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TSN &ICRRD
= Vector loop®HRMAIICdDIL—T(FTN !$acc parallel loop gang

M AN, ERIEA TN e R
I$acc loop vector
do j =1, M
< loop code >
end do
end do
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= parallel7=« L7« JDiHE num_ angs(N), num_workers(M), vector_length(Q)
T Gang, Worker, Vectord#z187E

= ENENMNEDIL—T(CE I DHVZ gang, worker, vector CTIEEI D

I$acc parallel [num gangs(2) Jnum workers(2)][vector Iength(32)
I$acc loop [gang]fworker]

do x = 1,
I$acc loop |vector
doy =1,
array(x,y) = array(x,y) + 1
end do
end do

OpenACC

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0



kernels—~« L 257« J DigE
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I$acc kernels loop|gang(2)||worker(2)

= gang(N), worker(M), vector(Q) _C do x = 1,
)L—TE &z R (CHEE R] AR (!j$aCC loop|vector(32)
oy =4,
= parallel>« L5« J%&=EUHET array(x,y) = array(x,y) + 1
IBEI D EHO]EE end do
end do
- BEISEURNMBEEI/(rSh | [$acc end kernels

BEIR(SRET D
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I$acc kernels

I$acc loop gang(2) worker(2)
do x = 1,
I$acc loop vector(32)

doy =1,
array(x,y) = array(x,y) + 1
end do
end do

I$acc loop gang(4) worker(4)
do x = 1,
I$acc loop vector(16)

doy =1,
array2(x,y) = array2(x,y) + 1
end do
end do

I$acc end kernels
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<—— Vector —> dox =1, 4

I$acc loop vector(8)

RN NN | worker doy =1,
array(x,y) = array(x,y) + 1

end do

end do
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(’7 <‘\ I$acc kernels loop gang worker(1)
< Vector = dox = 1,

I$acc loop vector(4)

EEEE ok -
array(x,y) = array(x,y) + 1
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I$acc kernels loop gang|worker(2)

do x =1,
I$acc loop|vector(4)

doy =1,
array(x,y) = array(x,y) + 1
end do
end do

I$acc end kernels
OpenACC
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I$acc kernels loop gang worker(2)

dox =1, 4
I$acc loop vector(4)
doy =1, 8
array(x,y) = array(x,y) + 1;
end do
end do

I$acc end kernels

= worker Z1EY° U =GR
gang (21 U &Rk =
VAR AT
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I$acc kernels loop gang worker(1)

do x =1,
1$ acc loop |vector(8)
doly = 1,
array(x,y) = array(x,y) + 1
end do
end do

I$acc end kernels
OpenACC
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Al

[ \ I$acc kernels loop gang worker(1)
do x =1, 4
€<—— Vector —m> l$acc loop vector(8)
doy =1, 4
HENENENEN | worker array(y) = array(x,y) + 1
end do
end do
\ Gang ) I$acc end kernels
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DRENDD
= 1 DMKV vector M5, 2D
I$acc kernels loop gang|worker(2) DFEL\ vector /\
do x = 1,
l$acc loop|vector(4) = J)L—TRERRICE UTZERTEC
doy =1, TEJc
array(x,y) = array(x,y) + 1
end do
end do

I$acc end kernels
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[ \ I$acc kernels loop gang worker(2)
< Vector = o U

I$acc loop vector(4)

BEEEE oy = 1,4
}Workers array(x,y) = array(x,y) + 1

.... end do
end do
\ Gang ) I$acc end kernels
~
Vector = vectorhVh\&< ko> &TIL—
2Workers |Gang o (v wF UEBEEITIZ
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= Z8E)L—T(C(F collapsef] EWVDIL—T—EFLDBEEN D B

I$acc kernels loop|collapse(2)| gang worker(1l) vector(8)
do x = 1,
doy =1,
array(x,y) = array(x,y) + 1
end do
end do
I$acc end kernels
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(’7 <‘\ I$acc kernels loop collapse(2) gang worker(l) vector(8)
D VeCtOI' —_— do x = 1,
doy =1,
HENNNNNEN | worker array(oy) = anray(y) + 1
end do
end do
|
\ Gang ) I$acc end kernels

collapse( 2 )

enlea|ey|es = collapse@(CKD2DD/NELN
=T Z1IDDREIRI—T(C

anlc2a|ae3) | e FEHBDZ ENT]EE
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device_type i IEMIBMEDS — 5w NS

device type ( <type> )
CNLABF (CHEE = NTZEI (ZZEITH type TIETE LT device DIFE(CDHIHBEHEND

FIZ(ENVIDIA GPUMF ICEE{IL LI &E L THE. CPURRERID device DNEEEZIERD
ENRLKIRD

1DDT+« LT+« T THEED device I[CDWTHERBIDEREA(LEIZ SCh o] EE

I$acc parallel loop collapse(3) device type(nvidia) vector_ length(256)
do i =1, size
do j = 1, size
do k = 1, size
c(i,j) = c(i,3) + a(i,k) * b(k,J);
end do
end do
OpenACC | end do
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ASYNCHRONOUS

Populate A Populate B

Add A + B
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async END3CE

C/C++:  #pragma acc <directive> <clauses> async(n)
Fortran: !$acc <directive> <clauses> async(n)
Async launches work asynchronously in queue n, then returns to host

