortran
f#fpragma acc directive-name [clause, ..] !$acc directive-name [clause, ..]
{ ! Fortran code
// C code Isacc end directive-name

} a4



ZEXR. OpenMP. OpenACCDZEITA X—

2 AVE OpenMP OpenACC
int main(){
#pragma acc ... e L — — B S R —
for (1=0; i<n; i++) {
| P ppppp—— = — [ = = RSN FRARAARARA NS
;..

TINA R

CPU CPU CPU (GPU)



FZCHTDOpenACCI—

openacc_hello/01 hello _acc

int main(){
const int n = 1000;

float *xa = malloc(nksizeof(float));
float *b = malloc(nxsizeof(float));
float ¢ = 2.0;
for (int i=0; 1i<n; i++) {

a[i] = 10.0;
}

#pragma acc data copyin(a[0:n]), copyout(b[0:n])

#pragma acc kernels
pragma acc Loop independent
for (int i=0; i<n; i++) {
b[i] = a[1i] + c;

}

double sum = 0;
for (int i=0; i<n; i++) {
sum += b[i];
}
fprintf(stdout, "%f¥n", sum/n);
free(a); free(b);
return 0;

GPU

(E R

h—=2L

ES

- AR
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FZCHTDOpenACCI—

openacc_hello/01 hello _acc

int main(){

const int n = 1000;

float *xa = malloc(nksizeof(float));
float *b = malloc(nxsizeof(float));
float ¢ = 2.0;
for (int i=0; 1i<n; i++) {

a[i] = 10.0;
}

#pragma acc data copyin(a[0:n]), copyout(b[0:n])

#pragma acc kernels
pragma acc Loop independent
for (int i=0; i<n; i++) {
b[i] =

al[i] + c;

}

double sum = 0;
for (int i=0; i<n; i++) {

sum +=_blil: 1

GPU

J—hrEEUC a, b TH>TH, REIEULT

MALID—REFRRAMXEY THERSE=NEE a, b, GPUTETS
N3 mEE (N—=xJ) ET/INARXEYTHERSNZ a, b

by

PUAS
opyout

(E R

D—=RI)L
E£17T

- AR
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OpenACCD FRFERX
m S RRIBIE E ISR

v' kernels, parallel
n T—YER - BEIERX
v' data, enter data, exit data, update

m AEHLIBDIERE

v loop

m ZOfth

v host data, atomic, routine, declare

mF  COBERTHRSDD

48



OpenACC [C&KD TP OS5 L —5Y TDEIT

m kernels 35X
v BESNEEEN OS5 L —Y TETE=NDIH—XRILA
v —fRICIE. FNEFNDIL—THRILDH—RILANDIVINTIL

int main() {

#pragma acc kernels

{
for (int i=0; i<n; i++) {
A; kernel 1
}
for (int i=0; i<n; i++) {
B; kernel 2
}
}
}

v BRIBIERXE LT, BEBAN—DDH—RILE UTERSN
% parallel IBERXHH D

49



CPUIJ— R®MOpenACC1E S

openacc_hello/0O1 hello acc

int

for

main(){
const int n = 1000;
float *a = malloc(nxsizeof(float));
float xb = malloc(nxsizeof(float));
float ¢ = 2.0;
for (int i=0; i<n; i++) {
a[i] = 10.0;
}
(int 1=0; i<n; i++) {

b[i] = a[i] + c;

}

double sum = 0;

for (int i=0; i<n; i++) {
sum += b[i];

}

fprintf(stdout, "%f¥n",

free(a); free(b);

return 0;

sum/n) ;

m JL—T DOpenACC 1t

v 5L U7z )L— T [Ckermnels,
loop 8RN 7360
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CPUIJ— R®MOpenACC1E S

openacc_hello/0O1 hello acc

int main(){
const int n = 1000;

float *xa = malloc(nksizeof(float));
float *b = malloc(nxsizeof(float));
float ¢ = 2.0;
for (int i=0; 1i<n; i++) {

a[i] = 10.0;
}

#pragma acc kernels

#pragma acc loop independent

for (int i=0; i<n; 1i++) {
b[i] = a[1i] + c;

}

double sum = 0;
for (int i=0; i<n; i++) {
sum += b[i];
}
fprintf(stdout, "%f¥n", sum/n);
free(a); free(b);
return 0;

m JL—T DOpenACC 1t

v 5L U7z )L— T [Ckermnels,
loop 8RN 7360
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CPUIJ— R®MOpenACC1E S

openacc_hello/01 hello _acc

int main(){
const int n = 1000;

m JL—T DOpenACC 1t

float *xa = malloc(nxsizeof(float)); v WA L_/TCL\!L—jlg.kernels,
float *b = malloc(nksizeof (float)); loop 18" ZE N0
float ¢ = 2.0;
for (int i=0; 1i<n; i++) {
a[i] = 10.0;
}

#pragma acc kernels

pragma acc Loop independent
for (int i=0; i<n; i++) {
b[i] = a[i] + c;

}

double sum = 0;
for (int i=0; i<n; i++) {
sum += b[i];

}

fprintf(stdout, "%f¥n", sum/n);

free(a); free(b);
return 0;

A—RILELTaAV RS ILEN,
GPULTETIND
Eﬁlﬁ”0)1§§§E3b§1;(L/$”:7§&&IER§*1%5/r)L__i;
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CPUIJ— KD OpenACCAL F

openacc_hello/0O1 hello acc

program main
implicit none
| ZHEE
allocate(a(n),b(n))
c=2.0

doi1=1, n
a(i) = 10.0
end do

I$acc kernels
I$acc loop independent
doi=1, n
b(i) = a(i) + ¢
end do
1$acc end kernels

sum = 0.d0
doi1=1, n
sum = sum + b(1i)
end do
print %, sum/n
deallocate(a,b)
end program main

Fortran® G L

m JL—T DOpenACC 1t

v 5L U7z )L— T [Ckermnels,
loop 8RN 7360
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OpenACCDT 7 A )L~ DZEEL DL

B ANSEH
v firstprivate K7 (3 private
v L‘I’\Z EOSTINA INDIE—HEESNHERL, KRR K CRER
Vo
m A5l
v' shared
v TIAZXEUCENICHEREN., ALY REITHE,
v TINARADNSIRRAMNIE—9 32 &ENTEE,

m kernels I BX(CZE U D &,
v OpenACCIOVI\A S (EETICHEBRT —Y ZBEN TEix 9 B,
v BEFETINA AXEY [CHERSN. shared [C7RD,
v BXICE UEMD\BTNCEREZIT S, data IERNX THIEITE B,




p

F—oEE - B

m data I8 X

umil
w

v TINA R(GPUYXE DEREREBR. MRAMCPUET /AR

(GPUYRBID T — 9 B53 % 18]

kernels# 8 RX TIX, T —YERX(FBENBIICTION D, dataiSTRX T

Nefi g3 & T, FNBREXZE (T,

£REM ETE D

v CUDA TS5 & 23D cudaMalloc, cudaMemcpy (C1HE

int main(){
const int n = 1000;

float *xa = malloc(nksizeof(float));
float *b = malloc(nksizeof(float));
float ¢ = 2.0;
for (int i=0; i<n; i++) {

a[i] = 10.0;
}

#pragma acc data copyin(a[0:n]), copyout(b[0:n])

openacc_hello/0O1 hello acc

#pragma acc kernels

#pragma acc loop independent ZMCIZRARDSZERHDT-6D.

for (int i=0; i<n; i++) {
b[i] = a[i] + c; <

BEIMIIZ T/INAAANTJE—&

} N, TSAR—EHELD,

| 55




p

F—HEE - B

m data I8
v TINA R(GPUYXE DEREREBR. MRAMCPUET /AR
(GPU)Faﬁaﬁ“—'S'E“‘ 7 i ]

kernelsfS/IRX Tl T —YEXIIBEBIICTON D, dataiE/RX T
*L%E%'Jﬁﬂ?'éc_c‘:‘c RBIREXZRE (T, HEEMLTED

v CUDA TS5 & 23D cudaMalloc, cudaMemcpy (C1HE

umil
w

program main
implicit none
integer,parameter :: n = 1000
real (KIND=4),allocatable,dimension(:) :: a,b

openacc_hello/0O1 hello acc

real(KIND=4) :: c

integer :: i
1(KIND=8) :: 1 S opm SL ¥
;ﬁocate(a(n),b(z;";] Fortran'C*‘(d:ﬁEﬁU"j"fZ'%*E?ﬁ‘%’!;ﬂL
o io 1 n {FhE9 571=8(Ibound,ubound,size’s:
endac(li) - 100 / E@ﬁtﬂﬁﬂﬂ&ﬁ’iﬂéﬂl_ﬁ_l‘btb\
Isacc data copyin(a) copyout(b) %))~ EZFE@IZ'U"fX%E%(M\%?ﬁVJ
I$acc kernels L\
Isacc loop independent °

doi=1, n
b(i) = a(i) + ¢
end do
1sacc end kernels

1$acc end data 56




data 38§/ "X DISED

copy
v allocate, memcpy(H->D), memcpy(D->H), deallocate

copyin

v allocate, memcpy(H->D), deallocate

v BIRREICRR AT =52 E— L)
copyout

v allocate, memcpy(D->H), deallocate

v BREBICRRANDST—9ZIE— LRV
create

v allocate, deallocate

v JE—=URRW
present

v i U1V, BEICT/)I\A R L THERBH THDZ EZLRADo

copy/copyin/copyout/create (SBEICT /N1 R EHERSNTWVWD T —F (X
L CTEAHE UL\, present & UTIRDES, (OpenACC2.5LAFF)
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T —5 DEENEHEDIEE

B RRAMETI\A RABETIOE—I 28HEIETE
m SN BLHDEREH O] EE
m Fortran & CEEB TIBEAENER DD T'ER

m _RITHACHAERE T D4
m Fortran: FRE EFRZIERE

I$acc data copy(A(lowerl:upperl, lower2:upper2) )

1$acc end data

mC

SR BREYAIZETE

#pragma acc data copy(A[beginl:lengthl][begin2:length2])




BDETE

751

openacc_hello/01 hello _acc

int main(){

const int n = 1000;

float *xa = malloc(nksizeof(float));
float *b = malloc(nxsizeof(float));
float ¢ = 2.0;
for (int i=0; 1i<n; i++) {

a[i] = 10.0;
}

#pragma acc data copyin(a[0:n]), copyout(b[0:n])

GPU

#pragma acc kernels l

pragma acc Loop independent | <

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

loopiE X

b[i] = a[i] + c;

}

double sum = 0;
for (int i=0; i<n; i++) {
sum += b[i];
}
fprintf(stdout, "%f¥n", sum/n);
free(a); free(b);
return 0;

(E R

D—=RI)L
E£17T

- AR
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T
(mm

5B DIETE

openacc_hello/01 hello _acc

program main
implicit none
| ZHES
allocate(a(n),b(n))
c=2.0

doi=1,n
a(i) = 10.0
end do
I$acc data copyin(a) copyout(b)

GPU

Isacc kernels
T'$acc Loop independent
doi=1, n
b(i) = a(i) + ¢
end do
'sacc end kernels

h

loopiE X

Isacc end data
sum = 0.d0
doi1=1, n

sum = sum + b(1i)

end do
print %, sum/n
deallocate(a,b)

end program main

(E R

h—=2L

ES

R
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G FAIRDIETE : loop IERX

m loop FERX
v L= EYVTDINS A=Y DFHE (CUDADRL Y KT
0w O¥ZIETE)
gang, worker, vector ZRWVWTCTIEET Do KREMNCLLTDLDIC
ZZBERL,
- gang: CUDA O thread block ZIDIETE
- vector: CUDA @ block A®D threads #XDIETE
v )L=THFT —HIRIITH D &%ZIETE (independent clause)
T TRWVWETLINETER L, CEEBTEXIVINASH
LIAUIET =9I THDZ EZHTTERLVD T, ZDHFE
FINZ=BTE,
v U 9D3 3 4802 (reduction clause)
v ZERIIB (seq clause)



F— DIRTHE

m independent I8/REN (CK D ISTE

v =TT =L TH D& %=ART D
v DVINA AT TERWEHIMTUIEE S ITERT S

#pragma acc kernels
#pragma acc loop independent
for (int i=0; i<n; i++) {
b[i] = a[i] + c;

}

AGF{LTIEE (T —HIRIL) 72D
C. independent Z18TE
(DVINA S (FAEF oI gE & (&
Hikr L T < niah o 7o)

m T—HYRITRL (IEFNEOTEETRRW) B

// SHIFIELLAELY

#pragma acc kernels
#pragma acc loop independent
for (int i=1; i<n; i++) {
d[i] = d[i-1];

}

62
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ZZE | OpenACC 1t & CUDA{E D ELER

// 0penACC // CUDA
void calc(int n, const float xa, —global__ .
const float *b, float c, float x*d) ¥$:gtcilc¥ll(ﬁ;2elé;.nt n, const float xa, const float xb,
{ { '
#pragma acc kernels present(a, b, d) const int i = blockIdx.x * blockDim.x + threadIdx.x;
#pragma acc loop independent
or (int 1=0; 1i<n; i++) 1 if (i <n) {
d[i] = a[i] + cxb[i]; kernel d[i] = a[i] + cxb[il;
} }
} }
int main() void calc(int n, const float *a, const float *b, float c,
{ float *d)
{
T . dim3 threads(128);
#prag{;ma acc data copyin(a[0:n], b[0:n]) copyout(d[@:n]) dim3 blocks((n + threads.x - 1) / threads.x);
calc(n, a, b, c, d); calc_kernel<<<blocks, threads>>>(n, a, b, c, d);
} cudaThreadSynchronize();
}
} int main()
{
= \ \ (==F sy n
v kernels $87"X CGPU CDEITHEIE =
j;l:;r-‘ﬁ float xa_d, xb_d, *d_d;
B Eo cudaMalloc(&a_d, n¥sizeof(float));

cudaMalloc(&b_d, nxsizeof(float));

v loop }gﬁi?jﬁﬁ”%f@@%ﬁ{bo cudaMalloc(&d_d, nxsizeof(float));
v data 3R TT — Y Emx sl Cudatenchy (bd, b, msiseof(Float), cudaMencpyDerault) ]
—_ —_ —_ cudaMemcpy(d_d, d, nxsizeof(float), cudaMemcpyDefault);
kernels ¥R TT — Y EnXz B&HY
[CIT52E&EHTED,

calc(n, a_d, b_d, c, d_d);
cudaMemcpy(d, d_d, nxsizeof(float), cudaMemcpyDefault);

} 63




OpenACCO— kDI VI\AI)L

B PGIDVI\AM3(CKDIVINTIL
v Reedbush TlEOpenACCIFPGIO YV /A S THRHETEX I,

$ module load pgi/18.4
$ pgcc -03 -acc -Minfo=accel -ta=tesla,cc60 -c main.c

—acc: OpenACCI—RTHDIEZIER
-Minfo=accel:
OpenACCIERXMNSGPUI— RO ERTELNESHFEDA Y E—I %
PEHTD, CDOXYE—ID0penACCILTREIRERE Y MITRB,
-ta=tesla, cc60:

=T vk - P—=FTOFvDIEE. NVIDIAGPU TeslaZF—T7 v k& U,
compute capablhty 6.0 (cc60) D I— R Z4ERLT B,

m Makefile CIOYV/\1IL

EELSDY Y )L ID— KRICIE Makefile A DWTWBAD T, IV
AILFTBEHICIF. BFEICTERZETINIERL,

$ module load pgi/18.4
$ make




Vo x/n b B

I8 7X0penACCO— <

m Y2 7)L 33— : openacc basic/
v OpenACCI8/RX kernels, data, loop ZFJAA LI I— K
v STERB (X EBLRMEAES