= OpenACCldasynclC KD DO DULIEZ [EEF (CEITRIEE

* Device ELMDFTE EHost EDFTEZRIFFCRIT. 55U\ IDevice L CEIEI DD E
B (CT—AEmXZIiTD &NV a]EE

* F1—n MEESNRMESET IAIL bFa1— (&K) MHEESND

#pragma acc parallel loop #pragma acc update device(...)
OpenACC Host Code
. is material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0
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Default Queue 1 Queue 2
Queue
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Default Queue 1 Queue 2
Queue

I$acc parallel loop
doi=1, 100

X(i) = ... Loop 1
end do
I$acc update self(X[1:100])
Update 1
I$acc parallel loop
do i = 101, 200

X(i) = ..
end do
I$acc update self(X[101:200])

Loop 2

call print_array(X) Update 2

OpenACC
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Default Queue 1 Queue 2
Queue

= 2R (IBIDOIBHIE T I DD Loop 1
R =

= OpenACCD5 J A )L NEIE Update 1

Loop 2

Update 2
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I$acc parallel loop async(1l)
do i =1, 100
X(i) = ...
end do
I$acc update self(X[1:100]) async(1)

I$acc parallel loop async(2)
do i = 101, 200
X(i) = ...
end do
I$acc update self(X[101:200]) async(2)

call print_array(X)

OpenACC

Fa1—1INEA

F1 2N\ A
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Default Queue 1 Queue 2
Queue

I$acc parallel loop async(1l)
do i =1, 100

X(i) = ... Loop 1
end do
I$acc update self(X[1:100]) async(1)

Update 1
I$acc parallel loop async(2) Loop 2

do i = 101, 200
X(i) = ...

end do Update 2
I$acc update self(X[101:200]) async(2)

call print_array(X)

OpenACC
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Default Queue 1 Queue 2
Queue

= asyncEi(C KD, Loop 1&Loop 2%

TR R, =
= asyncz B LIRSS (CEEAX,
Loop 2% 3 < (CRAATETN. . Loop 2

Update 2

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0

OpenACC




FERIRRALIE DA : 7R MUEDE & U

= asyncEi(C K DULIEZ i

I$acc parallel loop async(1) 30 —(CABH. 2D
do 1)((=i)1,= 100 'fé@;l/_ NEECRANIGE + 5
e LCHEITSND

I$acc update self(X[1:100]) async(1) . [ XD ]— f\T:(Et )L —

jb%%ﬁb\%abé A (C

I$acc parallel loop async(2)

do i = 101, 200 print_array BEEOIFOH
X(i) = ... csNCULZED
end do
I$acc update self(X[101:200]) async(2) - ‘—*ual- Walt AL OT+
JChETES

call print_array(X) <

OpenACC
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C/C++: #pragma acc wait(n)
Fortran: !$acc wait(n)
Wait blocks host until all operations in queue n have completed

* wait (FENFE TOIFEEIEN IR TR T IDETIOV S LZFHIRRE(CT D
* n ZHEREURWGS(E. EORROINTOFI1I—HTTIDIFRCTHETD

#pragma acc parallel loop #pragma acc enter data copyin(...)

#pragma acc wait

Host Code

OpenACC
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FERIERVIE DA : wait (CKDEIER

I$acc parallel loop async(1l)
do i =1, 100
X(i) = ...
end do
I$acc update self(X[1:100]) async(1)

I$acc parallel loop async(2)
do i = 101, 200
X(i) = ...
end do
I$acc update self(X[101:200]) async(2)
I$acc wait
call print_array(X)

Default Queue 1 Queue 2

||HHHHH||||

Queue

Update 1
Loop 2

Update 2

OpenACC

print_array(X)
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== m

InteroperabilityDEE 4
BIFDOCUDABED A, iR LZzZ2X dHmAI(C

OpenACCI(d,
~ BETEOTOIS I OFETIL

AA>DOTOTS=ZTEFTILE UTDER

o ZAF 1 TDCUDAT — 4 DEIEIRIE — CUDAT OU S INFRE < HEEBNT DFE
= CUDAZ )\ RBAEDFUH L — BIFEEDH

= CUDAMS0penACCREIEIDIFUHE L — CUDAT OU S NGRS HEEENT DFE
ZOJEEE I D
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Interoperability D& X 7
F—INBREEE

=TI
= EBROTOUS=JFEFTILEBITT /A X EDFT—SFEODED I3
H—=xI)L>xc 7>

BIOTOTSZ2JEFTIVCEIDETEONET —FZFE>TH—FIL
ZIFOH9
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\UI
]

OpenACCZRAWTHEL TWD 7T U5 —23>T
* CUDAT 512D TBOREIEZITVVELY = OpenACCEEDT —45ZHAE

CUDAZRAWTHRELCTWBR V7T U —>3>T
* OpenACCTHIIZ/RETED—)LZERL UIZLY = CUDABEDT —5Z=HE

OpenACC
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OpenACCEIEDT —4%HH
- OpenACCH'5SCUDAZ TN T
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OpenACCHOT—HZ2HEFTD

* OpenACC (7072 5 /A ETHost&DeviceD A EU (F1DDRA > TEESN
DIz, BIRDNA D AZFTFDOBENTR (BE(F1D)

= Device L (CT—AZEIDYTIZEZE. Host&Device 7 RLZADYY E>TRH
ERkE=ND

= Host&DeviceEBE5DAXAEUT—)L

A - ©Xx0000 — A 6x3000 * Hostd— RT/RA 2 AERUIEHE
B - 0x0320 C - ox0320 (FHostdD 7 =L 2ANHY
C - 0x0640

= Device 1— R TR >ASHBUIES
&(dDeviced)7” RL AHWMERAEIND

OpenACC
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OpenACCHOT—HZ2HEFTD

= CUDADIZE. Host - Device C_DDZE yﬂzb\@D CDEDIRYYVETFEFEEL
Tdb\b %7‘ =h'> T. CUDAZIFEUNEIIHEE. Device )’ RLXAZHRIICERIT S
WMWENSDD

g OpenACC_CTJEﬁLﬂT_T 97&1§D_COpenACCZI RS CUDAI—=R)LZCE)
9 D55, DeviceD)’ KL X ZBARBY(CHUSE U CCUDAN —FRILISE IR (FNITTR

57380\
= host_data 7« L7« J(&
Device Memory OpenACC@DDeviceT —4SF DT R
AZBUS T BDIEH(CERTSD
S _ gﬁgggg A - ©x0000 = host_data 7« LJ7 - J ($HostD
C — Ox0640 | C - 0x0320 KD (CDeviceDNA 2% FERHT
‘ BEOSOVINASITIBRT D

OpenACC
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IFOM U T2UL\CUDAT — RaDBI: saxpy

- ADELDIRy=ax+yZitE I S5CUDA
1— RZOpenACCH'SFEUM LTz

CUDANMSMHUHE Ii5E. COREEIC(E

Device/R-1 >4 (~GPUXEJ (CHER U Tz

B ZET

OpenACCHO'SIFUNII5E. dataT
L5« J(CKDCPUNMNSGPUICT —
8k L. host data>+ L7+« %
FAL. CUDAZ—=R)LICDevicern-1 >
SH%EET

OpenACC

__global__
void saxpy_kernel(int n, float a,
float *x, float *y)

{
int i = blockIdx.x*blockDim.x + threadIdx.Xx;

if (i < n) y[i] = a*x[i] + y[i];
}

void saxpy(int n, float a,
float *dx, float *dy)
{
// Launch CUDA Kernel
saxpy_kernel<<<4096,256>>>(n, a, dx, dy);

}
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Interface: Fortran S CUDAZ I I =8 (C

 Fortran ES1—)L(>4—JT—2X% |module saxpy_c_mod
CE I D ETFortran OS5 AMSC | interface

DR =EFUOHEED subroutine saxpy(n, a, dx, dy) bind(c)
— . W i binding
- Bl#nald CEE/NA2FA2ITE oo TRt
implicit none
HOBNESNS integer(C_INT) :: n
= 25— T —AX(CKDFortranficldx, real(C_FLOAT) :: a
dy DXEUT RL AN CORFERD5IER & type(C_PTR) 11 dx, dy
ULTRITEE=ND end subroutine saxpy

end interface
end module saxpy_c_mod

OpenACC
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host data o=« L5« 2 O{ERHI

Fortran 775 CUDAZ IS\

program main
use saxpy_c_mod
integer, parameter :: n = 2%**20
real, dimension(N) :: x, y

= 1$acc data copy(y) copyin(x) DevicelCT—~ D]
E—Z{Ek 9D

real it a=2.0
; _ ;:g = 1$acc host data use_device(y,x) - T2 A LlCx&y

MDevice 7’ kL X7z saxpyBAZX TED LD (TIERT D
I$acc data copy(y) copyin(x)

1$acc host_data use_device(y,x)

call saxpy(n, a, X, y) = “I$acc host_data” HKU "I$acc end host_data” D8

I$acc end host_data iﬁkWtEbﬂéﬂt@@%?&”?Uﬂj Ui, BHRIC
I$acc end data Device)’ RL Xz (THLD

end program

OpenACC
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-4 =1J: cuBLAS

host_dataz AL \-FEIZEEFDGPUIC
REIEEINT=54T3)EDAF3T—R
EDAZ—DTARELTHERTES

VAR

 CUBLAS

 CUFFT

« MAGMA

« Thrust (more on this later!)
« Libsci_acc

OpenACC

OpenACC Main Calling cuBLAS

program main
use cublas_v2
integer, parameter :: n = 2%*29
real*4, dimension(N) :: x, y

type(cublasHandle) :: cublas_H
integer :: status

X =1.0

y = 0.0

status = cublasCreate(cublas_H)

I$acc data copy(y) copyin(x)

I$acc host_data use_device(y,x)

status = cublasSaxpy(cublas H, n, 2.0, x, 1, y, 1)
I$acc end host_data

I$acc end data

status = cublasDestroy(cublas_H)

end program

nvfortran -acc -cudalib=cublas saxpy_v2.f90




CUDABIRDOT—4=HH
- CUDANS OpenACCZEIFONE T

OpenACC
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Using CUDA addresses in OpenACC compute constructs

= CUDADT—4%Z0penACCEHREB I BT ?