C F
for (unsigned int j=0; j<ny; j++) { do j = 1,ny
for (unsigned int i=0; i<nx; i++) { do i = 1,nx
const int ix = 1 + j*nx; c(i,j) = a(i,j) + b(i,j)
c[ix] += a[ix] + b[ix]; end do
} end do
}
v V=2 —R
openacc_basic/01_original CPUO—K,
openacc_basic/02_kernels OpenACCa—F, LtlZkernels}gmX D A1EM,
openacc_basic/03_kernels_copy OpenACCa—Fk, Lt(Zcopyia RETENM,
openacc_basic/04_loop OpenACCa—FK, E(ZloopE R XZE1EN,
openacc_basic/05_data OpenACCa—F, k(ZdatatE R X ZBARBIIZEM,
openacc_basic/06_present OpenACCa—Lk, Lt Tpresenttg~EiZ{EH.,

openacc_basic/07_reduction OpenACCa—F, E(ZreductiontBRENZF{E, o




A1 VT v O REE ¢

m Y2 7)L 33— : openacc basic/
v OpenACC3E"X kernels, data, loop ZF|B UL I— K
v STERB (X EBLRMEAES

void calc(unsigned int nx, unsigned int ny, const float *a, const float xb, float *c){
for (unsigned int j=0; j<ny; j++) {
for (unsigned int i=0; i<nx; i++) {
const int ix = i + j*nx;
c[ix] += a[ix] + b[ix];

iX = j*knx + 1

ny

+— nx —»



mID1 VT v O RETE

m Y2 7)L 33— : openacc basic/

v OpenACCH87~"X kernels, data, loop ZFA LI — K

v STERNT(EBERMANRES

subroutine calc(nx, ny, a, b, c)
implicit none

integer,intent(in) :: nx,ny

real (KIND=4) ,dimension(:,:),intent(in) :: a,b
real (KIND=4),dimension(:,:),intent(out) :: c
integer :: 1i,j

do j = 1,ny

do i = 1,nx
c(i,j) = a(i,j) + b(i,])
end do
end do

end subroutine calc

FortranhR Tl 2 R cHEe 5% FI| FH
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38742 0penACC: CPUO— R

B CPUD—RKOIVINAILEEST
v RIIDOESEE ZTERNEAINTUVETD,

$ cd openacc_basic/01_original ? DHF(LY 3
$ make S b 1= o
$ qsub ./run.sh JCElCZENDD
$ cat run.sh.0????2?? < X9,
mean = 3000.00 < K S [ eih (—

. SZ1& 3000.0
Time = 19.886 [sec] SA3®lc

openacc basic/01 original

m STEAS
v g3l a. b. cZEFNEFN 1.0,2.0,0.0 THEAL
v calcBIEIAI T ¢ +=a *b %& nt(=1000)BE1T,
v COETIFEZAIE

68
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m 02 kernelsJ— I calcBA%X

872 0penACC: kernels 383 (1) -

v CPUIO— K (Ckernels 383X D840

openacc_basic/02 kernels

const unsigned int n = nx * ny;
#pragma acc kernels

void calc(unsigned int nx, unsigned int ny, const float *a, const float xb, float *c){

for (unsigned int j=0; j<ny; j++) {
for (unsigned int i=0; i<nx; i++) {
const int ix = i + j*nx;
c[ix] += a[ix] + b[ix];

subroutine calc(nx, ny, a, b, c)
implicit none
integer,intent(in) :: nx,ny
real (KIND=4) ,dimension(:,:),intent(in)

integer :: 1i,j
1$acc kernels
do j = 1,ny
do 1 = 1,nx
c(i,j) = a(i,j) + b(i,j)
end do
end do
1$acc end kernels
end subroutine calc

real (KIND=4),dimension(:,:),intent(out) ::

OpenACC O /N1 S5 (a, b, c)
% shared Z#EL TEHEITEREL
TNBIET =h...

‘ 69




B 78 0penACC: kernels 38/R”X (2) €

V1)L F—AY A ZXHNHMST AL TT5—

L

$ make mnnf‘iﬁagudj—’r?@* Eb\[i[iz\/ﬁ |

pgcc -03 -acc -Minfo=accel -ta=tesla,cc60 -c main.c
PGC-S-0155-Compiler failed to translate accelerator region (see -Minfo messages): Could
not find allocated-variable index for symbol (main.c: 13)
calc:
14, Complex loop carried dependence of a->,c->,b-> prevents parallelization
Accelerator serial kernel generated
Accelerator kernel generated
Generating Tesla code
14, #pragma acc loop seq
15, #pragma acc loop seq
15, Accelerator restriction: size of the GPU copy of c,b,a is unknown
Complex loop carried dependence of a->,c->,b-> prevents parallelization
PGC-F-0704-Compilation aborted due to previous errors. (main.c)
PGC/x86-64 Linux 18.4-0: compilation aborted
make: *xx*x [main.o] Error 2

$ make
pgfortran -03 -mp -acc -ta=tesla,cc60 -Minfo=accel -c main.f90

calc:
13, Generating implicit copyin(b(:nx, :ny)) _“ Q*j"fféﬁiﬂbfﬁﬁﬂim_

Generating implicit copyout(c(:nx,:ny))

Generating implicit copyin(a(:nx,:ny)) Fotran’C(i"j"f |ﬁ$ﬁﬁ‘ﬁﬂ§'ﬂ-ﬁ

14, Loop is parallelizable . .
15, Loop is parallelizable Bﬁ?éf_&)

Accelerator kernel generated
Generating Tesla code
14, !$acc loop gang, vector(4) ! blockidx%y threadidx%y

15, !$acc loop gang, vector(32) ! blockidx%x threadidx%x 70
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872 0penACC: kernels 38”3 (3) L€

m 03 kernels copyJ— I: calcBE#&
v Y14 AZEBRB(CIETE openacc_basic/03_kernels_copy

void calc(unsigned int nx, unsigned int ny, const float *a, const float xb, float *c){
const unsigned int n = nx * ny;
#pragma acc kernels copy(a[0:n], b[@:n], c[@:n])
for (unsigned int j=0; j<ny; 3++) { allocate, H -> D
for (unsigned int i=0; i<nx; i++) {
const int ix = 1 + j*nx;
c[ix] += a[ix] + b[ix];

} D->H, deallocate

v kernels 38" X Tl data I8N HIMEZ D
v EDIFEE. copy ZIETE
v N—2JLBI#E TGPUE CPURBID X E VU ERENTTIHON D,
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Vo x/m nglip

872 0penACC: kernels 38X (4) Cg

m 03 kernels copyJ— <:#JHR{E

v CPUJ— < [Ckernels 38R X DEND openacc_basic/03 kernels copy
C F
int main(int argc, char xargv[]) program main
{ -
- 1$acc kernels copyout(b,c)
#pragma acc kernels copyout(b[0:n], c[0:n]) do J = 1,ny
1 do 1 = 1,nx
for (unsigned int i=0; i<n; i++) { b(i,j) = bo
b[i] = boO; end do
} end do
for (unsigned int i=0; i<n; i++) {
c[i] = 0.0; c(:,:) =0.0 p
} Isacc end kernels
} -
end program
} \ \

\ FortranDEHIIRATER BEZ D

b0 BRNDSEHDT=HEERIIC
BEALY BAIJE-HNE=NnD,
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5720penACC: kernels 387”3 (5) €

m JYV)\1)L

v

F—HOJIEA VI A SCEDH ST, WHHLE N,

$ make

pgcc -03 -acc -Minfo=accel -ta=tesla,cc60 -c main.c

calc:

13, Generating copy(al:n],c[:n],b[:n])
14, Complex loop carried dependence of a-> prevents parallelization

Loop carried dependence due to exposed use of c[:n] prevents parallelization
Complex loop carried dependence of c->,b-> prevents parallelization
Accelerator scalar kernel generated

Accelerator kernel generated

Generating Tesla code

14, #pragma acc loop seq

15, #pragma acc loop seq

15, Complex loop carried dependence of a->,c->,b-> prevents parallelization

main:

Loop carried dependence due to exposed use of c[:il+n] prevents parallelization

43, Generating copyout(c[:n],b[:n])
45, Loop is parallelizable

Accelerator kernel generated
Generating Tesla code
45, #pragma acc loop gang, vector(128) /*x blockIdx.x threadIdx.x */

48, Loop is parallelizable

Accelerator kernel generated
Generating Tesla code
48, #pragma acc loop gang, vector(128) /*x blockIdx.x threadIdx.x */

pgcc -03 -acc -Minfo=accel -ta=tesla,cc60 main.o -0 run
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& 78X 0penACC: kernels 38" (5)

m JYV)\1TI)L
v T=DIRIEERBYID, A5k,

pgfortran -03 -mp -acc -ta=tesla,cc60 -Minfo=accel -c main.f90
calc:
13, Generating copyin(a(:,:))
Generating copyout(c(:,:))
Generating copyin(b(:,:))
14, Loop is parallelizable
15, Loop is parallelizable
Accelerator kernel generated
Generating Tesla code
14, !'$acc loop gang, vector(4) ! blockidx%y threadidx%y
15, !$acc loop gang, vector(32) ! blockidx%x threadidx%x
main:
61, Generating copyout(c(:,:),b(:,:))
62, Loop is parallelizable
63, Loop is parallelizable
Accelerator kernel generated
Generating Tesla code
62, !'$acc loop gang, vector(4) ! blockidx%y threadidx%y
63, !$acc loop gang, vector(32) ! blockidx%x threadidx%Xx
68, Loop is parallelizable
Accelerator kernel generated
Generating Tesla code
68, !$acc loop gang, vector(4) ! blockidx%y threadidx%y
Isacc loop gang, vector(32) ! blockidx%x threadidx%x
pgfortran -03 -mp -acc -ta=tesla,cc60 -Minfo=accel main.o -0 run




Tips: Id &7 — 5 DIRIIMEZ BUINEULIH

m TAUPR (BEHDRB)

e =t 1 SOV | ==
m 5—RBT—~YMIITH...
m foo(&a[0],&a[1]) D K SRIFEVE L
ZHINIET —FIRILTHL |
n NERABRIGEZTIAHSHE
m VTV OREE
m STERRENIL—TEHICK U TR
IHNESHDHOHSARLY
m Fortran CH. ZXITHCSZ—RIT
b3tz
mE(CCTH, ZRITEIZEFEZL
M EERYIND

m BESR

NoTT—RIL?

void foo(float *xa, float xb){
for (int 1=0; i<N; i++)
b[i] = al[il];
}

ATYVIRTE

for (int 1=0; i<N; i++){
j =1i% 10;
b[j] = a[il;

}

Pk

for (int i=0; i<N; i++){
b[idx[1]] = al[i];
}
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B7380penACC: loop 387" (1) c

m 04 loopd—F

v

03 kernels J— K [Cloop independent DiEHD  openacc_basic/04_loop

void calc(unsigned int nx, unsigned int ny, const float *a, const float xb, float *c){
const unsigned int n = nx * ny;

#pragma acc kernels copy(a[0@:n], b[0:n], c[0:n])

#pragma acc loop independent
for (unsigned int j=0; j<ny; j++) {

#pragma acc loop independent

for (unsigned int i=0; i<nx; i++) {
const int ix = i + j*nx;
c[ix] += a[ix] + b[ix];

// main BE#A
#pragma acc kernels copyout(b[0:n], c[0:n])

{

#pragma acc loop independent

for (unsigned int i=0; i<n; i++) {
b[i] = bO;
}

#pragma acc loop independent

for (unsigned int i=0; i<n; i++) {
c[i] = 0.0;




& 78X 0penACC: loop ¥R (1)

m 04 loopd—F

v 03 kernels — I~ [Cloop independent D360

openacc_basic/04 loop

subroutine calc(nx, ny, a, b, c)

Isacc kernels copyin(a,b) copyout(c)
Isacc loop independent
do j = 1,ny
Isacc loop independent
do i =1,nx
c(i,j) =
end do
end do
I$acc end kernels
end subroutine

a(i,j) + b(i,j)

I main BA%MA
I$acc kernels copyout(b,c)

Isacc loop independent
do j = 1,ny
Isacc loop independent
do i = 1,nx

BRITIZDULWTloopE "X FEET S
(M H A RGEFRELI=WLVEE)IHE.
doX TEETTIRELH D,

b(i,j) = bo
end do
end do
c(:,:) =0.0

1$acc end kernels

~!
~!



& 78X 0penACC: loop FERX (2)

m JYV)\1)L openacc_basic/04 loop
v JL=THh WIS N, h—RILHDVERRESNTE,

zggzkfo3 -acc -Minfo=accel -ta=tesla,cc60 -c main.c

calc:

13, Generating copy(al:n],c[:n],b[:n])
15, Loop is parallelizable
17, Loop is parallelizable
Accelerator kernel generated
Generating Tesla code
15, #pragma acc loop gang, vector(4) /* blockIdx.y threadIdx.y */
17, #pragma acc loop gang, vector(32) /* blockIdx.x threadIdx.x */
main:
45, Generating copyout(c[:n],b[:n])
48, Loop is parallelizable
Accelerator kernel generated
Generating Tesla code
48, #pragma acc loop gang, vector(128) /* blockIdx.x threadIdx.x x/
52, Loop is parallelizable
Accelerator kernel generated
Generating Tesla code
52, #pragma acc loop gang, vector(128) /* blockIdx.x threadIdx.x */

SFortranhf [FEEIZ M H{E SN TULN =T=DEHBE, loop
independent Z D (1A (CKAEFDZALIEGELY, (DT1ElED
PGI compiler ver. 18.7 TIZ)




& 78X 0penACC: loop FERX (3)

m 04 loopd— KDZELT openacc_basic/04 loop
v EZRELVLD, RITHEBHNKRER.

$ qsub ./run.sh

3000.00
70.414 [sec]

v V—=RID—RZHDE. calcBAETH—RILATIRICGPUE CPUM™]
DT —FEEENFEET D, CNHEREETSETLS,

mean
Time

void calc(unsigned int nx, unsigned int ny, const float *a, const float xb, float *c){
const unsigned int n = nx *x ny;
#pragma acc kernels copy(a[0@:n], b[0:n], c[0:n])
#pragma acc loop independent
for (unsigned int j=0; j<ny; j++) {
#pragma acc loop independent
for (unsigned int i=0; i<nx; i++) {
const int ix = i + jx*nx;
c[ix] += a[ix] + b[ix];

allocate, H -> D

} D->H, deallocate

79




FEE730penACC: datafERX (1) °

m 05 data:l—|\°

v 04 looplTdatalSRSEN openacc_basic/05_data
// mainBi%N
#pragma acc data copyin(a[0:n]) create(b[0:n]) copyout(c[0:n]) a: allocate, H -> D

{ =mmmermcc s e ccccccr e ——— .
#pragma acc kernels copyout(b[0:n], c[0:n]) b: allocate

{ c: allocate
#pragma acc loop independent

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

b[i] = bO; present & L/_CIII:‘E%E'Bo
}

#pragma acc loop independent
for (unsigned int i=0; i<n; i++) {

c[i] = 0.0;
}
}
for (unsigned int icnt=0; icnt<nt; icnt++) { a: deallocate
calc(nx, ny, a, b, c); b: deallocate
} .
} dmmemssssssssssssssssssssssss s —- c: D->H, deallocate

v copy/copyin/copyout/create (FBEICT /N4 R EHERSNTWDT —
FNCXF U TIEaH ULIRUY, present & UTIRES, (OpenACC2.5
LARE)

v BeAl a, b, c FFARARICEHDEICIEREIZIEE 80




Vo x/m nglip

I8 72 0penACC: dataf§"3 (1) F

m 05 datad—

v 04 looplCdatadS RN openacc_basic/05_data
I mainBI%KN
I$acc data copyin(a) create(b) copyout(c) === m=———— a: allocate, H -> D

I$acc kernels copyout(b,c)

I$acc loop independent b: allocate
do j = 1,ny c: allocate
Isacc loop independent
do i =1,nx — —
b(i,j) = be present & U TIRES,

end do
end do

c(:,:) = 0.0
1sacc end kernels

do icnt = 1,nt

call calc(nx, ny, a, b, c) a: deallocate
end do b: deallocate
Isacc end data = e e e e e e e e e e e e e ——— ¢: D->H, deallocate

v copy/copyin/copyout/create (FBE(CT /N1 R EERESNTWLNDT—
FNCXF U TIEaH ULIRUY, present & UTIRES, (OpenACC2.5
LARE)

v BeFll a, b, ¢ IFIARARICEDEIEREZIEE, 81



& 78X 0penACC: dataig7 "X (2)

m 05 datad— R DEIT
v BZIFIEULL, REHD EH o7,

openacc_basic/05 data

$ qsub ./run.sh
$ cat run.sh.o??????
mean = 3000.00
Time = 1.174 [sec]