= CUDAICEIDHTHNIET—4%Z0penACCTERR UL

= CUDAV RLRAZFERTDIHZEIFUATDHEECY—DUZ T DINENDD :
1. Devicerh-A >~ %&0penACCICEA;RT B

2. Deviceh- >F%&0penACCS AA LAT ST U MEREERMTS

OpenACC
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IFOM U T2 \0OpenACCO— RAODHI: saxpy

OpenACC Version !

void saxpy(int n, float a, B
float *x, float *y)

{

#pragma acc parallel loop default(present)
for(int 1 = 0; i < n; i++) {
y[i] = a*x[1i] + y[i];
}

OpenACC

EDKSRy=ax+y &89 50penACC
J1— RZCUDANM SO LTZ0Y

OpenACCHSHUH IHE([d. CDREERIC
Host/h-1 > A& 5% 3. OpenACCS > A1 I
Ny JEniz DeV|ce7|'\/I’//5(; Z9d B

UMD UCUDAT/I\A AXEUZFEHT DIFE.
Devicerh- > UDMER TSR0

deviceptrz HL\D Z & T, x&yHDevicerh-1

/’9‘('35 N2 }ﬁib\alé\gfdb\a_ &%7/’9’1’1:
(TR DT ENAIEE
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deviceptr £f

deviceptrfi(dAT = 1T U SN I TICTDevice LICH D EH(IHEIRNC &

Z A2 )\ A S(CIERD

= deviceptridparallel, kernels, data> - L5« T CERTE3

program main
cudaMallocManaged((void*)&x, (size_t)n*sizeof(float));
cudaMallocManaged((void*)&y, (size_t)n*sizeof(float));
call saxpy(n, a, x, y)

end program

subroutine saxpy(n, a, x, y)
integer :: n
real :oa, x(*), y(*)
I$acc parallel loop deviceptr(y,x)
doi=1,n
y(i) = y(i) + a * x(i)
end do
I$acc end parallel
end subroutine

X&YIE 9 TlZDevice

RAVBELTERZS
DTEEMERTS
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OpenACC & Thrust

ThrustlEZC++D 1= DSTLZAVET It
SL—35473)

* High-level interface

* Host/Device container classes

« Common parallel algorithms

Thrust®vectorf! ZDevicerlkA > ZIZ¥F+
ARLTOpenACCTIERT B EMNTTRE

void saxpy(int n, float a, float *x, float *y)
{

#pragma acc parallel loop deviceptr(y,x)
for(int i = @; i < n; i++) {
y[i] = a*x[1] + y[i];

OpenACC

thrust.github.io

Get Started Documentation Community Get Thrust

What is Thrust?

Thrust is a parallel algorithms library which resembles the C++ Standard Template Library (STL). Thrust's high-
level interface greatly enhances programmer productivity while enabling performance portability between
GPUs and multicore CPUs. Interoperability with established technologies (such as CUDA, TBB, and OpenMP)
facilitates integration with existing software. Develop high-performance applications rapidly with Thrustl

Examples
Thrust 1.17.2 (==

Thrust is best explained through

Summary
then transfers them to a parallel «

Thrust 1.17.2 is a minor bugfix release that provides an updated version of CUB.

#include <thrust/host_vectaor
ﬁinclude <thrust§device_vect

include <thrust/zenerate.h:
#include <thrust/sort.h> v Assats @
finclude <thrust /copy.he - 5
#include <algorithm> IB) Source code izig 15 hours 2g0
include <cstdlib> [f) Source code (tar.gz] 15 hours 2go
int mainivoid) . R
[ 00| Join discussion
£/ generate 32M random nun
thrust::host _wector<int>
std::generateih_vec.hegini

// transfer data to the de Thrust 2.0.0 (rereie=e)
thrust::device_vector<int:

Sf sart data an the device Summary
thrust::sort (d_vec.hegin(]

// transfer data hack to b 17217

thrust: :copy [d_vec.hegin(] 92anoste
and removal of the deprecated TwrusT

major release adds a dependency on libcu++ and contains several breaking changes. These include new
vhen inspecting device-only lambdas from the host, remaoval of the cub symlink in the Thrust repository roof,
BACKEND Macros, It also includes several minor bugfixes and cleanups.

) return 03
Breaking Changes
This code sample computes the ! - _
* #1605: Add libcu++ dependency.
o A suitable version of libcu++ is provided through the ${THRUST_ROOT}/dependencies/libeudacxx/ submaodule.
o Mon-cmake users may n to add the lib

include path to their builds { -1

${THRAUST_ROOT}/depend
¢ The Thrust CMake packages have been updated to add this include path.
= #15605: The following macros are no longer defined by default. They can be re-enabled by defining

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0



OpenACC & Thrust

ThrustlZC++D 1= DSTLSA LT o+t

b ) 97477'} int N = 1<<20;
* H'Qh'level interface thrust::host_vector<float> x(N), y(N);
* Host/Device container classes for(int i=0; i<N; i++)
« Common parallel algorithms t
x[i] = 1.0F;
. y[i] = o.0f;
Thrust®vector®!ZDevicerlRA4 R ZFx+ }

ALLTOpenACCTERT S AT EE

// Copy to Device

subroutine saxpy(n, a, x, y) bind(c)
integer :: n

real :0oa, x(*), y(*)
N,2.9, d x.dat .get
I$acc kernels deviceptr(y,x) saxpy(N, 2.0, d_§.d:t:§;.§:t§;3;

doi=1,n
y(i) = y(i) + a * x(1) // Copy back to host
end do y = d_y;
I$acc end kernels
end subroutine

OpenACC
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= OpenACCIIRA REFTINAADAETIY T RLADYYE>TZITD
= —H CCUDAIFITRA METI/INARADAEITFT RLADY Y ET(E47107380)

= OpenACCECUDAZAREICHIAT B28(C. CUDADT /A AT —4 %, OpenACC
TIRA KT RLARA D) EMIGITDZENTED

OpenACC
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OpenACCD acc_map_data BI#X

float A[100];
cudaMalloc((void*)&A d, (size t)100*sizeof(float));
acc_map_data(A, A_d, 100*sizeof(float));

Host Memory

A - 0x0000 - A_d - 0x0000

OpenACC
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OpenACCD acc_map_data BE#X

= acc_map_data (acc_unmap_data) (CK

DT INARDAEVEIDST%=
OpenACCODEEL EX T 1T B (map) KT
(IXFEDERBR (Unmap)N TE D

- F—IDRGRIET BIHITWD
NAZINBIN T DUENHD cudaMalloc((void*)&x_d, (size_t)n*sizeof(float));

s IS(CAEYERINT RESEST—4 cudaMalloc((void*)&y d,(size_t)n*sizeof(float));
DI AT VT = R T DNEND D

float x[n], y[n];

acc_map_data(x, x_d, n*sizeof(float));
acc_map_data(y, y _d, n*sizeof(float));

ST TFICELD. ZD)L— [ | #pragma acc parallel loop
J(IEEM(CxEyEENT for(int i = @; i < n; i++) {
N7 )\A X777 I\I/ng x[i] = x[1] * y[i];
BUET }

OpenACC
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acc routine(C K DCUDA & D& E

CUDA Code OpenACC Code
extern “C” _ device_ _ void interface
fldev(float* a, float* b) subroutine fidev( x, y )
{ I$acc routine seq
*a = *b + 1.0; bind(c)
} use iso_c_binding
implicit none
nvcce -c —rdc true testsub.cu type(C_PTR):: X, Y

end subroutine fldev
end interface

B4k IZCUDA _device [H#i%acc routine T
HEE I 1(E0penACCH LU H L ATRE

do i, 1, n
call fidev( a(i), b(i) )
end do

OpenACC nvfortran -acc -cuda test.f90 testsub.o
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acc routine(C K DCUDA & D& E

OpenACC Code
interface
CUDA Code subroutine fldev( a, b, i )
extern “C” _ device _ void I$acc routine seq
fldev(float* a, float* b, int i) bind(c)
{ use iso_c_binding
a[i] = .... b[i] .... implicit none
} integer(C_INT) :: i

type(C_PTR):: a, b
end subroutine fldev
end interface

B4k IZCUDA _device [H#i%acc routine T
HEE I 1(E0penACCH LU H L ATRE

do i, 1, n
call fidev( a, b, i)

OpenACC end do
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BT )\ A RZ2FF DT EHZFIFT D

CPU Device

« CCFCTIF1IEDDevicem EE. ¥EEDevice,
BEETERIZER LU TN

« UNUBFS, STER(SIEERDDevice iMF D
EM—AgmI IR DT

= VW< DHDETEDT57E TDMulti-Device T [
DS OFERZHAT D

OpenACC
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= Multi-DeviceZeRIRT D3DDiEIRAS

= OpenACCOD#RFIAFHFEEE Lasyncz ALY
J=Multi-Devicei®/E

= OpenMP C& AL v R(CH|DDeviceZz
NHTD

= MPIZERUMPIZ >0 &E(CRIDT )N
A RA%ZE|IDHTSD (MEriELE)

OpenACC

BT )\ A RZ2FF DT EHZFIFT D

Node
CPU DeviceO Devicel

i

AXXXEKX:
—

I/O Bus
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OpenACC DH T )L FGPUZE

= OpenACCOEIMAFHEERZRHNTEET D

= IERBEAT O S => 7 (async-wait) BER T INENGH D

OpenACC
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{EFHBIEE/EDevice2i&E AN B

int num_devices = 5

e LT T T T +
| NVIDIA-SMI 515.43.04 Driver Version: 515.43.04 CUDA Version: 11.7 |
[-==mmmmm e o m e o m e +
| GPU Name Persistence-M| Bus-Id Disp.A | Volatile Uncorr. ECC |
= 4t gl . —_ | Fan Temp Perf Pwr:Usage/Cap]| Memory-Usage | GPU-Util Compute M. |
= STE#E FDEDevicelZ (X | | | MIG M. |
II > D ,, W @ D | ===============================+======================+====================== |
E yl:\l;f D\_CIEI Iﬁ ?—573 | @ NVIDIA A100-SXM... On | ©0000000:01:00.0 Off | 0 |
NENNDHTHEND | N/A 43C PO 140W / 400W | 4812MiB / 40960MiB | 82% Default |
| | | Disabled |
—_— ~ | —=_] /=5 =1 \]s t-----mmmmmmm s t----mmmmmmmmmm s t-----mmmmmmmm s +
= CNBICE E%ﬁ%”%” Dé | 1 NVIDIA A160-SXM... On | 00PEPEE0:41:00.0 Off | 0 |
— - . . | NJA 31C PO 55W / 400W | OMiB / 40966MiB | 0% Default |

T2 &ET. Multi-Devices e
< | | | isabled |
IR (TS s e e :
1T | 2 NVIDIA A100-SXM... On | 00000000:81:00.0 Off | o |
| NJA 28C PO 53W / 400W | OMiB / 40966MiB | 0% Default |
| | | Disabled |
o m e Fom - oo +
| 3 NVIDIA A100-SXM... On | 00000000:C1:00.0 Off | o |
| N/A 28C Po 52W / 400W | OMiB / 40960MiB | 0% Default |
| | | Disabled |
o m e Fom - oo +