82



& 72 0penACC: presentic BN

m 06 presentJ— I~

v 05 datad— ~C present {8/ ~En%x{EH

openacc_basic/06 present

void calc(unsigned int nx, unsigned int ny, const float *a, const float xb, float *c){

const unsigned int n = nx * ny;

#pragma acc kernels present(a, b, c)
#pragma acc loop independent \ present /\2’:2 I

for (unsigned int j=0; j<ny; j++) {
#pragma acc loop independent

for (unsigned int i=0; i<nx; i++) {

const int ix = i + jx*nx;
c[ix] += a[ix] + b[ix];

}

/

subroutine calc(nx, ny, a, b, c){/'

I$acc kernels present(a, b, c)
Isacc loop independent
do j = 1,ny
Isacc loop independent
do i = 1,nx
c(i,j) = a(i,j) + b(i,j)
end do
end do
1$acc end kernels
end subroutine

® T—RELEDIRSFENIELEL

T:&)s '|':tﬁlé£'“3 (j:t;L/o

& present TIIAEYHER. T —2E51%

ZLIEW =0 B YA ADHEEE
O

& O—RELTIEHRBLAKLY,

83




V5O

m USOI 3 VEE

v B DOEZRHNS—DDEEBE
RAE. RIMERE

/N /NTE=
/AN /AN
v %lb\* D\ ﬁ}n}\ J=1N

3 VEE (1)

v BADN—D2DkeH. WIHEICTRIANE (CUDATOHERTE

)
double sum = 0.0;
for (unsigned int i=0; i<n; i++) {
sum += array[il;

}

ALwv Kl ALY K2, ALY RS

112 13{4|5|6|7|8]9

6| ' 15| 1 |24

Jan

6

15124

Nt 5

45

()

ALY RHBYT S
MBiFEIUSY O3y
—BFECS (C 72 Eh

—REciEe YO 3
b

ENER™D



U5 O3 VEER (2)

loop ¥8R"XIC reduction I8 RENZIETE
v reduction BEFEBHZTHAETHETIERE

double sum = 0.0;

#pragma acc kernels

#pragma acc loop reduction(+:sum)

for (unsigned int i=0; i<n; i++) {
sum += array[il;

}

m Reduction &7~ E0
v acc loop reduction(+:sum)

vIBEFENRETDIEH (RNS—EH) ZiETET D,
m FMATESFREETFEYHERBE
v BE S+ YIERME: 0
v 3 EEF * #HAE: 1
v yBEF: max, #JHB{E: least
v ;BEF: min, ¥IRR(E: largest

85



m 07 reductiond— I~
v 06 present J— I~ C reductionZZ {3 openacc_basic/07 reduction

// main BE#A
for (unsigned int icnt=0; icnt<nt; icnt++) {
calc(nx, ny, a, b, c);

}

#pragma acc kernels
#pragma acc loop reduction(+:sum)
for (unsigned int i=0; i<n; i++) {
sum += c[i];

}

v data 387"X T ¢ % create [CE B,

m 07 reductiond— |~
v DO 3y —RKRHBERENT,

$ make
pgcc -03 -acc -Minfo=accel -ta=tesla,cc60 -c main.c
(%?%ﬂ
main:
(&H8)
67, Loop is parallelizable
Accelerator kernel generated
Generating Tesla code
67, #pragma acc loop gang, vector(128) /x blockIdx.x threadIdx.x x/
Generating reduction(+:sum) 86




I8 7X0penACC: reductionfsR"El (1)-F

m 07 reductiond— I~
v 06 present J— I~ C reductionZZ {3 openacc_basic/07 reduction

sum = 0
I$acc kernels present(c)
Isacc loop reduction(+:sum)

do j = 1,ny A A _ S .
I$acc loop reduction(+:sum) ﬂﬁ@“l/ 7°f&(c.reduct10n

do i = 1,nx
sum = sum + c(i,j)
end do
end do
Isacc end kernels

v data FE7"X T ¢ % create [CE B,
m 07 reductiond— |~
v DAY 3y d—RKRAER SNk,

$ make
pgfortran -03 -mp -acc -ta=tesla,cc60 -Minfo=accel -c main.f90
(&)
main:
(&)
86, Loop is parallelizable
Accelerator kernel generated
Generating Tesla code
84, !$acc loop gang, vector(4) ! blockidx%y threadidx%y
86, !$acc loop gang, vector(32) ! blockidx%x threadidx%Xx

. . 87
Generating reduction(+:sum)




It \

I8 738 OpenACC: reductionf&7REN (2)

m 07 reductionJ— FDETT

v Z2ZIFEULL. REHLI LD ST, openacc_basic/07 reduction

v BeFl c DEREMEFSNECE. U OUY 3 UMNGPULETITD
N3 &ICEKDMEED L,

$ qsub ./run.sh

$ cat run.sh.o??7??7??

mean = 3000.00
Time = 1.089 [sec]

88



OpenACCILDRT Y TDXRE®D

m OpenACCIEDT=HD3IDDIBRIXDEFT
v kernels 38X ZFAVLTGPUTETI 2B ZIEE
v data 3R AL, MR -F/\1 R BDBEZEREL
v loop ¥R ZEMBL, WHNIBDISE

#pragma acc data copyin(a[0:n]) create(b[0:n], c[0:n])
{

#pragma acc kernels

#pragma acc loop independent
for (unsigned int i=0; i<n; i++) {
b[i] = bo;
}
#pragma acc loop independent
for (unsigned int i=0; i<n; i++) {
c[i] = 0.0;
}

for (unsigned int icnt=0; icnt<nt; icnt++) {
calc(nx, ny, a, b, c);

#pragma acc kernels
#pragma acc loop reduction(+:sum)
for (unsigned int i=0; i<n; i++) {
sum += c[i];

} openacc_basic/07 reduction




OpenACCILDRT Y TDXRE®D
m OpenACCIEDT=HD3IDDIBRIXDEFT

v kernels I8 RXZAVLWTGPUTCTETT BB ZEIETE
v data I8RXZHL. KRR M-FT/)\1 R EOBEZ=HEb
v loop I8 Z AL, WHIBDISTE

I$sacc data copyin(a) create(b,c)
I$acc kernels present(b,c)
Isacc loop independent
do j = 1,ny
Isacc loop independent
do i =1,nx
b(i,j) = bo
end do
end do

c(:,:) = 0.0
I$acc end kernels

do icnt = 1,nt
call calc(nx, ny, a, b, c)
end do

e <

o

sum = 0
!$acc kernels present(c)
1$acc loop reduction(+:sum)
do j = 1,ny
1$acc loop reduction(+:sum)
do i = 1,nx
sum = sum + c(i,j)
end do
end do
1$acc end kernels
I$acc end data

openacc_basic/07 reduction

90
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=33 C

o< B8

B 3RITHLEN FZTN D OpenACCAE
v YY)V 3—K . openacc diffusion/01 original
m 3RITCHAEX AT LD CPU I — < [COpenACC @D kernels, data,
loop 38 RXZBN L. GPUTEMEETEITUER L &5,

for(int k = 0; k < nz; k++) { . . . : *0
for (int | = 8: 1 < myt dee) € diffusion.c, diffusion3d BEELMN
for (int 1 = 0; i < nx; i++) {
const int ix = nxxknyxk + nxxj + 1i;
const int ip =1 ==nx -1 ? ix : ix + 1;
const int im =i == 0 ? ix : ix - 1;
const int jp = j == ny - 1 ? ix : ix + nx;
const int jm = j == 0 ? ix : ix - nx;
const int kp = k == nz - 1 ? ix : ix + nxxny;
const int km = k == 0 ? ix : ix - nxxny;
fn[ix] = ccxf[ix]
+ cexf[ip] + cwxf[im]
+ cnxf[jpl + csxf[jm]
+ ctxf[kp] + cbxf[km];
}
} oo ..
} openacc_diffusion/01 original
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== F

o< B8

B 3RITHLEN FZTN D OpenACCAE
v YY)V 3—K . openacc diffusion/01 original
m 3RITCHAEX AT LD CPU I — < [COpenACC @D kernels, data,
loop 38 RXZBN L. GPUTEMEETEITUER L &5,

do l:I =1, nz diffusion.f90, diffusion3d BEEA
o] =1, ny

do i =1, nx

w=-1; e=1;, n=-1; s=1; b=-1; t = 1;

if(1==1) w=20

if(1 == nx) e =10

if(j ==1) n=20

if(j == ny) s =0

if(k ==1) b=20

if(k == nz) t =0

fn(i,j,k) = cc x f(i,j,k) + cw *x f(i+w,j, k) &
+ ce x f(i+e,j,k) + cs x f(i,j+s,k) + cn x f(i,j+n,k) &
+ cb x f(i,j,k+b) + ct x f(i,j,k+t)

end do
end do

end do openacc_diffusion/01 original
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N6

RIYZAL—Y3YV (1)

m ILEORR
v IV TOPRICHRAVDEEET ENKPTIEMND

v RSB

N YN Y e

m HhET7

CHRBL UaRA Y D (JHEDVD . REBEII—BEICR D,

» [ | T »

2D =a2L—Y 3V

v BROAM YV IEEDKRER{LZESTET D
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WEEERYIaL—Y3Y (2)

. P
v ST EUTEVWEREBFICXY)D, —fRICEIITERT,
v it%%ié%ﬁtﬁ?%%b\ CSEBTIE IR E UTHRI D &
\ — Q Vo
v 2RATY I DEFNZEEN. 1T LARTY TZEDHD (FT)L

I\ I 7) .
t=n t=n+1
t=n+2
t=n+3

FBIRT Y TZ2EDHD

m Y7L —-KI(E,
v 5TEMEBE: nx *ny *nz  (3RJT)
v BRYMALART YT nt
C‘.’.@DTL\%O 95



EBIRRY a2 L —Y=

> (3)

m 2RToik

AN D R ED—HI

fih = (fay + Ry + R+ i +4175)/8
FH %D v |
B EBOE LtTERADIE B BSDIEDAS
it lolof1]o0]o0
2 fo]2]8|2]o0 B
js|1]|s]20]s8]1 2[E1 B DF&
4 lo]2]s8|2]o
5 et —— -
o I I A Y RLTFEZITOE A
o6 12 3 4 5 VODMERERLET .



N6

R L—I=

LA IETNDETED

m 28T

> (4)




CPUIO—R

B CPUD—RKOIVINAILEEST

$ cd openacc_diffusion/01_original

$ make

$ qsub ./run.sh

# cat run.sh.o0??7?7???

time( 0) = 0.00000

time( 100) = 0.00610

time( 200) = 0.01221

time(1000) = 0.06104

time(1100) = 0.06714

time(1200) = 0.07324

time(1300) = 0.07935

time(1400) = 0.08545

time(1500) = 0.09155

time(1600) = 0.09766

Time = 20.564 [sec] _
Performance= 2.17 [GFlops] <€ E1TIERE
Error[128][128][128] = 4.556413e-06 = ﬁg*ﬁﬁgtmgg%

B OpenACCO— R TlE. EDLK SVDOEITIHEENZENRTE
D5TCL&LDOH?



OpenACC1E(0): Makefile D{E1E

m Makefile [C OpenACC Z I VINAILTBDEKD —acc BE%

BIULERLU &S
CC = pgcc
C CXX = pgc++
GCC = gcc
RM = rm -f

MAKEDEPEND = makedepend

CFLAGS = =03 -acc -Minfo=accel -ta=tesla,cc60
GFLAGS = -Wall -03 -std=c99
CXXFLAGS = $(CFLAGS)

LDFLAGS

F F90 = pgfortran
RM = rm -f

FFLAGS = -03 -mp -acc -ta=tesla,cc60 -Minfo=accel

99



OpenACC1E(1): kernels

m diffusion3dBEELIC kernelsZBHIILEXR U & S

const
const
const
const
const
const
const

fn[ix]

}

int
int
int
int
int
int
int

+ + +

0; i < nx; i++) {

ix =
ip=1i
im = i
ip =]
jm =]
kp = k
km = k
coxfix]
cexf[ip]
cnxf[jpl
ctxf[kpl

+
+
+

return (double) (nxxnyxnz)x13.0;

nxknyxk + nxxj

nx - 17?
0 ?
ny - 17
0 ?
nz -17?
0 ?
cwxf[im]
cskxf[jm]
cbxf[km];

+ 1i;
ix :
ix :
ix :
ix :
ix :
ix :

ix
ix
ix
ix
ix
ix

I+ 1 + 1 +

#pragma acc kernels copyin(f[0:nxxnyxnz]) copyout(fn[0:nxxnyxnz])
for(int k = 0; k < nz; k++) {

for (int j = 0; j < ny; j++) {

for (int i

nx*ny;
nxkny;

diffusion.c, diffusion3d BEELA

make UCEITUTHARULU & Do
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OpenACC1E(1): kernels

m diffusion3dBEELIC kernelsZBHIILEXR U & S

do k =1, nz
do j =1, ny
do i =1, nx

w=-1; e =
if(i == 1)
if(i == nx)
if(j == 1)
if(j == ny)
if(k == 1)
if(k == nz)
fn(i,j, k) =
+ ce *
+ cb *x

end do
end do
end do
1$acc end kernels

Isacc kernels copyin(f) copyout(fn)

oWV SO K=
mununmnmmnmin
SRS ECN SN SN S)

cc x f(i,j,k) + cw *x f(i+w,j, k) &
f(i+e,j,k) + cs x f(i,j+s,k) + cn x f(i,j+n,k) &
f(i,j,k+b) + ct x f(i,j,k+t)

diffusion.f90, diffusion3d REZA

make UCEITUTHARULU & Do
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OpenACC1E(2): loop

m diffusion3dBAEUC loopZZ BNMILEKR UL &5

#pragma acc
#pragma acc
for(int
#pragma acc
for

#pragma acc

}

¥

return (double) (nxxny*nz)*13.0;

kernels copyin(f[0:nxxny*nz]) copyout(fn[0O:

loop independent
k = 0; k < nz; k++) {
loop independent
(int j = 0; j < ny; j++) {
loop independent
for (int 1 = 0; i < nx; i++) {
const int ix = nxknyxk + nxxj + 1i;

const int ip =1 ==nx -1 ? ix : ix +
const int im =i == 0 ? ix @ ix -
const int jp=j == ny - 1 ? ix : ix +
const int jm = j == 0 ? ix : ix -
const int kp = k ==nz - 1 ? ix : ix +
const int km = k == 0 ? ix : ix -
fn[ix] = ccxf[ix]

cexf[ip] + cwxf[im]
cnxf[jp]l + csxf[jm]
ctxf[kp]l + cbxf[km];

+ + + 1

nxxnyxnz])

nxxny;
nx*ny;

=SR{b KD B,
F I (X1E LULIET
BZ753—FK
HIRDZENK
ETYI,

R D BEAEIH S
BEZESHFET,

diffusion.c, diffusion3d BE%MA

make U CY 3T A qsub /runshUTHIRL &S, EWT

THEFTTEZET,
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OpenACC1E(2): loop

m diffusion3dBAEUC loopZZ BNMILEKR UL &5

do k =1, nz

end do

Isacc loop independent
do j =1, ny
Isacc loop independent
do i =1, nx

w=-1; e =
if(i == 1)
if(1i == nx)
if(j == 1)
if(j == ny)
if(k == 1)
if(k == nz)
fn(i,j,k) =
+ ce *
+ cb x
end do
end do

Isacc end kernels

Isacc kernels copyin(f) copyout(fn)
Isacc loop independent

WSO K
| T I 1 { O
CRCECNS NSNS

cc x f(i,j,k) + cw x f(i+w,j, k) &

f(i+e,j,k) + cs x f(i,j+s,k) + cn x f(i,j+n,k) &

f(i,j,k+b) + ct x f(i,j,k+t)

diffusion.f90, diffusion3d RI%LA

=R{b KD B,
FI(XIE LLET
85753 —K
HIRDZENK
£TI,

R D BAEIH 5
BIEZESHET,

make U CY 3 KA qsub /runshUTHEXRUL &S, EWLWT

THEFTTEZET,
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OpenACCIE(3): T —H Erix

m diffusion3dBIEL T present & L. mainBdE T data 2360

= '