OpenACC
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DeviceDYIDE X

acc_set _device num(device num, acc_device default);

acc_set _device num(@, acc_device default);
#pragma acc parallel loop async
for(int i = @; i < size; i++) {

}

acc_set device num(1l, acc_device default);
#pragma acc parallel loop async
for(int j = 0; j < size; j++) {

}

OpenACC

= acc_set _device num T 775« T}

Deviceztl DB X B

* DeviceD—RI)L7ZZ2x1— (&L T
5. BllDDevicelCIDEX BB

= async)L—TJ(C9 B & THldDDevice
L@’a’:ﬁf ?(;%Dewced)kﬂ%
I BdENT]EE
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Mandelbrot& &M~ )L FGPU1L

= Y>5)LJOEEZHCMulti-Device{b %=
EZ25

= J— ROENEESHRZ NS DT 0Ov D
ANDEIL., 70OV o%RI2DT)\AXT
sSTEUSEEIL

= = > F)LICMulti-Device{th BT BE

OpenACC
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Mandelbrot&E& M~ )L FGPU{L: —4~

acc enter/exit dataz{E8

int main() {

int ndevices = acc_get_num_devices(acc_device_default);
: o int block_size = WIDTH*HEIGHT/ndevices;
/E\DGVICGODETEJEHX for(int device=0; device < ndevices; device++) {

€z iR

acc_set_device_num(device, acc_device_default);
#pragma acc enter data create(image[block_size*device:block_size])

}

... // Compute

for(int device=0; device < ndevices; device++) {
acc_set_device_num(device, acc_device_default);

/\ .
“FDeviceAED #pragma acc exit data delete(image)

7 fEIR , !

OpenACC
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Mandelbrot&E& M~ )L FGPU{L: —4~

acc enter/exit dataz{E8

= Devicel[CKDIERHAICAEUD Hie By
%U% &ﬁ@ﬁﬁb‘ﬁ'bﬂ%&(&"ﬁﬂ% int ndevices = acc_get_num_devices(acc_device_default);

7_\(,\ int block_size = WIDTH*HEIGHT/ndevices;
S for(int device=0; device < ndevices; device++) {
acc_set_device_num(device, acc_device_default);

E_EET](CX:E IJ 7&%” D %t% #pr‘agn;a acc enter data create(image[block_size*device:block_size])

« COTE T, #DeviceldBc?! .+« // Compute
é’ﬁ:?(itﬂ:<§5ﬁﬁﬂ§”%*§t(i for(int device=0; device < ndevices; device++) {

EL \ acc_set_device_num(device, acc_device_default);
#pragma acc exit data delete(image)

}

}

OpenACC
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Mandelbrot&E &M~ )L FGPU1L: sTEER D

int main() {
int ndevices = acc_get num_devices(acc_device default);
int block_size = WIDTH*HEIGHT/ndevices;
... // Allocate Data
for(int device=0; device<ndevices; device++) {
int yStart = device*(HEIGHT/ndevices);
int yeEnd = yStart+(HEIGHT/ndevices);
acc_set _device_num(device, acc_device_default);
#pragma acc parallel loop async
for(int y=yStart;y<yEnd;y++) {
for(int x=0;x<WIDTH;x++) {
image[y*WIDTH+x]=mandelbrot(y,x);

£ Device)lL— THLIE

sTERIG (async)

}

}
#pragma acc update ¥

host(image[yStart*WIDTH:block_size]) async

> —AEnX ki
(async)

IRAMDDevice/\ }
... // Wait

... // Deallocate Data

VvV v vV v

OpenACC }
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Mandelbrot&E &M~ )L FGPU1L: sTEER D

. . — ,— int main {
= Multi-Devices CIEEIHALIE Z 1T ¥
Siga(d&DeviceHMER (C int block_size = WIDTH*HEIGHT/ndevices;
asvnc queue = j ... // Allocate Data
yneq 7&?% for(int device=0; device<ndevices; device++) {
- 1lel 1 int yStart = device*(HEIGHT/ndevices);
pragma acc paralle 00p async int yeEnd = yStart+(HEIGHT/ndevices);
" %DeVice(:&jtg_jj)b I\OD #pragma acc parallel loop async
async queue 78D for(int y=yStart;y<yEnd;y++) {
for(int x=0;x<WIDTH;x++) {
- HElﬁ'/fé(:\ Multi—DeviceODiaE'zf:.—\(C image[y*WIDTH+x]=mandelbrot(y,x);
[FROWIBEITSHIC TN TD , !
Deviceﬁﬂ@’a’:ﬁé‘? L/t:: Ct% #pragma acc update ¥
ﬁ&b\&)%%\gb\@é host(image[yStart*WIDTH:block_size]) async
}
... // Wait
... // Deallocate Data
OpenAcC }
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Mandelbrot&EE &M~ )L FGPU1L: waitlc KX B[EEA

= EH{KDwait T IIEwmEDDeviceD
R T DIHEFFELUTUED
int main() {

" ":EDGVICG@ET%%%T%EE%(:E@ int ndevices = acc_get _num_devices(acc_device_default);
RB =T Rasync queuelCD T3 UoT ey = (IR TE e B ek
° VA oo 0
LW CwaitZ 54T

... // Compute

for(int device=0; device < ndevices; device++) {
acc_set_device_num(device, acc_device_default);

I]L:IZUIIZEIa_ #pragma acc wait
}

... // Deallocate Data

25 )\ X CwaitZx

OpenACC
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MPHZC KB ILFGPUL

= MPIZEE(FE ULHY, FZEE S

LR (CBND
Node 0 Node N/2
= OpenACCERTDVILFGPUIL
MPI Rank 0 Rank 1 Rank N 11— R(EHIEIHE 1AL
. . . = MPI + OpenACCld. HR#ERIIZMPI
Device 0 Dewce 1 Devle N 2’0935 A ETSingle-Device1—

REGIHT D, OpenACCEHALD
BT )VISEE(CIRD EHAT S
nad

= YDIBRYIRETEHE (A2 DGPUNY
EOCULWCE. {REM(CSingle-
DeviceDs1EHEDERH DI EDE
UTIRRS
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MPIHZ KB ILFGPU1L: FEE 145

: , = ZEMPIS > O(3I)IL—T D—EB5
MPI Init(& ,» & s « —,—
o pan arge Sarev) FEFR<RIBI—TEET
MPI_Comm_size(MPI_COMM_WORLD, &nranks); =

MPI_Comm_rank(MPI_COMM_WORLD, &rank); - B DDevice BT T BIEL(C

acc_set _device num(rank, acc_device default); %E%U%Q?C%%(i1;g§ge\é§

ENRXR—2 W IO D )
= DeviceitBE VY —AW+537E

MPI_ Scatter(...);

#pragma acc parallel loop == ey g @ RYANAY: - = = S 5=E5'(¢))
for(int i = rank*N; i < rank*(N+1); i++) MPI1= > 727 CDeviceZHEHIT AR
// Loop EHETED

MPI_Gather(...);

OpenACC
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MPIZ FHU V/=Mandelbrot&E& D~ )L FGPUAL

int main(int argc, char** argv ) {
MPI_Init(&argc,&argv);
int rank, nranks;
MPI_Comm_size(MPI_COMM_WORLD, &nranks);

A\ i | — MPI_Comm_rank (MPI_COMM_WORLD, &rank);
MPH&"ﬁIEJf()(:E J:ET)J/Q?F int block_size = WIDTH*HEIGHT/nranks;
=, BEMPIZ > DI3ETE double *subimage = new double[block size];

TRk Dsub-imageZZ D

acc_set_device_num(rank, acc_device_default);
#pragma acc parallel loop
for(int y=0; y<HEIGHT/nranks; y++) {
for(int x=0; X<WIDTH; x++) {
subimage[ y*WIDTH+x]=mandelbrot(y,x* (HEIGHT/rank));

}
= | &t 3 }
sTER. sub—lmage’Z%&D #pragma acc update host(subimage[@:block_size])
_Csingle-imagetﬁ'é MPI_Gather(subimage, ..., image, ...);

}

OpenACC
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int main(int argc, char** argv ) {
MPI_Init(&argc,&argv);
int rank, nranks;
MPI_Comm_size(MPI_COMM_WORLD, &nranks);
MPI_Comm_rank(MPI_COMM_WORLD, &rank);
int block_size = WIDTH*HEIGHT/nranks;
double *subimage = new double[block_size];
BEMPIS > O(SIDICIH U T ° [block sizels
Fixd Deviceb\‘@}fﬁﬁjﬁ‘é acc_set_device_num(rank, acc_device_default);
#pragma acc parallel loop
for(int y=0; y<HEIGHT/nranks; y++) {

ZMPIS >3y DN TES VRIS B (B TG B o \

“EEJ&%ET%@“Z)E&JU\/O(JE , subimage[ y*WIDTH+x]=mandelbrot(y,x* (HEIGHT/rank));
UCyDfiEZ=ZEET D }

#pragma acc update host(subimage[@:block_size])
MPI_Gather(subimage, ..., image, ...);

}

OpenACC

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0



DevicefEl(DMPIF—4A18{=

) MPHihOSt_th(J;’]’ 1/07__47 int main(int argc, char** argv ) {
tuse_device’@’i@ﬁﬁ L TDevice i

FEﬁO)T_QEE\ Fa‘ﬂ%ﬂﬁf%% int rank, nranks;
MPI_Comm_size(MPI_COMM_WORLD, &nranks);
= MPI Gather(ZDeviceX:EU @/—l—{ MPI_Comm_rank(MPI_COMM_WORLD, &rank);
~ R = = . int block _size = WIDTH*HEIGHT/nranks;
4j9€f§f§'71\\ﬁ£\_D\eV|ceF‘aﬁ double *image = new double[WIDTH*HEIGHT];
@T_Qﬁﬁﬁb\mﬁb(ufdxé . double *subimage = new double[block_size];
(Device memory supporth‘dnd if(rank == @) {
MPIQHE%(ZJ:D —C) #prag;na acc enter data create(image[@:WIDTH*HEIGHT])

#pragma acc enter data create(subimage[@:block_size])

. // GPU Computation on subimage

OpenACCDhost_datat
use_devicelC K D DeviceElDIE

#pragma acc host_data use_device(subimage, image)
MPI_Gather(subimage, block_size, image, WIDTH*HEIGHT,
MPI_DOUBLE, ©, MPI_COMM_WORLD);

BT —YIXZz R

OpenACC
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CUDA-aware MPI, GDRICDUL\YTC