Bx &

B(D

#pragma acc
#pragma acc
for(int
#pragma acc
for

#pragma acc

}

¥

kernels present(f, fn)
loop independent

k = 0; k < nz; k++) {

loop independent
(int j = 0; j < ny; j++) {
loop independent
for (int 1 = 0; i < nx; i++) {

const
const
const
const
const
const
const

fn[ix]

int
int
int
int
int
int
int

+ + + 1

diffusion.c, diffusion3d BEELMN

ix = nxknyxk + nxxj
ip=i=nx-17

im=1i==20 ?

jp=3j=ny-17?

jm:j::ﬂ ?

kp =k =nz-17?

km = k == 0 ?

cexf[ix]

cexf[ip] + cwxf[im]

cnxf[jp]l + csxf[jm]

ctxf[kp]l + cbxf[km];

return (double) (nxxny*nz)*13.0;

+ i;
ix :
ix :
ix :
ix :
ix :
ix :

ix
ix
ix
ix
ix
ix

I+ 1 + 1 +

nxxny;
nx*ny;

7xEB. present [CUBLK THHAED (CEMELET .
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OpenACCIE(3): T —HErmEDEE{L(1)

m diffusion3dBE%EL T present & L. mainfd%L T data Z1EN0

!$acc kernels copyin(f) copyout(fn) diffusion.f90, diffusion3d RAEA
Isacc loop independent

do k =1, nz
Isacc loop independent
do j =1, ny
Isacc loop independent
do i =1, nx

w=-1; e=1;, n=-1; s=1; b=-1; t = 1;
if(1==1) w=20
if(1 == nx) e =0
if(j ==1) n=20
if(j == ny) s =0
if(k ==1) b =20
if(k == nz) t =10

fn(i,j,k) = cc x f(i,j,k) + cw x f(i+w,j, k) &
+ ce x f(i+e,j,k) + cs *x f(i,j+s,k) + cn x f(i,j+n,k) &
+ cb x f(i,j,k+b) + ct *x f(i,j,k+t)

end do
end do
end do
1$acc end kernels

7xEB. present [CUBLK THHAED (CEMELET .
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OpenACCIb(4): T —YERXDFRE{L(2)-©

m diffusion3dBIEL T present & L. mainBdE T data 2360

#pragma acc data copy(f[0:n]) create(fn[0:n]) . ) "
{ main.c, main Fﬁ?ﬁw
start_timer();

for (; icnt<nt && time + 0.5%xdt < 0.1; icnt++) {
if (icnt % 100 == 0)
fprintf(stdout, "time(%4d) = %7.5f¥n", icnt, time);
flop += diffusion3d(nx, ny, nz, dx, dy, dz, dt, kappa, f, fn);
swap (&f, &fn);

time += dt;

}

elapsed_time = get_elapsed_time();

copy/create 7& EXEYNREHDZEUV KT,

make UCETUTHIRULEL D, EDLKSLDETHEND
RxUIEM?

OpenACCIEDHI(Z. openacc_diffusion/02_openacc
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OpenACCAE(4): T — DX DEE{L(2)

m diffusion3dBIEL T present & L. mainBdE T data 2360

I$acc data copy(f) create(fn) . . ¥
call start_timer() main.f90, main A

do icnt = 0, nt-1
if(mod(icnt,100) == 0) write (x,"(A5,I4,A4,F7.5)"), "time(",icnt,") = ", time

flop = flop + diffusion3d(nx, ny, nz, dx, dy, dz, dt, kappa, f, fn)
call swap(f, fn)

time = time + dt

if(time + 0.5%xdt >= 0.1) exit

end do

elapsed_time = get_elapsed_time()
I$acc end data

copy/create 7& EXEYNREHDZEUV KT,

make UCETUTHIRULU &S, EDLKSLVDEITHEHENE
xULEH?

OpenACCIEDHI(Z. openacc_diffusion/02_openacc
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PGI ACC TIME [C & $0penACC

<17

E1TDHER

m PGIDVINA SZFBTBDIHFE. OpenACCTOT S LDNEDKSIC
EITSINTULDIH. BIBEZHPGI ACC TIMEZRET D & EICHE

mu?ri5c_wtﬁbV7f§§%5o

B Linux3 & T, RIBZEPGI ACC TIME Z1ICEREL. 7OT35 A

ZERITI Do
$ export PGI_ACC_TIME=1
$ ./run

m Reedbush TV 37 [CIRIEZHPGI ACC TIME %
V3TROUTRD(CEEHT D,

$ cat run.sh

. /etc/profile.d/modules.sh
module load pgi/18.7
export PGI_ACC_TIME=1

./run

=) P e

6 AE

EESL =S

Y )L I— KI(E. openacc diffusion/03 openacc pgi_acc time



PGl ACC_TIME [C K% OpenACC EITDHER

m VI3TERTHEDLDE, BETIS—HBAHICAXAvE—IH
EHhEhs,

Accelerator Kernel Timing data
/lustre/pz0115/z30115/1lecture/lecture_samples/openacc_diffusion/03_open
acc_pgi_acc_time/main.c
main NVIDIA devicenum=0
time(us): 6,359 . "
38: data region reached 2 times = 5~ — 4 F%&)(D (0]
38: data copyin transfers: 1
device time(us): total=3,327 max=3,327 min=3,327 avg=3, 327
55: data copyout transfers: 1
device time(us): total=3,032 max=3,032 min=3,032 avg=3,032
/lustre/pz0115/z30115/1ecture/lecture_samples/openacc_diffusion/03_open
acc_pgi_acc_time/diffusion.c
diffusion3d NVIDIA devicenum=0
time(us): 101,731
19: compute region reached 1638 times
25: kernel launched 1638 times o
grid: [4x128x32] block: [32x4] *— FCENLTZRAL W H—=JL,
device time(us): total=101,731 max=64 min=62 avg=62 G -
elapsed time(us): total=136,255 max=540 min=81 avg=83 5&1‘_]'5%[35?
19: data region reached 3276 times
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MPI{EE



MPI

m MPI (Message Passing Interface)
s Xy —I NI VYITRDSATSUDHRIED—D
v C, C++, Fortran (C X3 ity
v DAV SORUE. WEDY I KD T PPSA4T S UTIEEL,
n DEIXEVLHEFTEETOLSIETICE <
v DPEIXEVETIL
v 7TOCREOT 9B EAXAyE—Y
m ARIRSTED O RE
v 1708y TIEEFBIXEVUAIZBA., SHEEGBZEHE
v FIFRORERISIERX /) — R ZEBZ 5N




MPI& OpenMP

m MPI 0t
v DEIXEUETIL
v JOCRABDT—9B&IIXAYvE—Y
v Critical section DO D [CX v E—I(C K D[EHA
v FATJREERIAIIE ) — R ZBZ5N5
v BRTOTSLHDS5TO0T7SLBENERT D

Z ENB0 > — AT D
® OpenMP .
HEXEYETIL ALY P

ALY REDT—9 BB EHEBEHTITDS
Critical section (C &K D HEfthALIE
XEVHBETES ./ —FALFCRSND
BERTOT S MTRHERERD(CIER (#pragma
on3p) T ANBEERICERIELTED (DD
%)

<N X X X

HBEOT—FICFPIER



MPIDER

m MPICH

v KB ILI Y XEIZAEAD FHF
m MVAPICH

v KEAI\A AMNIZLKZETHFAE

v MPICHZX—2X

v Reedbush TlE, UTRETO—KTED
$ module mvapich2/mxm/2.2/{gnu,intel, pgi}

B OpenMPI T1IE
v A=TIV=R
v Reedbush TlF, UTRETO—KTED
$ module openmpi/gdr/1.10.7/{gnu,intel, pgi}

B N4 MPI ETIE
v Intel MPI 7% &
v K&, FOENHHR—R
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MPIZOTLREXEY

m SPMD(Single Program Multiple Data)
v BEOTOCRNME—T0T S L%ZEET
B JOTCRSEICHIDXED ZE/E]
v INTOEHIZETORTHIA
v HEREMES BB ICIXBARBIICEET D
m JOCRICEEEDES (SV9,rank) HhD<

MPI_Comm_size(MPI_COMM_WORLD, &nprocs); // 270t REES
MPI_Comm_rank (MPI_COMM_WORLD, &rank); /] VOIS

v 0 <=rank < nprocs

v MPI COMM_WORLD 27 0€CRZE0IZIa2 25 —%,
v X229 RENREBDITO Y UEHZED D,
v Xy —IDiXEk. RE5k(E rank TIEE



MPIZO0 S5 LADOKETIIEE

mpi_basic/01 hello mpi
Rank 0 I 9 3

#include <stdio.h>
#include <mpi.h>
int main(int argc, char xargv[])
{
MPI_Init(&argc, &argv);
int nprocs = 1;
int rank = 0;
MPI_Comm_size(MPI_COMM_WORLD, &nprocs);
MPI_Comm_rank(MPI_COMM_WORLD, &rank);
fprintf(stdout, "rank = %d, nprocs = %d¥n", rank, nprocs);
MPI_Finalize();
return 0;
} v i|v||v| |V
MPIDEA{E: MPI_Init RHIETO LR THRIT

MPID#& Y : MPI_Finalize
270035 LADFTEERETIT O 15



MPIO— kO3 YV)\1)L

m MPIO—kODO3IVI\AI
C CTTIFPGIDYVINA S &EOpenMPIZFIAH UK T,

$ module load pgi/18.4
$ module openmpi/gdr/1.10.7/pgi
$ mpicc -03 -c main.c

mpicc
MPIO—RZIJIVINASTED, ATY3aVEmxoIVINMS (SO
PGI) &[@Uo,

m Makefile CIOYV/\1IL

FEESDOY Y )LD — KRICIE Makefile A DWTWBD T, IV
1)L BEHICIE. BHEICTEEZETINERL,

$ module load pgi/18.4 openmpi/gdr/1.10.7/pgi
$ make




U
=\
=l

MPIZOT S LADE
m V3RO UTK

$ cat run.sh

#! /bin/sh

#PBS -q h-tutorial

#PBS -1 select=1:mpiprocs=2:ompthreads=0
#PBS -W group_list=gt00

#PBS -1 walltime=00:05:00

cd $PBS_0_WORKDIR

. /etc/profile.d/modules.sh
module load pgi/18.4
module load openmpi/gdr/1.10.7/pgi

mpirun -np 2./run

select=1:

ERT 3./ — b8 ZEE. COBEEF1/—K
mpiprocs=2:

B/ —RICEDYTBEIMPITOLRRE, COBEIFTOER,
mpirun -np 2 ./run

np [CEWFNE (EMPITOTERE) ZIETE. select * mpiprocs ETRD I &
ML\, /run WETLIZVWTOT S Ao 117



MPIEE#

B 3R T Al
v" MPI_Init, MPI Comm _rank, MPI Comm_size, MPI Finalize,
MPI_Barrier

m IXTE(E
v 70vOFVIBE
v MPI_Send, MPI Recv
v JY70vFVIBE
v MPI Isend, MPI Irecv, MPI Wait
n EEEEE
v" MPI Bcast, MPI Scatter, MPI Gather, MPI Allgather, MPI Alltoall,
MPI_Reduce, MPI_Allreduce

m BFEIETR

v MPI_ Wtime
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=:E & Fortrant Y —2 1T —AMELY (1)

N Izj J— <DL
CSEBRIE. BEORDE(err)
err = MPI_Xxxx(...);

v FortranhR(E. BREB(CEHEIE err 78 LU TEYSF

call MPI_XXXX(..., err)

o ‘/Z?A JBCH DIERD 705
CSEEhR
MPI_Status status;

v FortranhR(E. R (CEHEIE err 78 LU TEYSF

integer status(MPI_STATUS_SIZE)
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=B & Fortranf Y —2 T —RAMDELY (2)

m MPIT—%H
m CS3BhR
v MPI CHAR (XZF#Y) . MPI INT (E##Y) . MPI FLOAT (&
BEEHE) . MPI DOUBLE ({SfEEEHEY)

m FortranhR

v MPI_CHARACTER (X=%!) . MPI INTEGER (Z#HY) |
MPI REAL (BEEE#HEY) . MPI_DOUBLE_PRECISION (fZ
FEREEHA!) . MPIL COMPLEX (#8&R#HY)

LFIECEBA VY- T —RATHEALEXT,
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LHEBY7XMPIBI#X © MPI_Recv

err

= MPI_Recv(recvbuf, count, datatype, src, tag, comm, status);

stc DV DD TO0RANSESNIZEHRIES tag T&EHE L7z count BD X v
T—3I% recvbuf [CRIET Do XV E—IDEBITBETHLIND (JOVIFE

V)
s recvbuf F=2 ZEMIIDITLER ) KL R,
= count B SET DT —5 DEE.

datatype MPI5 —% &l SEBEBDOT—YE,
v MPI_ CHAR (3XZF#Y) . MPI INT (E¥ZE!) . MPI FLOAT(SEBEEH
£l) . MPI DOUBLE ({SfEEEHE) K&

Src B EETIOEBEROS VD,

tag B SELEVWXYE—IDHANES,
comm J=Za=Z45—4 1I=Za=Z45—%,

v B (X MPIL COMM_WORLD %#38E 9 %,

status MPI Status¥Y ZEWRRICET DIBERNAD,

v WIS ERADRTR(FERD,
err B ITS5—1—KHAAD,



EHEHY7EMPIRGZY © MPI Send

err = MPI_Send(sendbuf, count, datatype, dst, tag, comm);

sendbuf D SEHE U7z comnt BDX v t—I %, HAIES tagZDIF T, dst VD
ZODOTODRANKEET Do Xy E—IRERELNETIIRTHLIND (T
OvoxvD) ,

= sendbuf (E9=) EETREDIEIR T kLR,

= count B EET DT —YDEE,

= datatype MPI7—% &Y EEBRBOT—YE,

m dst B E=ELXRTOLRDS VD,

= tag B EETBDIAYVE—IDHEHES,
= comm D=a2Z=7—% 2=2Z=Z7—%,

m err B I>5—3—KkH A,

72H. MPI Send/MPI RecvldT OV OF VI T B, F2F<IEEZ /N TE
xR ErnweTJO750hTy ROVOT B,




EBE (JaOvxy)

mpi_basic/02 recv_send

const int n = 16;
int a[nl];
int b[n];
for (int 1=0; i<n; i++) {
al[i] =
b[i] =
}
if (rank == 1) {
MPI_Send(a, n, MPI_INT, 2, 100, MPI_COMM_WORLD);
} else if (rank == 2) {
MPI_Status status;
MPI_Recv(b, n, MPI_INT, 1, 100, MPI_COMM_WORLD, &status);

rank 0 rank 1 rank 2 rank 3

MPI Send
a \

JOvoxyo \
| MPI_Recv
™~ b

] e I




EHEHY7EMPIRIZ : MPI Irecv

err = MPI_Irecv(recvbuf, count, datatype, src, tag, comm, request);

MPI Recv®D ./ V7 0OYF VIR, EREHNTT UK THRMIESLITKRT T D,
RIEZTT T UTEULVEPAT request ZE LT MPI Wait %2 I3

= recvbuf = RISEBDITTE 7 ~ L A,

= count B S5 DT —5 DEE.

= datatype MPIF7—4~ &Y SEBEBDT —YE,

m src B EEITTOCRADS VY,

= tag B SELEVWXYyE—IDHINES,

= comm 2”45 —% 2=Za=5—%,

m request MPI Request®! REZEBERULEXYE—I(CDFS5NDHEFIF
" err B I>5—3—KkH A,

MPI_Irecvh\5E T 9 DELFE TIEZEDHE& D > TLVRWLTTBEMEN B DT . ZIEIER
ZAR¥F9 D MPI Status (F3IEUTERS 7R,
ERENTT UK TH. MPI Irecy BEDSERE EBRBVEEZBRTE S,



EHEHY7EMPIBGZY : MPI Isend

err = MPI_Isend(sendbuf, count, datatype, dst, tag, comm, request);

MPI_Send® ./ 27 0OYF VIR, ERENTT UK THERITESLICIRT I 5,
EIEZST T UTEWLWEPA T request Z 8 LT MPI Wait %2 I3y

= sendbuf = EETRIEDIEIR T kL R,

m count B FET DT —YDEE,

m datatype MPIT —% &Y EEBRBOT—YE,

m dst B EELETOCRDS VY,

= tag B EET DXV E—IDHFNFES,

= comm 2”45 —% 2=Za=5—%,

= request MPI Request®! EEZERULEXYE—I(CDF5NDHEFIF
" err B I>5—3—KkH A,

EREDTET U< TH. MPL Isend BERD SIXRE L BRBIWVEEZBRTE %,



HRY7SMPIEGEL : MPI Wait

err = MPI_Wait(request, status);

MPI Isend/MPI IrecvDIX(E/ZEV VI RA M ZEZIFED ., ZDEZEEF Do
m request MPI Request®! EEZERULEX Y E—I(CDFS5NDHEBIF

m status MPI StatusBY ZEWRRICET DIEHRNAD,
m err B ITS5——kKHAD,
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EBE (/VyJOvxyd)

mpi_basic/03 irecv_isend

for (int i=0; i<n; i++) {
al[il] i + rank x 10;
b[i] 0;

}
const int dst = (rank + 1) % nprocs;
const int src = (rank - 1 + nprocs) % nprocs;

MPI_Status sstatus, rstatus;

MPI_Request sreq, rreq;

MPI_Isend(a, n, MPI_INT, dst, 100, MPI_COMM_WORLD, &sreq);
MPI_Irecv(b, n, MPI_INT, src, 100, MPI_COMM_WORLD, &rreq);

MPI_Wait(&rreq, &rstatus);
MPI_Wait(&sreq, &sstatus);

rank 0 rank 1 rank 2
MPI aIsemd
B 5 I(CHH ~ MPI Irecv

V4

Y70y oxvy \
J@IIWait

MPI Wait b

rank 3

BES5ICH

a\-l;
U

7




IXh@E (Jo0voxvd, Ty k0Ovo)

mpi1_basic/04 recv send deadlock

//const int n = 16;

const int n = 1024 x 1024;
int a[n];

int b[n];

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

a[i] = i + rank x 10;
b[i] = 0;

}

const int dst = (rank + 1) % nprocs;
const int src = (rank - 1 + nprocs) % nprocs;

MPI_Status status;
MPI_Send(a, n, MPI_INT, dst, 100, MPI_COMM_WORLD) ;
MPI_Recv(b, n, MPI_INT, src, 100, MPI_COMM_WORLD, &status);

mpi1 basic/03 irecv 1send Z MPI Send/MPI RGCVT% 9 D&, BEN
ﬁﬁﬁbfb\%téb FwvROvO2UET,

MPI SendHV/\Y 7 7 U VI ENBDBEICEEITESNTURWVWEIT A,
En%b\c‘:‘)b\(ia‘% {Z‘ZT?'CZPB%K_&D FNZAIRICUTIEWFRE



LHREAY7AMPIREEL © MPI_ Gather

err

= MPI_Gather(sendbuf, sendcount, sendtype,
recvbuf, recvcount, recvtype, root, comm);

comm ND SV D0H S|B(CI1ES TS sendbuf H53&EHE U7z sendcount [BID X vtz —
3757 root D recvbuf /\ recvecount{@9 D AN D,

sendbuf = ESBIBDITE ) kLR,
sendcount  E¥ RET DT —5 DEE,
sendtype MPIT—% &Y EEBRBDOT—5E,
recvbuf = RIEBBDITE 7 KL A,
v [RAI, EREBEIBIDMEEE URITNER SR,
recvcount  F# SET DT —Y DEX.

v ZZTIEBSVIDSESNTL 2ER (B—DF) ZiEET D, &>V
IODSERBEDT —F Tz, —AZIC (S sendcount & [E1EL,
recvtype MPIT — % &Y SEBEBDT—YE,

root T IETDSIVD,
comm AZIa2=Z4H—4 A=Za21=5—%,

err B IS5—0—RKHAD,



e

=5

mpi1_basic/05 gather

B1s - IR

e

}

int a[nl;
int b[n];
for (int 1=0; i<n; i++) {
i+ rank x 10;
0

al[i] =

b[i]

const int n

= 8;

MPI_Gather(a, 2,

MPI_INT, b, 2, MPI_INT, 1, MPI_COMM_WORLD);

rank 0
rank 1
rank 2
rank 3

array b

10

11

20

21

30

31

array a
0| 1 |23 |4]|5]6]7
10 [ 10| 12|13]14]15]16] 17
20 | 21 | 22 | 23 | 24 | 25 | 26 | 27
30 | 31 [ 32| 33| 34|35 36|37




BEHEHV/IMPIBIEY © MPI Scatter

err = MPI_Scatter(sendbuf, sendcount, sendtype,
recvbuf, recvcount, recvtype, root, comm);

> > root M sendbuf HS sendcountf@d DDAV EL—I % comm RDSVI0H 5
B2 S>> 2D D recvbuf /\ recvcount {BIAINLD,

= sendbuf F2 EEBBDITE P KL R,
m sendcount E¥ *ET DT —5 DEH,

v CZZTEBSVINRDEH (A—DH) ZB/ET D, STV INERD
DT —FFENTR, —ARIC(E recveount & B,
m sendtype MPI7—% &Y EEBRBOT—YE,

m recvbuf = RSB DITTE 7 ~ L A,
v [REI, EREBEE(TRIDMEE E LR IFNIER SR,

m recvcount FE¥ SIET DT —5 DEE.

m recvtype MPIT — % &Y SEBEBDT—YE,

= root B RIEITDSVD,

= comm 2”45 —% =Za=5—%,

m err B IS5—0—RKHAD,




B : 8

mpi_basic/06 scatter

const int n = 8;

int a[nl;

int b[n];

for (int 1=0; i<n; i++) {
a[i] = 1 + rank x 10;
b[i] 0;

}
MPI_Scatter(a, 2, MPI_INT, b, 2, MPI_INT, 1, MPI_COMM_WORLD);

array a array b
rank O 0 1 2 3 4 5 6 7 10 [ 11
rank1 10| 11|12 13]|14]15] 16|17 12 | 13
rank 2 |20 [ 21 | 22 [ 23 | 24 | 25 | 26 | 27 14 | 15
rank 3 | 30 | 31 [ 32|33 | 34|35 36|37 16 | 17




EREY/EMPIRAZX - MPI Reduce

err = MPI_Reduce(sendbuf, recvbuf, count, datatype, op, root, comm);

comm RDES Y P Dsendbuf H 53&Ht U7z count BD X v 2—I(CXH LT, BR
op ZiEA L. 57 root M recvbuf Niax D,

s sendbuf = R{EBRIBDIEIR T L R,
m recvbuf = ISP DFEE 7 F LR,
= count R ERET DT —Y DB,
= datatype MPIT —% & EREBBOT—5E,

= op MPIANRS VR BEDEHE

v MPI_SUM (¥8§%0) . MPI PROD (&) . MPI MAX (&X) . MPIL MIN
(&) 78&

= root B SEITDSIVD,
= comm AZI2=4—4 2=Za2=T59-—%,

m err B IS>5—3—KHAAD,




\l

=@h@E VYOV =

mpi_basic/07 reduce

const int n = 8;

int a[nl;

int b[n];

for (int 1=0; i<n; i++) {
a[i] = 1 + rank x 10;
b[i] 0;

}
MPI_Reduce(a, b, 2, MPI_INT, MPI_SUM, 1, MPI_COMM_WORLD);

array a array b

rank O 0 1 2 3 4 5 6 7

rank 1 10 11 12 13 14 15 16 17 60 | 64

rank 2 [ 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27

rank 3 [ 30 [ 31 | 32 | 33 | 34 | 35 | 36 | 37




R/ MPIRSZX © MPI Bcast

err = MPI_Bcast(buffer, count, datatype, root, comm);

S>> root D buffer HN5&EHE U7 count BD AV tE—I% comm RDESVIOD
buffer \3X B,

m buffer = EEHB XOREBBODITEY KL R,
v SV root DT7OLR(CE - TUIXEMEE. FNLANICITIZEMEE
= count R ERET DT —Y DB,
= datatype MPI7—% &Y EREBEDT —YE,
m root B EETBDOIVY, TNLNERIEE LD,
= comm dZa2Z=7—% 23=a2Z=Z7—%,

m err B IS5—I—RKHAD,




e

=5

mpi1_basic/08 bcast

Bis: 70—KRFvP2 K

const int n = 8;

int a[nl;
for (int 1=0; i<n; i++) {
a[i] = i + rank x 10;
}
MPI_Bcast(a, 4, MPI_INT, 1, MPI_COMM_WORLD);
array a array a
rankO [ o | 1| 2|3 ] 4] 5| 6] 7 1011 |12(13|]4]|5]|6]7
rank1 [10 | 11 | 12|13 ]| 14]15]16]| 17 10 | 11 [ 12 | 13| 14| 15| 16 | 17
rank 2 20 21 22 23 24 25 26 27 10 11 12 13 24 25 26 27
rank 3 30 31 32 33 34 35 36 37 10 11 12 13 34 35 36 37




< DLEIE & X

m 0Ot [EEHA

MPI_Barrier(comm);

v D232 Z45—45 comm RDINRNTOHOTOLRATREIZE B,
comm RAD TOL AN NZIE(EITRLNERNEEXRL,

= MPI PROC NULL

v MPI Send @ dst %2 MPI Recv D src [C MPI PROC NULLZ$SRE
IBE IHRIST Wy I7Z2EEEZXT(C) . BN
T9 3, infBigiia&E CiEiEZ LIRWESEIC, FIRTES,
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JILVFGPUIVE a—FTa VY

m BHGPUSTE I 5889
v {BDGPUICEHEHENTEXEV XD HRESVEBZRESZL,
v HEDGPUTEIE I XD HERICETE LZLY,
n EHGPUSTEDAE
v B GPUZMPICiF{E,
v B#GPUZOpenMP Cili5l{k
v B#IGPU% acc_set device num (OpenACC) ¥ cudaSetDevice
(CUDA) CTYIDBZRBHS5TE
B KFEBETIEF. B/ — MBI ESNICEBHDGPUZES
I TE 2D MPI ICKBAEFTNEZETT Do




Reedbush-H DEtE / — K

32GiB DDR4-2400 X 4

Broadwell-EP
2.1GHz 18core

r N

( intel' inside"

| s P
. Xeon

PCle3 x16
128GTs

Broadwell-EP
2.1GHz 18core

r ~
( intel' inside”

| i v,
U Xeon’

PCle3 x16
128GTs

32GiB DDR4-2400 X 4

- l

PCIe e
@@= (=) e
FDRIB x1  PCle3 x8 PCle3 x8 6.8 GB/sec
NVLink ‘ 64GTs
16 GB/sec { baccal g g oacal | 16 GB/sec
GbE x 2 NVIDIA Pascal 2nd NVIDIA Pascal
SXM2 NVLink NVLink SXM2 NVLink
20Gbps
20 GB/sec x 2
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Reedbush-H DETE ./ — FRILX

Device Device Host Device
Memory Memory  Memory Memory

NVLink

Device Host
Memory = Memory

I

NVLink

PCl-¢e

Network
Card

Network
Card

m GPU-GPUBEICIELN DHDFEE
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J —RKRAGPURBH&E (1)

m R ARXTEURBD ./ — KARGPURLEE
v TINARAXEYERARXED DRBD PCl-eZ@3,

Device Device Host Device Device Host
Memory Memory  Memory Memory Memory  Memory

NVLink

Network Network
Card Card

v



J — RAGPURBHEE (2)

m NVLink#EFEBDGPUEHES

v CUDA Inter Process Communication (IPC) ZFJFE L. l—_| U/—kKA
CHDTOLRATEINRRSZRBE I GPURBI CTEEBRIETE %,
Reedbush CIXGPUEZ D7& <NVLinkiR B TEiR @159 Do

Device Device Host Device Device Host
Memory Memory  Memory Memory Memory  Memory

I

NVLink

NVLink

PCl-e

Network Network
Card Card



J — RREOGPURBEE (1)

m RRAMXEURBD ./ — REBIGPURBLHAE
v 2./ —RKOGPUIHL S/ — KRDOGPUNERXT BRIC. FN
FNORAMAED ZRB U TEREXT B,

Device Device Host Device Device Host
Memory Memory  Memory Memory Memory  Memory

i \

NVLink

GPU 1 CPUO CPU
.

| ]
Ctip
PCl-¢ SH

NVLink
GPU 1 CPU 0 Py

\ [}

! i
Clip

Sc:t

PCl-e

Netvork
Card

Netvork
Card

Lty



J —REOGPURBRE (2)

m GPUDirectRDMAIC KD ./ — FEIGPUENR(E

v RARXEYZREEBT DI E4 <. GPUEInfiniBand (Network
Card) Bl CEIET —YE0X (RDMA) 9B EICKDERD / —

~DGPUR TEanR@{E9 %,
Device Device Host Device Device Host
Memory Memory  Memory Memory Memory  Memory

I

( 2\

4 I )
NVLink

GPU 1 GEU 0 CPU

NVLink
GPU 1 GEU 0 CPU

Ckip
sct

Chip
Se:t

Net vork
Card

Netvvork
Card



CUDA-aware MPI

m JEEDMPI
/%ﬁwﬁﬁﬁﬁbﬁﬁﬁﬁtmzhXEUL@?HbZ@&%Eﬂ
AEo
v TIAZAXEV DT —F7ZEET DRICEH. —ERASXEUAD
E—HnE,

m CUDA-aware MPI

v CUDA (NVIDA GPUR)FDRARIRIE) EMPICKDEHGPUSTET
(. LIEUIETINA RXEY ODRB %M./ — K DGPUN\MPI Cirik
9 %, CUDA-aware MPI CIEZ{EMEIZIXEREIB(CT /I\A AXEY
EDOF7 RLRBIBEEE, MPIS A 75 R TIEGPUDirect’d &
HAFAEN. MPIS A 75U ZFRAY 377 TGPU OSSR BIER
WENBTBRZENTED,

v OpenACC DS HFATE S,

v Reedbush T(E. CUDA-aware C GPUDirectRDMA(GDR)ICXT it U7

OpenMPI (EY 2 —)L%: openmpi/gdr/1.10.7/pgi)
MVAPICH2-GDR (¥ 2 —JL4: mvapich2/gdr/2.3a/pgi)
HHATES,



OpenACCEMPIO— ROV INA )L

B OpenACCEMPII—RDIVINAIL
Z ZTTIFPGITVINA S EOpenMPIZFIAH L X I,

$ module load pgi/18.4 GDRX¥I I T D &I
$ module openmpi/gdr/1.10.7/pgi
$ mpicc -03 -acc -Minfo=accel -ta=tesla,cc60 -c main.c

iy

—~acc: OpenACCI—RTHBD I EZIER
-Minfo=accel:
OpenACCIERX N S5GPUD— RANERTELHAESIHEFEDXA Y-V %
HEHITD, COXYE—IDH0penACCILTIIRERE Y KRB,
-ta=tesla, cc60:

5—=Tv k- P—FTFTIOFvDIEE. NVIDIAGPU TeslaZzd —T v k& U,
compute capablhty 6.0 (cc60) DI— ~ZHEKT Do

m Makefile CIOYV/\1IL

FEESDY Y )LD — KRICIE Makefile A DWTWBD T, IV
AL BEHICIE. BHICTEEZETINERL,

$ module load pgi/18.4 openmpi/gdr/1.10.7/pgi
$ make
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Vo x/m nglip

A58 72 0penACCEMPIO— K (1)

m B> 7)L 33— : openacc mpi basic/
v OpenACCEMPIZRIALAEOD— K
v STEABEBERMANER 270 AEDB(E

// main.c A — Sr— L =
o RDRASARIZHEHRBAHYET
for (unsigned int 1=0; i<n; 1++) {
g{i} = 3.0 x rank * ny; rank=1 TlX a=3.0 * ny
i] = 0.0;