CUDA-aware MPI

= MPHRUBRZRDOANER CHost XA £ ZiRiXx/\w J 7 & U TER UIRIBRI /2 Device X E D
BrikxZ I8 (Traditional)

GDR (GPU Direct RDMA)

= ZETE ) — RICEHSNIZBIET /A X (e.g. InfiniBand) DHEEEZALNT, HostX4
TUZMEE T (CDevice X TV ZBEIFIRIX T D

BR— U TWVBARRLIER
= Open MPI, MVAPICH2, MVAPICH2-GDR

OpenACC
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CUDA-aware MPI. GDROEL S

# CUDA-aware MPI (Open MPIEJL REFCEREZ=NTULWNIZBEEN(CHERNL)

$ mpirun ... ./a.out

Open MPI
# GDR

$ mpirun --mca btl openib_want _cuda gdr 1 ... ./a.out

FAQ: Running CUDA-aware Open MPI (open-mpi.org) https://www.open-mpi.org/faq/?category=runcuda

# CUDA-aware MPI
MVAPICHZ2 $ export MV2_USE_CUDA=1
$ mpirun_rsh ... ./a.out

# GDR

$ export MV2_PATH=$(basename $(which mpirun_rsh))
MVAPICH2-GDR $ export MV2_USE_CUDA=1

$ mpirun_rsh -export ... ./a.out

MVAPICH :: GDR Userguide (ohio-state.edu) http://mvapich.cse.ohio-state.edu/userguide/gdr/
XA—=)\—D2E1—F—IREZRFACKDFEITHEMN

OpenACC BEESNTULWBGEEEESICE>TLZEW
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MPIC KBRA MFT—H DA

OpenACC

=

MPI_Send( /* From Rank © -> Rank 1 */ );

MPI Rank O

IR A

are acne

ERARXXX:
“~SHared Cache ™

. ,

CPU 1

MPI Rank 1

Device 1

(XEEXEEX:
~SRared Cache
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#pragma acc host_data use_device(array)
MPI_Send( /* From Rank © -> Rank 1 */ );

OpenACC

GiLS

MPI Rank O

Device O\

HEHHEERE

ERARXXX:
“~SHared Cache ™

= @

MPI Rank 1

/ CPU 1 Device 1\

HEHEEHEH

(XEEXEEX:
~SRared Cache

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0




5. FAFECHITDEEFEFETD A RAA

OpenACC

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0



—>

. v ]
E
10N

\l/

foie
CDENDjA
* HLFETETOATYVIDRARTT

 HERARE - F—LA /-5 L8O L. EHTIIZEW

» B (SHPCEEDRFESR LHR T DIDERVNWERONET

OpenACC

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0



AIESRSf
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ES55NKDETADENITEDTLELDN?
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= KH¥(ZLIntel Fortran’2ULYUARAIRMHED FortranEBUVE T
= NVIDIA Fortran CE1E#ER - (2= (CRIENRVHRESEN W E
= Ffe, &RBEAT S EFEFRZROI/I\ASTESTHHNESES

(B) Lot Imfortan  lnfort | friirtpx
-Ofast or -fast -fast -03 -Kfast
-gopenmp -mp -fopenmp -Kopenmp

7—%FIF v (-march=icelake) (-march=skylake or (Aurora TSUBASA) (armv8.2+SVE)
-tp=skylake)

More Sclance, Less Programming
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1. OpenACCAT = 3 > Dft5

-acC CETEFERMIE LL D
-mp -accll 5% DI CETEMRERMAIEL L

= -gpu=managed (managed memory) Z{E>TTOTSLNRENET ZH
BIET D/IRS. -gpu=managedZI8TE UITIRRE TIRA
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2. OpenACCAL

K I (FLERIVE T SIREHEIL—T (T DU Cacc kernels THLEFE L TLIK . BATREYZR
F—AAELENNEBIIZGEN DD

FortrandDiZ& (shaped-array CHNUIIBFN (CEREXSND EZEZSND

CUBLASYSCUFFTHME X € D735 5 (dacc host_data/use_deviceZZfE D TCUDAS 1T
S ZIFOH T

1751%& (cuBLAS) , IR1T5I~X2 ~NJLFE (cuSPARSE) , 1-3D FFT (cuFFT)
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3. T —AEmXDEiE b

= acc datat®acc enter/exit data={F > T —ANAH (CHE (/R DIHZE(CHost-Device
fEmnxZ= /3L LTl <

= managed memoryZ £ D> TWLWBRBEFIATS 3> =4

= W\WDEDAA =TT —AEENTED TULDIME. NVCOMPILER_ ACC_NOTIFYER
IBZEZNC3ZIBE I DEHOHMND

= https://docs.nvidia.com/hpc-sdk/compilers/openacc-gs/index.html#fortran-examples

OpenACC

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0



4. CUDAHD—RILODESR

» RE(CHRENBEIRE ST DHMEDS
» RE{LETEDINMRSTENRIRICEB D

s HEEFEMASTVRLS TERLRX (BENTWVD) HEFRIBRVD, SERICESHR
ZBDBETTEFH DTSR IRD

OpenACC

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0



&

Qul
/1]

This material is released by Prometech Software Inc. under the CC BY-NC-ND 4.0



REBD=TCTHRITUIZAE

« )L—TDEE{L
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= CUDAEMDEHE (Interoperability)
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