}

const int dst_rank = (rank + 1) % nprocs; rank1® a H\5 rank0 @ b ~
const int tag = 0;

if (rank == 0) { w * nx = 10nx DERESIN B,
MPI_Status status;
MPI_Recv(b, w * nx, MPI_FLOAT, dst_rank, tag, MPI_COMM_WORLD, &status);

} else {
MPI_Send(a, w * nx, MPI_FLOAT, dst_rank, tag, MPI_COMM_WORLD);

}

double sum = 0.0;

for (unsigned int i=0; i<n; i++) { — * * % %
Ay sum/n (;.g*ny) (w*nx) / (nx*ny)

} =5.U"W

=30.0
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Vo x/n b B

&8 7X0penACCEMPIO—K (2)

. SRS
v rank =1 TI(&. a=3.0 * ny CHHEAL

v rank=1D aHhS rank=0D b\ w * nx = 10nx {BDEZ=RH'E
Ndo
v sum/n = (3.0xny) * (w*nx) / (nx*ny) = 3.0xw= 30.0 &783

S

S

SERDIE: 3.0 * ny / BE%:
AN A 0.0
\\ L
e &
ny ny
4 4
w [ | N w
v v MPI v N v
«— NX ——» “— NX ——» REE
3.0 * ny

Rank 1, array a Rank @, array b 149



Vo x/n b B

I8 780penACCEMPII— K (3)

m B> 7)L 33— : openacc mpi basic/
v OpenACCEMPIZRIALAEOD— K
v StERNBFEELGMAER L2770 RE DS

openacc_mpi_basic/01_original MPIIE S| {E S F=cPua—F,

openacc_mpi_basic/02_kernels MPI+OpenACCa—F , L [Zkernels/looptE R X %
B0, B—/—KRMA2GPUfEM,

openacc_mpi_basic/03_update MPI+OpenACCa—F, L [Zupdatetg R X ZF1E N,

B — /—KFR2GPUER,

openacc_mpi_basic/04 cuda_aware  MPI+OpenACCO—K, MPLEEIZT /INA ATRA 4
“iEd, B—/—FWN2GPUEH,

openacc_mpi_basic/05 _no_gdr MPI+OpenACCO—Fk, £E%&2/—KIZ&H42GPUEMA,
openacc_mpi_basic/06_gdr MPI+OpenACCaI—F, _£IZGPUDirectRDMAZ&E

2/—KIZ&%H52GPUER,
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\

&8 7X0penACCEMPII— ~: CPUO— k(1)

B CPUD—RKOIVINAILEEST
v RIIDOESEE ZTERNEAINTUVETD,

$ cd openacc_mpi_basic/01_original

S Geub ./run.sh ? DRFFY ST
$ cat run.sh.0?77777 < ECEDDFRT,
mean = 30.00 X 22 (18 (230.0
Time =  0.078 [sec] & A3 (30

openacc_mpi_basic/01 original

151



Vaxn i B

8732 0penACCEMPIO— K: CPUD— K (2)

m 1./ —FAD2GPUZFIAE
v Y3 TROUTREERLUETD,

$ cat run.sh

#! /bin/sh

#PBS -q h-tutorial

#PBS -1 select=1:mpiprocs=2:ompthreads=0
#PBS -W group_list=gt00

#PBS -1 walltime=00:05:00

cd $PBS_O0 _WORKDIR

. /etc/profile.d/modules.sh

module load pgi/18.4

module load openmpi/gdr/1.10.7/pgi

mpirun -np 2 ./run

select=1:
(BT D/ — b ZEE. CDHFEIF1/—F,
mpiprocs=2:
B/ —RICEDYTAEMPITOERHE, CDOHBEFR2TO0ER,
mpirun -np 2
-np [CEWINE (EMPITOTCRE) =8, select * mpiprocs E78D T &,
H% W\, Jrun BERITLIZWT DTS I



MPIS V2O EGPUEIDHT
m OpenACCRABUEIE I T=dAN\ WS — 7810

#include <openacc.h>

m /— R _EDOGPUEIDENR

const int ngpus = acc_get_num_devices(acc_device_nvidia);

acc_device nvidiaZiETE 9 D Z & C. NVIDIA GPUZEZ B,

m HBATOCRIHKHFEDGPUZEIDHT

int rank = 0;
MPI_Comm_rank(MPI_COMM_WORLD, &rank);
acc_set_device_num(rank % ngpus, acc_device _nvidia);

device num % rank % ngpus £ 9D E T, /—RADTOLRIFERDGPUZFIF
IBRIEERD,

openacc_mpi_basic/02 kernels



kernels 6" XGENN I —K (1)

m 02 kernelsJ— I~
v kernels, loop ZFAB U7 I — ko MPIEMRRA M XEU ZSR

WO

#pragma acc kernels copyout(a[0:n], b[0:n])

#pragma acc loop independent openacc_mpi_basic/02 kernels
for (unsigned int 1=0; i<n; i++) { allocate
a[i] = 3.0 *x rank x ny;
b[1i] = 0.0;
}

D->H, deallocate

const int dst_rank (rank + 1) % nprocs;

const int tag 0;
if (rank == 0) {
MPI_Status status; MPI(H)
MPI_Recv(b, w x nx, MPI_FLOAT, dst_rank, tag, MPI_COMM_WORLD, &status);
} else {
MPI_Send(a, w * nx, MPI_FLOAT, dst_rank, tag, MPI_COMM_WORLD);
}

MPI(H)
double sum = 0.0;

#pragma acc kernels copyin(b[0:n])

#pragma_acc loop reduction(+:sum) allocate, H->D
for (unsigned int 1=0; 1i<n; 1++) {
sum += b[i];

¥

deallocate
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kernels 60BN I — K (2)

m BERAE
v MPIFT#% CEHIDLEHZT/I\NA AXEY ERRA KX EURT
JE—
v IRZ R XEURED ./ — RRGPURSEIE

m JYVINTILEETT

$ make

$ qsub ./run.sh

$ cat run.sh.o??????
num of GPUs = 2

mean = 30.00

Time = 0.233 [sec]
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update I8/ R"X

A data ?BT\Y@(\_’_T 3 L;(Cj /\’I/ZX:E U J:(c_ﬁﬁﬁéﬂt

T X LT. ENBERILZEHIHTDRRASXELY
ZXEIRDAEY DIETEFI o

v memcpy(H->D), memcpy(D->H) DIEEEZB T D ERBZITRL,
m update FETRX D F7RIEREN
B host
v memcpy(D->H)
m device
v memcpy(H->D)

m update FERXD {FELV\GHI

#pragma acc data copy(a[0:nx * ny]) allocate, H->D

{

#pragma acc update host(a[0:nx]) D->H
host_func(a, nx)

#pragma acc update device(a[0:nx]) H->D

o deallocate 156




update}8R"3GENI— (1)

m (03 update ]— |\° openacc_mpi_basic/03 update
v data, update ZB0LTC T — o MPIFIMRRA S XEUZEER,

double sum = 0.0;
#pragma acc data create(a[0:n], b[0:n]) allocate

#pragma acc kernels copyout(a[@:n], b[0:n])

#pragma acc loop independent

for (unsigned int i=0; i<n; i++) {
al[i] = 3 0 * rank x ny;

b[i] = 0.0;
}
const int dst_rank = (rank + 1) % nprocs;
const int tag = 0;
if (rank == 0) {
MPI_Status status; MPI(H)
MPI_Recv(b, w x nx, MPI_FLOAT, dst_rank, tag, MPI_COMM_WORLD, &status);
#pragma acc update device(b[0:w *nx]) H->D
} else { < A 114
#pragma acc update host(a[0:w *nx]) D->H MPI%{DEJ{%“";%A
MPI_Send(a, w * nx, MPI_FLOAT, dst_rank, tag, MPI_COMM_WORLD);
} MPI(H)

#pragma acc kernels copyin(b[0:n])

#pragma_acc_loop reduction(+:sum)

for (unsigned int i=0; i<n; i++) {
sum += b[i];

}
+ deallocate
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update}S/R3GEN I — K (2)

m BEAE
v MPIgi|#& CTHECH DB /R 5815 D A% update FERITT /N1 A X
EUERAMXEUETIE—
v 02 kernels ELEE L. XEUDMHER - BRET—HYDIE—EN
HIRIENTL\ S,
v RARXEURBD ./ — ~AGPUREE

m JOVINTI)LEETT

$ make

$ qsub ./run.sh

$ cat run.sh.o??????
num of GPUs = 2

mean = 30.00

Time = 0.127 [sec]
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host data I8/

m data IERXRETEEICTINA RAXEY EICHERESNC
T—=Y[CX U T, WHNEBDNATTINA IXEVEIDT
NLRZEDSTZHDIERX

m 7/\ARBID7 KL RZ{ELZLVF
v GPUHDSA TS UDEVDEL
v CUDA TEMN B Z TS
v CUDA-aware MPI(C K %381 (GPUDirect®F|F)

aiq;n.*agma acc data copy(a[0:n]) allocate, H->D

#i);‘agma acc host_data use_device(a) host data |7C_|T\‘(;;:7|'\2 |\ J— |\\\ (:-'E)

{ T -~ Y —_ RN
cuda_func(a, n) < Babb? a (3:7/\’]/ 21&”@7 I\ L

L 20MEDN D,

} deallocate
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CUDA-aware MPIJ—FK (1)

m 04 cuda aware J— I

openacc_mpi_basic/ 04 cuda aware

v host data ZFIFBULTE3— Ko MPIET /A4 ZAXEUZEHR,

0.0;
data create(a[0:n], b[0:n])

double sum
#pragma acc

allocate

#pragma acc

#pragma acc loop independent

kernels copyout(a[0:n], b[0:n])

for
a[i] = 3.0 *x rank *x ny;

(unsigned int i=0; i<n; 1i++) {

b[i] = 0.0;
}
const int dst_rank = (rank + 1)
const int tag = 0;

if (rank == 0) {
MPI_Status status;
#pragma acc host_data use_device(b)

% Nprocs;

MPI_Recv(b, w x nx, MPI_FLOAT, dst_ran

} else {
#pragma acc host_data use_device(a)

MPI_Send(a, w * nx, MPI_FLOAT, dst_ran

}

#pragma acc kernels copyin(b[0:n])

#pragma_acc_loop reduction(+:sum)

sum += b[1];

¥

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

MPI(D)
k, tag, MPI_COMM_WORLD, &status);

MPI(D
K, tag, MPI_COMM_WORLD);

deallocate 160




CUDA-aware MPIJ—FK (2)
m BERAE

v MPI_Send, MPI_Recv [CXf U Thost_data 38RXCTT /N1 REID 7
L2%ZE LTS, CUDA-aware MPI THNIFIE L <ENMET B,

v 03 update & LEBX L. CUDAIPC B FIAEN., MRRAKXEUZNE
RUVBE &R D, NVLInkiREE TGPURBIRIEY .
m JYVI\1ILEETT
$ make
$ qsub ./run.sh
$ cat run.sh.o0??????
num of GPUs = 2
Rank 0: hostname = a086, GPU num = 0
Rank 1: hostname = a086, GPU num = 1

mean = 30.00
Time = 0.131 [sec]

m CUDA IPC OEL

v OpenMPI Tl&. T 74 JUTCUDAIPC (FBEMNERD, INEE
ME T BICIE. EITEFIC btl smeuda use cuda ipcZx0& 9 B,

mpirun -np 2 --mca btl_smcuda_use_cuda_ipc 0 ./run



— KMD2GPUTODET

m 2%/ —KIGPUT2./ — R%ZF|FH openacc_mpi_basic/ 05_no_gdr
v I3TROVT+ZHERULET,

$ cat run.sh

#! /bin/sh

#PBS -q h-tutorial

#PBS -1 select=2:mpiprocs=1:ompthreads=0
#PBS -W group_list=gt00

#PBS -1 walltime=00:05:00

cd $PBS_O0 _WORKDIR

. /etc/profile.d/modules.sh

module load pgi/18.4

module load openmpi/gdr/1.10.7/pgi

mpirun -np 2 ./run

select=2:

BRI D/ — - ZEEE, CDBEIF2/—,
mpiprocs=1:

B/ —RICEDYTBAIMPIZTOERRE, COBERFXITOER,
mpirun -np 2:

np (CRLFI (EMPITOLRY) EiEE. COBSRTOLR,



GPUDirectRDMAERH I — K

m 05 no gdr J— |\“ openacc_mpi_basic/ 05 no gdr
v main.c BYK(E 04 cuda aware &[E Uo run.sh DAHEE,
m BEAE
v MPI Send, MPI Recv [CX$ U Thost data 3§/R"3X TT /1 D 77

KLRAZEEUTULS, CUDA-aware MPI THNITIEU K EET
Do

v 04 cuda aware ELEER L. 2DDGPUIE/ — RHNER DTz,
MPL&(S (& InfiniBand ZBBY Do T 7 AL E T RRAKXE
UREBO / — ~EIGPUBHBE &£ 185,

m JYVIINTILEETT

$ make

$ qsub ./run.sh

$ cat run.sh.o??????

num of GPUs = 2

Rank 0: hostname = a086, GPU num = 0
Rank 1: hostname = a087, GPU num = 1
mean = 30.00

Time = 0.034 [sec]




GPUDirectRDMABEZII—K (1)

m 06 gdr J— I openacc_mpi_basic/ 06 gdr
m main.c BIE(E 04 cuda aware &[E Uo run.sh DAHEE,

m GPUDirectRDMA OBxNE

v OpenMPI Tl&. 7 7 #JL T GPUDirectRDMA (JEXNTH B,
NZBERICT BDICIE. EITHFIC btl openib want cuda gdrz1&
9B,

mpirun -np 2 -mca btl_openib_want_cuda_gdr 1 ./run

m BEAE
v 05 no gdr &EEBRU. GPUDirectRDMA ZHBRE T D, MR KX
EUZIRBIT DI LK. BET —YE% (RDMA) 29 D,



GPUDirectRDMAEBZII—K (2)

m JYVI)\1I)LEETT openacc_mpi_basic/ 06 gdr

$ make

$ qsub ./run.sh

$ cat run.sh.o??????
num of GPUs = 2

Rank 1: hostname = a087, GPU num = 1
Rank 0: hostname = a086, GPU num = 0
mean = 30.00

Time = 0.051 [sec]
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BIEAEICKD/INY RIGELER

- GPUB%}PUEa‘jifE{ (— ﬁhi@%)

—— MMPC
—— IPC
e
v

N
()]

No GDR

N
o

Bandwidth [GByte/s]
S o

10° 10° 102 10° 10*
Data Size [kByte]
v openmpi-gdr/1.10.7/pgi [C K B HITE 166



OpenACCHMPHUED ATV T D IR ESD

m OpenACC+MPI{L
v acc_set _device num(C KBDMPIS VD & GPUD XS T (F
v kernels, loop, data 87" LYTOpenACCIE
v host data3§mXZAL, MPIICT/I\A RBAIOP RLRZEY

double sum = 0.0;
#pragma acc data create(a[0:n], b[0:n])
{
#pragma acc kernels copyout(a[0:n], b[0:n])
#pragma acc loop independent
for (unsigned int i=0; i<n; i++) {
alil 3.0 * rank * ny;
b[i] 0.0;

}

const int dst_rank
const int tag
if (rank == 0) {
MPI_Status status;
#pragma acc host_data use_device(b)
MPI_Recv(b, w *x nx, MPI_FLOAT, dst_rank, tag, MPI_COMM_WORLD, &status);
} else {
#pragma acc host_data use_device(a)
MPI_Send(a, w * nx, MPI_FLOAT, dst_rank, tag, MPI_COMM_WORLD);
}

(rank + 1) % nprocs;
0;

#pragma acc kernels copyin(b[0:n])
#pragma acc loop reduction(+:sum)
for (unsigned int i=0; i<n; i++) {
sum += b[i];
}

} openacc_mpi_basic/06 gdr
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1!

=25
=
m MPIWEAI{E S N7 3R ITHLENF RZTND OpenACCTE
m B2 7)LI—K : openacc mpi diffusion/01 original

v 3RITTHLEXNAFETNDCPU I — K [COpenACC Macc_set device num
CTGPUZE|D T, kernels, data, loop, host data 388X ZE00 L.
BHGPUTCSMRETEIT LR L& D,

A

for(ant k = 0; k < nz; ki+) { diffusion.c, diffusion3d BS#A
for (int jJ = 0; J < ny; j++) {
for (int 1 = 0; i < nx; i++) {
const int ix = nxxknyx(k+mgn) + nxxj + i;
const int ip =1 == nx -1 ? ix : ix + 1;
const int im =1 == 0 ? ix : ix - 1;
const int jp = j == ny - 1 ? ix : ix + nx;
const int jm = j == 0 ? ix : ix - nx;
const int kp = (rank == nprocs - 1 && k == nz - 1) ? ix : ix + nxxny;
const int km = (rank == 0 & k == 0 ) ? ix : ix - nxxkny;
fn[ix] = ccxf[ix]
+ cexf[ip] + cwxf[im]
+ cnxf[jpl + csxf[jm]
+ ctxf[kp] + cbxf[km];
}
}
}

openacc_mpi_diffusion/01_original



< J)LFGPUD =8 DB
SHERIEZENET D

m SR I BIHIC

llJ

v z AR TRENT B, SEFTEREILT —5 ZHD T8 DHETRE

(halo) Z=H#FD,

rREYE
EFE mgn =1 "\
A .
nzo
v

<4— nx0

nz

- lnz

) 4

<4— nx(=nx0) —»

rankO,

GPL

e

Jj0
fhRRIK

3

<
-

(MPI)

rankl,

GPL

e

J1

1R,
A4

<
-

(MPI)

rank?2,
GPU2
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SRR

m diffusion3d B D BRI ICHHBIZED T — I RIRD =D (C

MPI Send/MPI Recv D'EITEN S,

for (; icnt<nt && time + 0.5%xdt < 0.1; icnt++) {

if (rank == 0 & icnt % 100 == 0) main.c, main BEA

fprintf(stdout, "time(%4d) = %7.5f¥n", icnt, time);

const int tag = 0;
MPI_Status status;

MPI_Send(&f[nx*ny*xnz] , hxxny, MPI_FLOAT, rank_up , tag,
MPI_Recv(&f[0] , hxkny, MPI_FLOAT, rank_down, tag,
MPI_Send (&f[nxxnyxmgn] , hxxny, MPI_FLOAT, rank_down, tag,

MPI_Recv(&f[nxxnyx(nz+mgn)], nxxny, MPI_FLOAT, rank_up , tag,
flop += diffusion3d(nprocs, rank, nx, ny, nz, mgn, dx, dy, dz,
swap(&f, &fn);

time += dt;

MPI_COMM_WORLD) ;
MPI_COMM_WORLD, &status);

MPI_COMM_WORLD) ;
MPI_COMM_WORLD, &status);

dt, kappa, f, fn);

openacc_mpi_diffusion/01 original
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CPUIO—R

W o ——/—
m CPUID—FODIVIN\ALILEETT
$ cd openacc_mpi_diffusion/01_original
$ make
$ qsub ./run.sh
# cat run.sh.o??????
nprocs = 4
Rank 1: hostname
Rank 0: hostname
Rank 2: hostname a087
Rank 3: hostname a087
time( 0) 0.00000
time( 100) 0.00610

a086
a086

time(1500) = 0.09155
time(1600) = 0.09766 o ]
Time =  6.208 [sec] E{TMHRE (FOLERH=D)

Performance= 1.80 [GFlops/nprocs] o/ AE  (AS
7.19 [GFlops] — E1Titee (&5

Error[128][128][128] = 4.556413e-06 € ﬁ’i;':ﬁﬁgc\:_ @%ﬁ%

B OpenACCI— R TIE. EDLKSVDEITHREIIER TS
D5TCL&LDOH?




OpenACC1E(0): Makefile D{E1E

m Makefile [C OpenACC Z3JVI/\A1 )L T DK D —acc
EBIULXRL &S

&=

CC = mpicc

CXX = mpic++

GCC = gcc

RM = rm -f

MAKEDEPEND = makedepend

CFLAGS = —-03 -acc -Minfo=accel -ta=tesla,cc60
GFLAGS = -Wall -03 -std=c99

CXXFLAGS = $(CFLAGS)
LDFLAGS =
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B ANYS—

OpenACCAb(1): GPUEID LT

1510 & mainBIELIC acc set device numZFZEN0

e : ) %
#include <openacc.h> main.c, main BHEA

int main(int argc, char xargv[])

{

const int ngpus = acc_get_num_devices(acc_device_nvidia);
if (rank == 0) {

fprintf(stdout, "num of GPUs = %d¥n", ngpus);
}

const int gpuid = ngpus > 0 ? rank % ngpus : -1;
if (gpuid >= 0) {

acc_set_device_num(gpuid, acc_device_nvidia);
}

if (rank == 0) {
fprintf(stdout, "OMPI_MCA_btl_smcuda_use_cuda_ipc = %s¥n",
getenv("OMPI_MCA_btl_smcuda_use_cuda_ipc"));
fprintf(stdout, "OMPI_MCA_btl_openib_want_cuda_gdr = %s¥n",
getenv("OMPI_MCA_btl_openib_want_cuda_gdr"));

OMPI MCA btl smcuda use cuda ipcERIEZHR E =TSR
93 & T CUDA IPC ¥° GDROVER/EZNHERTE S
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OpenACCAE(2): kernels, loop

m diffusion3dBIEXC kernels, loopZiENl, present I8 o

#pragma acc kernels present(f, fn) : : : : *
#oraoma ace loop. independent diffusion.c, diffusion3d BIZELA

for(int k = 0; k < nz; k++) {
#pragma acc loop independent
for (int j = 0; j < ny; j++) {
#pragma acc loop independent
for (int 1 = 0; i < nx; i++) {
const int ix = nxknyx(k+mgn) + nxxj + 1i;

const int ip =1 ==nx -1 ? ix : ix + 1;
const int im =1 == 0 ? ix : ix - 1;
const int jp = j == ny - 1 ? ix : ix + nx;
const int jm = j == 0 ? ix : ix - nx;
const int kp = (rank == nprocs - 1 & k == nz - 1) ? ix : ix + nxxny;
const int km = (rank == 0 & k == 0 ) ? ix : ix - nxxny;

fnlix] = ccxf[ix] + cexf[ip] + cwxf[im]
+ cnxf[jpl + csxf[jm] + ctxf[kp]l + cbxf[km];

}

return (double) (nxxnyxnz)*13.0;
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OpenACCAE(3): data, host data

m mainBi#L T data, host data Z 3610

#pragma acc data copy(f[0:1n]) create(fn[0:1n])

{ | main.c, main BEEA
start_timer();

for (; icnt<nt && time + 0.5%dt < 0.1; icnt++) {
if (rank == 0 && icnt % 100 == 0)
fprintf(stdout, "time(%4d) = %7.5f¥n", icnt, time);

const int tag = 0;
MPI_Status status;

#pragma acc host_data use_device(f)

{
MPI_Send(&f[nxxny*xnz] , hxxny, MPI_FLOAT, rank_up , tag, MPI_COMM_WORLD);
MPI_Recv(&f[0] , hxxny, MPI_FLOAT, rank_down, tag, MPI_COMM_WORLD, &status);
MPI_Send(&f[nxxnyxmgn] , hxxny, MPI_FLOAT, rank_down, tag, MPI_COMM_WORLD);
MPI_Recv(&f[nxxnyx(nz+mgn)], nxkny, MPI_FLOAT, rank_up , tag, MPI_COMM_WORLD, &status);
}

flop += diffusion3d(nprocs, rank, nx, ny, nz, mgn, dx, dy, dz, dt, kappa, f, fn);
swap (&f, &fn);

time += dt;

}

MPI_Barrier(MPI_COMM_WORLD);
elapsed_time = get_elapsed_time();

1/6




OpenACC1E(4): E8EHITE

B £ (EFDEX make UTEFTLTHFELU &S,
B FEZZBUTHEAELTHIRLUL D,
v STEIBFY A X% 128 H5 5123 \E 8
v GPUTIIETEBEAREWVNE SHMEELIB P IT L,
v 2 GPU x 2 node D5 1 GPU x 2 node F£7=(3 2 GPU x 1 node \NZ &8
v CUDA IPC %° GDR OBM/EXDEE

m PGI_ACC TIME [CK3O0penACC E{TDHER

OpenACCIEDHI(E. openacc_mpi_diffusion/02_openacc
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My

B HROR D AETL

m EEETOEIREEBIZHORREREE
Maxwell AL D—Z[
OF 1 OH 1
— =-VxH — =——VXFE
ot ¢ ot L4
(€ : FEBXR) (W : BEHEER)
CDAB%AZ. 22RITFDTDE  (Finite-difference time-domain }&) *7%
FAWTEBWTITEET,

* K. S. Yee, "Numerical Solution of Initial Boundary Value Problems Involving Maxwell's Equations in Isotropic

Media," IEEE Trans. on Antennas and Propagat., vol. 14, pp. 302-307, May 1966
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FDTD)E (2)
] 1&” 2.— ‘i\\

1 1

(i Lo :En_l . Lo
—3/: 01 5, 1 n—z . 1 1
At Hy *(i+35,i+3)—H: *(i+35,5-3)
+ o X
i+ 3,7) Y
n+1 | 1 —1 | 1
HZ 2 al a :HZ 2 Al a
@+2]+2) @+23+2)
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V—23—K (1)

m Y2 7)L 33— K: openacc mpi fdtd/
v OpenACCEMPIZFIFB UTEEDTDE (BHEKART)

openacc_mpi_fdtd/01_original MPIIE S| {E S F=cPua—F,

openacc_mpi_fdtd/02_openaccl calc_ex_ey, pml_boundary_ex, pml_boundary_ey,
HY0penAcCC,

openacc_mpi_fdtd/03_openacc2 R E T IL—T 24D OpenACC,

openacc_mpi_fdtd/04 openacc3 #H#i1t% & & OpenACC,

openacc_mpi_fdtd/05 openaccd TR D&EIE,
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V—23—K (2)
B FNFNO7 71 ILORB

main.c TJO0SLDAAYI—R
fdtd2d. {c, h} 22RJT FDTD @ 5t8E1— R
fdtd2d_sources.{c, h} A FEERTE D 7= 6 DA

setup.c STERHDRTE EZHMDHEAL
config.{c, h} MIBEHDER

output. {cc, h} STEIBRIENDIZHDEIEL
bitmap* BMP 2 7 1 JLIERR D72 & DL

AFFE TIE, “main.c”’. “fdtd2d.c”. > fdtd2d sources.c”. “setup.c” DY —
RAD— k78 - BIELTWEXT,
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B 2R TR ENTHR BHIKDHR TOIYPIBREYE
v B4 Ex. Ey. Hz Bh <7D DIRPIZFREA (PML)

vy AR ™D S FEiRZE AS dx
T dy

1x/nx
ly/ny

- 575 L NRE:

7«-\% nx = 512
ny = 512
mgn = 8

lnx 529
lny 529

ny0

7005 AP TIETFECOEHNED

- NTLWBDTER
MARZRE AT inside_global.length[0]

nx0

L inside_global.length[1]
A A A A whole_global.length[0]
= nx0 + 2*xmgn + 1
L whole_global.length[1]

% = ny0 + 2*xmgn + 1

nyo
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J—REEDOFHETL (main.c R)

STREMBIBDERTE
Range E1&{K
inside_global, whole global,
inside, whole

% H DHhrEISERT
MPI_Send/MPI_Recv

A 2

v

1% E DIFERE
calc ex ey BI&X

CPUXE U [CECHZTE(R

ex, ey, hz, ...

A 4

v

B RO FERE
init_relative permittivityBE%K
init_objectBI#

&% E DIRREM
pml_boundary ex B3%K
pml_boundary ey B8%K

v

v

EHEDAG (AFF)

plane wave incidence B3%K

BEEPHEOFKRE (L—YER)

set_object er BA# (main.c CEE)

v

v

3% Ex DHTRIEERM
MPI_Send/MPI Recv

YRR L STERAFDRTE
init_vars, set_initial condition BE%X
init pml vars BI%L
set_pml_initial condition RS
set pml rer BE%L

4

W% H DIFEIRE
calc_hz BA#

L Z

Hi% H DIRREH
pml_boundary hz B3%K

STERBREN
MPI GatherYREE, write bmpBIEL

STERBREN
MPI_Gather, write bmpR3%g

%

¥
0LQS wesssssssssssee

=

HEEENZO
=+



H‘-ﬁ \ijd) o X AL

S/

m Range &SR
v FIEMRBDIBREKXE S ERET

(1)

// config.h
struct Range {
int length[2];
int begin [2];
}s

// main.c
const struct Range

const struct Range

const struct Range

const struct Range

inside_global

whole_global

inside

whole

P e

Mo M

atoi(argv[1l]), atoi(argv[2]) },

0, 0} };

inside_global.
inside_global.
inside_global.
inside_global.

inside_global.
inside_global.

0,

inside_global.

length[0]
length[1]
begin[0]
begin[1]

length[0],

length[1l]/nsubdomains },

length[1l]/nsubdomains * rank } };

SRBDPOE
2xmgn + 1, 24815
2xmgn + 1}, A
. il
mgn } };
pailiicio
PRI

inside.length[0] + 2xmgn + 1,
inside.length[1] + 2xmgn + 1},
inside.begin[0] - mgn

inside.begin[1]

mgn

(N

N EN 8 d
iﬁ‘ﬁﬁﬂi

g

v
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STEMRIBDEKE (2)

m Range PR
v SIERBOBR/RERE S ZRE

struct Range {
int length[2];
int begin [2];

}; D ENFEIZD
const struct Range inside = { { inside_global.length[0], b VB
inside_global.length[1]/nsubdomains },
{o,

inside_global.length[1]/nsubdomains * rank } };
{ { inside.length[0] + 2*mgn + 1,
inside.length[1] + 2*xmgn + 1}, 70281 D

const struct Range whole

J095 LT { inside.begin(0] - mon' . SkdH
T2OED inside.begin mgn ;
inside.length[@0] = nx {
inside.length[1l] = ny -
whole.length[0] = nx + 2*mgn + 1
whole.length[l] = ny + 2*xmgn + 1

EE4Z (inside.begin[0], inside.begin[1]) :

FEfZ (whole.begin[0], whole.begin[1]) <non nx <o

L0,



ACHl DEELR

m PIBZEHBEY (E main.c THER

// main.c

const int nelems whole.length[0] * whole.length[1];
const int nelems_Xx whole.length[0];

const int nelems_y whole.length[1];

sizeof (FLOAT)x*nelems;

sizeof (FLOAT)xnelems_X;

sizeof (FLOAT)x*nelems_y;

sizeof (FLOAT)* whole_global.length[0] * whole_global.length[1];

const size_t size

const size_t size x
const size_t size_y
const size_t size_global

FLOAT xex = (FLOAT *x)malloc(size); // Ei% Ex
FLOAT xey = (FLOAT x)malloc(size); // Ei5 Ey
FLOAT xhz = (FLOAT x)malloc(size); // W5 Hz

// For output

FLOAT xex_global
FLOAT xey_global
FLOAT xhz_global

(FLOAT x)malloc(size_global);
(FLOAT x)malloc(size_global);
(FLOAT x)malloc(size_global);

m % < DFEH(E whole.length[0] * whole.length[1]

m ex global, ey global, hz global (7 7 A JLEAICES =8,
whole_global.length[0] * whole_global.length[1]




SHEBRES

B B35V DD ex % ex global A\MPI Gather CUX§
v ey, hz BEER

Alr

// main.c

const int rank_root
const int sendnelems
const int src

const int dst

9;

whole.length[0] * inside.length[1];

whole.length[0] * (inside.begin[l] - whole.begin[1]);
whole.length[0] * (inside.begin[1l] - whole.begin[1]);

MPI_Gather(&ex[src], sendnelems, MPI_FLOAT_T, &ex_global[dst],
sendnelems, MPI_FLOAT_T, rank_root, MPI_COMM_WORLD);
MPI_Gather(&ey[src], sendnelems, MPI_FLOAT_T, &ey_global[dst],
sendnelems, MPI_FLOAT_T, rank_root, MPI_COMM_WORLD);
MPI_Gather(&hz[src], sendnelems, MPI_FLOAT_T, &hz_global[dst],
sendnelems, MPI_FLOAT_T, rank_root, MPI_COMM_WORLD);

if (rank == rank_root) {
write_bmp(icnt, time, whole_global.length, dx, dy, ex_global, ey _global, hz_global);
}
MBS EEE TR0, yHEICE =
PIOE DA O U T, . b
MPI_Gather 9% 1 P

src = whole.length[0] * (inside.begin[1l] - wfﬁi&'t'e.begln[”i]) -



FFEIREE (1)

WA

m Bl
v hz OMBEIZEFT (MPI Send/MPI Recv).
v BIZEDFEREE (calc_ex_ey)  BFREMHF(pml boundary ...)
v ABYYE (plane wave incidence)

while (icnt < nt) {

MPI_Status status;
const int tag = 0;
const int nhalo

const int inside_endl

whole.length[0];
inside.begin[1l] + inside.length[1l];

whole.length[0] * (inside_endl - whole.begin[1l] - 1);
whole.length[0] *x (inside.begin[l] - whole.begin[1l] - 1);

const int src_hz
const int dst_hz

MPI_Send(&hz[src_hz], nhalo, MPI_FLOAT_T, rank_up , tag, MPI_COMM_WORLD);
MPI_Recv(&hz[dst_hz], nhalo, MPI_FLOAT_T, rank_down, tag, MPI_COMM_WORLD, &status);

calc_ex_ey(&whole, &inside, hz, cexly, ceylx, ex, ey);
pml_boundary_ex(&whole, &inside, hz, cexy, cexyl, rer_ex, ex, exy);
pml_boundary_ey(&whole, &inside, hz, ceyx, ceyxl, rer_ey, ey, eyx);

const int j_in = 0;
plane_wave_incidence(&whole, &inside, time, j_in, wavelength, ex, ey);
time += 0.5%dt;

(&F~)




TEIFERE (2)

m R¥
v ex DMMBIZEFT (MPI Send/MPI Recv).
v BZHORBAERE (calc_hz) . BFRFEMH(pml boundary hz)

GIE A=Y

const int src_ex = whole.length[0] * (inside.begin[l] - whole.begin[1]);
const int dst_ex = whole.length[0] * (inside_endl - whole.begin[1]);

MPI_Send(&ex[src_ex], nhalo, MPI_FLOAT_T, rank_down, tag, MPI_COMM_WORLD);
MPI_Recv(&ex[dst_ex], nhalo, MPI_FLOAT_T, rank_up , tag, MPI_COMM_WORLD, &status);

calc_hz(&whole, &inside, ey, ex, chzlx, chzly, hz);
pml_boundary_hz(&whole, &inside, ey, ex, chzx, chzxl, chzy, chzyl, hz, hzx, hzy);
time += 0.5xdt;

icnt++;

(HAH%EE)




\

IBRMBIBDT — Y3 (1)

m hz DIEFRBEHDT —

S F—H P HERDIERID =8
ZTlE hz OHFBETNEL,

subdomains[i] g tnx o+ (b = Jbw = 1) = src_hz
v
(ibw, jbw) (ib, jb) Datasize = lnx % 1 = nhalo
R
?
subdomains [i-1] 2
i nx * (jb + ny — jbw - 1) = dst_hz
-
R (ib, ib) . nx = inside.length[0] lnx = whole.length[0]
Cibw, b )' | '] | . ny = inside.length[1l] 1lny = whole.length[1]
1bw, JbW) <men nx ~™" ib = inside.begin[@] ibw = whole.begin[0]
jb = inside.begin[1l] jbw = whole.begin[1]

const int nhalo
const int inside_endl

const int src_hz
const int dst_hz

MPI_Send(&hz[src_hz],
MPI_Recv(&hz[dst_hz],

whole.length[0];
inside.begin[1l] + inside.length[1];

whole.length[0] * (inside_endl - whole.begin[1l] - 1);
whole.length[0] * (inside.begin[l] - whole.begin[1l] - 1);

nhalo, MPI_FLOAT_T, rank_up , tag, MPI_COMM_WORLD);
nhalo, MPI_FLOAT_T, rank_down, tag, MPI_COMM_WORLD, &status)s




\

IBRMBIBD T — Y3 (2)

m cx DIERBIFDT —H A F— 5P H B AHIERID =8
ZTlE ex OHBETNEL,

T lnx *x (jb — jbw) = Src_ex
subdomains [i+1] 2
i —
(ibw,”jtbi\nili (ib, jb) Datasize = lnx x 1 = nhalo
e
subdomains[i] g lnx * (jb + ny - jbw) = dst_ex
B (ib, ib) === px = inside.length[@] 1lnx = whole.length[0]
(ibw 'bw)i | ! | - ny = inside.length[1l] 1lny = whole.length[1]
r JOWS oy nx ~"" ib = inside.begin[0] ibw = whole.begin[0]
jb = inside.begin[1] jbw = whole.begin[1]

const int nhalo
const int inside_endl

whole.length[0];
inside.begin[1l] + inside.length[1];

whole.length[0] * (inside.begin[1] - whole.begin[1]);
whole.length[0] * (inside_endl - whole.begin[1]);

const int src_ex
const int dst_ex

MPI_Send(&ex[src_ex], nhalo, MPI_FLOAT_T, rank_down, tag, MPI_COMM_WORLD);
MPI_Recv(&ex[dst_ex], nhalo, MPI_FLOAT_T, rank_up , tag, MPI_COMM_WORLD, &status);
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JO00S5SLDIVICILEET (1)

m CPUIO—RKOIVI\ATILE %f[i- openacc_mpi_fdtd/01 original

$ cd openacc_mpi_fdtd/01_original

$ make RPN .

$ qsub ./run.sh ?DHEFIFYVITS
$ cat run.sh.o???7??? < LD ZEFT,
Rank 0: hostname = a090

Rank 1: hostname = a090

Rank 2: hostname = a091 < FMALE/ —K
Rank 3: hostname = a091l

Calculation condition

nx_global = 512
(Brg)
icnt 4900, time = 2.3115e-14 [sec]

icnt 5000, time = 2.3587e-14 [sec]

Domain = 512 x 512 A~
nsubdomains = 4 STEMBEmY 1 X, 18l
output_file = 1 < HEI. BHDEE,
Time = 4.103535 [sec] a'|' H%Feﬁ

7828, qsub ./run_no outsh D EHBNBUTEITI D, MEEERIER,



JO059S5SLADIVICILEET (2)

m JOUSLDETHATY3Y

$ cat run.sh openacc_mpi_fdtd/01 original
#! /bin/sh

#PBS -q h-tutorial

#PBS -1 select=2:mpiprocs=2:ompthreads=0

(EH)

mkdir -p sim_run
cd sim_run

nprocs=4
mpirun -np $nprocs ../run 512 512 $nprocs 5000 50

mpirun -np <nprocs> ../run <nx> <ny> <nprocs> <nt> <nout>
nprocs: 2 VIO (=nEIE)
nx, ny: StEBEET 1 X
nt: ERERTY T
nout: BHNZEITOIIVALRTY T, 50 DIFE. S0RT WY
TICIBENT B, 0 ZIBEITDELN LR,



STERBRDODERR
m STERR(E sim run [CBMP & LTHEAEIND

im_run : it
$ cd sim_run/ openacc_mpi_fdtd/01_original

m STEBROERR
v 1DOBMPZER S
$ display e05000.bmp

v BHEOBMPI 7ML 27 ZX—Y 3V TERR
$ animate x.bmp

BH

ssh -Y txxxxx@reedbush.cc.u-tokyo.ac.jp
E =Y ZD[FTVWVRVNERRSNGEL, DERLKKRRTERVNIEE
FERZFTICIOIE-LTERRLTLESL),
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B BAESNEBMPZ 71 )LD—44)
v Ex (BBDx D) L
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o
S

o

o

o

Mo

nx0
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1!

:l

E=&1

m calc_ex_ey, pml boundary_ex, pml boundary ey %
OpenACCILLER U & 5,

EITRENEL TH.
]} TOTSLTHD
m Makefile REEZR GBS
v DAVINAIATI3VDIELE OpenACCILL £,
E main.c AR DB 5 3
3N \ \
v OpenACC/\W 5 —®DiEHD 3?}?[?8 g{g?%d)b

v GPUDEIDZHT
v data 38" DIEND
v MPI_Send/MPI Recv(CX$9 Dhost datatg§ "I DIEND
m fdtd2d.c
v kernels 87" X. loop 8 RX DIEND
® run.sh
v GPUDirectRDMA DBEZHE

REZ51(. openacc mpi fdtd/02 openaccl

201



data , host data’§"X
m mainBIEDwhile AT data, host dataZzE70

#pragma acc data ¥
copy(ex[0:nelems], ey[0:nelems], hz[0:nelems]) ¥
copyin(cexly[@:nelems], ceylx[0:nelems], chzlx[0@:nelems], chzly[0:nelems]) ¥
copy(exy[0:nelems], eyx[0:nelems], hzx[0:nelems], hzy[O:nelems]) ¥
copyin(cexy[0:nelems_y], ceyx[0:nelems_x], chzx[0@:nelems_x], chzy[@:nelems_y]) ¥
copyin(cexyl[0:nelems_y], ceyxl[0:nelems_x], chzxl[0:nelems_x], chzyl[O@:nelems_y]) ¥
copyin(obj[0:nelems], er[0:nelems]) ¥
copyin(rer_ex[0:nelems], rer_ey[0:nelems])

{

#pragma acc host_data use_device(hz)
{
MPI_Send(&hz[src_hz], nhalo, MPI_FLOAT_T, rank_up , tag, MPI_COMM_WORLD);
MPI_Recv(&hz[dst_hz], nhalo, MPI_FLOAT_T, rank_down, tag,
MPI_COMM_WORLD, &status);

}

calc_ex_ey(&whole, &inside, hz, cexly, ceylx, ex, ey);
pml_boundary_ex(&whole, &inside, hz, cexy, cexyl, rer_ex, ex, exy);
pml_boundary_ey(&whole, &inside, hz, ceyx, ceyxl, rer_ey, ey, eyx);

} // acc data
const int j_in = 0;

plane_wave_incidence(&whole, &inside, time, j_in, wavelength, ex, ey);
time += 0.5xdt;

PAVYA




kernels, looptE& X
m fdtd2d.c RDEIEK

void calc_ex_ey(const struct Range xwhole, const struct Range xinside,
const FLOAT xhz, const FLOAT *xcexly, const FLOAT *ceylx, FLOAT *xex, FLOAT xey)
{

const int nx
const int ny
const int mgn[]

inside->length[0];

inside->length[1];

{ inside->begin[0] - whole->begin[0],
inside->begin[1l] - whole->begin[1] };

whole->length[0];

const int 1lnx

#pragma acc kernels present(hz, cexly, ex)
#pragma acc loop independent
for (int j=0; j<ny+l; j++) {
#pragma acc loop independent
for (int 1=0; i<nx; i++) {

const int ix = (j+mgn[1l])*lnx + i+mgn[0];
const int jm = ix - lnx;
//ex[ix] += cexly[ix]x(hz[ix]-hz[jm]) - cexlz[ix]x(hy[ix]-hy[km]);
ex[ix] += cexly[ix]x(hz[ix]-hz[jm]);

(€159

U3




282

m main BEIEAD while RZ I XT OpenACCICUE U & S,

B main.c
v data 3ERNDIEH & copyin & E DEEAL
v MPI_Send/MPI Recv(CX39 Dhost_datatg R DIENT
v MPI_Gather(CX$9 % host data 387" DIEND
m fdtd2d.c
v R D DREEEUTkerels 3853, loop IEIRX DEND
m fdtd2d sources.c
v kernels ¥87"3. loop 18R D:END

RRZA5 (L. openacc_mpi fdtd/03 openacc2
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data 38X
B mainPEEDwhile [T data ZT2 &)

#pragma acc data ¥
copyin(ex[0:nelems], ey[0:nelems], hz[0:nelems]) ¥
copyin(cexly[@:nelems], ceylx[0:nelems], chzlx[0@:nelems], chzly[0:nelems]) ¥
copyin(exy[0:nelems], eyx[0:nelems], hzx[@:nelems], hzy[0:nelems]) ¥
copyin(cexy[0:nelems_y], ceyx[0:nelems_x], chzx[0@:nelems_x], chzy[@:nelems_y]) ¥
copyin(cexyl[0:nelems_y], ceyxl[0:nelems_x], chzxl[0:nelems_x], chzyl[O@:nelems_y]) ¥
copyin(obj[0:nelems], er[0:nelems]) ¥
copyin(rer_ex[0:nelems], rer_ey[0:nelems])

{

while (icnt < nt) {

MPI_Status status;
const int tag = 0;
const int nhalo

const int inside_endl

whole.length[0];
inside.begin[1l] + inside.length[1];

const int src_hz
const int dst_hz

whole.length[0] * (inside_endl - whole.begin[1l] - 1);
whole.length[0] * (inside.begin[l] - whole.begin[1l] - 1);

#pragma acc host_data use_device(hz)
{
MPI_Send(&hz[src_hz], nhalo, MPI_FLOAT_T, rank_up , tag, MPI_COMM_WORLD);
MPI_Recv(&hz[dst_hz], nhalo, MPI_FLOAT_T, rank_down, tag, MPI_COMM_WORLD, &status);

}

ZU>




host data I8/
m MPI_Gather ([CXJ9 % host_data D167

0;

whole.length[0] *x inside.length[1];

whole.length[0] * (inside.begin[l] - whole.begin[1]);
whole.length[0] * (inside.begin[l] - whole.begin[1]);

const int rank_root
const int sendnelems
const int src
const int dst

#pragma acc host_data use_device(ex)
MPI_Gather(&ex[src], sendnelems, MPI_FLOAT_T, &ex_global[dst],
sendnelems, MPI_FLOAT_T, rank_root, MPI_COMM_WORLD);
#pragma acc host_data use_device(ey)
MPI_Gather(&ey[src], sendnelems, MPI_FLOAT_T, &ey_global[dst],
sendnelems, MPI_FLOAT_T, rank_root, MPI_COMM_WORLD);
#pragma acc host_data use_device(hz)
MPI_Gather(&hz[src], sendnelems, MPI_FLOAT_T, &hz_global[dst],
sendnelems, MPI_FLOAT_T, rank_root, MPI_COMM_WORLD);

if (rank == rank_root) {
write_bmp(icnt, time, whole_global.length, dx, dy, ex_global, ey_global,hz_global);
}
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n HAEZE®HTETOpenACCIC LR T, 2L,
set object er NCPU LD 1 —HERREAMDIH., Nl
fFDYER{LEEZ Z OpenACCIC UEX T,

B main.c
v data IERX DBENE&EIE (% < DY create [CTRD(ET TY)
v FIERMERDMPI Gather(CXJ9 D host data I8 R DENT

H setup.c
v kernels 387" X. loop 8RN DIEND

BRZA5 (L. openacc mpi fdtd/04 openacc3



1!

n SEREEOY A XPCPURBEE U THEEIE L THE
L& Do
v BB TUA X% 4096 x 4096 IREREL ULTHFEL & S0

B OpenACCI—RZES([CHERBILULXL & 5o

v PGI_ ACC TIME®ZFHULZFXULU &5,

v SEIXEFE(C fdtd2d.c [T kernels & loop ZANTH., LW DHDE
¥ CTHBED copyin hMEEUFX T, INHEIELTVWEXRLEL D,
$ make

calc_ex_ey:
25, Generating present(ex[:],cexly[:])
Generating implicit copyin(mgn[:])
Generating present(hz[:])
27, Loop is parallelizable
29, Loop is parallelizable
Accelerator kernel generated
Generating Tesla code
27, #pragma acc loop gang, vector(4) /* blockIdx.y threadIdx.y x/
29, #pragma acc loop gang, vector(32) /* blockIdx.x threadIdx.x */
37, Generating present(ey[:],ceylx[:])
Generating implicit copyin(mgn[:])
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