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GPU

V ḲFortran ḭC ṕ Fortran ṇ Ṗ

Vּט ךּ ḲMPI ḭOpenMP

VOpenACC ךּ ṇ ḭNVIDIA CUDA GPU (NVIDIA A100)
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1. GPU
i. ṇ
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ṇ

¸ ṇ ḭ
אל

¸ ךּ פּ ︣

¸ ểḲ 50% ︡
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iiḰGPU
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<#>

CPU GPU ךּ

¸ CPU

¸ פּ

¸ GPU

¸ פּ 1000

¸ ךּ ︣



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

<#>

NVIDIA CUDA GPU

¸ GPUּצ 1000 ︣
3 וֹ ךּ

¸ GRIDḲ 3 BLOCK

¸ BLOCKḲ 3 THREAD

¸ THREADḲ

¸ ṇ ḭSIMD

ḲCUDA Programming Guide
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<#>

SIMT

¸ NVIDIA CUDA GPU

¸ SIMD (Single -Instruction Multiple -Data) 
נּ ךּ

¸ צּ ︢ ṕ Ṗ
︣

¸ NVIDIA GPU Warp
︣ (1Warp = 32 Threads) 

Single-Instruction Multiple -Threads

T0 T1 T2 T3 T4 T5 T6 T7
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+ + + + + + + +

9 10 11 12 13 14 15 16

= = = = = = = =

10 12 14 16 18 20 22 24



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

<#>

CPU GPU

¸ CPU ḭGPU
ךּ

¸ CPU GPU וֹ ḭ
PCI-e I/O ︡ אל

¸ I/O CPU GPU ṇ צּ
אל

¸ I/O ṇ
︡ ךּ

¸ ṇ צּ וֹ GPU
כֿלּ קּ ךּ
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iiiḰGPU
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ṇ GPU

Application CodeApplication Code

GPU CPU

Small % of Code

Compute-Intensive Functions
Rest of Sequential

CPU Code

Large % of Runtime
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GPU ṇ

¸CUDA C++, CUDA Fortran

NVIDIA GPU אל

¸OpenMP accelerator model

OpenMP version 4.0 פּ אל ṇ וֹ

¸OpenACC

GPU ︡ ṇ ṇ
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<#>

CUDA C++, CUDA Fortran

¸ GPU וֹ

¸ CUDA C++ḲNVIDIAּצ ︡

¸ CUDA FortranḲPGIּצ ︡ Ḯ
ḭNVIDIA PGI ︡ḭ

NVIDIA

module mymodule
contains
  attributes (global) subroutine  saxpy (n, a, x, y) 
    real  :: x(:), y(:), a
    integer  :: n, i
    attributes (value) :: a, n
    i  = threadIdx%x + (blockIdx% x- 1)*blockDim %x
    if ( i <=n) y( i ) = a*x( i )+y( i )
  end subroutine  saxpy
end module mymodule

nt  = 128
call  saxpy<<<(n+nt - 1)/ nt , nt >>>(n, a, x, y)
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<#>

OpenMP accelerator model

¸ OpenMP version 4.0 אל

¸ OpenMP ṇ ṇ
︡ ךּ ḭּפ שּפּ

︣ טּצּ

¸ ṇ טּ NVIDIA HPC 
︡ ךּ OpenACCצּ

צּ ךּ

subroutine  saxpy (n, a, x, y) 
  real  :: x(:), y(:), a
  integer  :: n, i
!$ omp target map( to:x (1:n)) &
             map(tofrom:y (1:n))
!$ omp teams
!$ omp distribute parallel do
 do i  = 1, n
    y( i ) = a*x( i ) + y( i )
  end do
!$ omp end teams
!$ omp end target
end subroutine saxpy
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<#>

OpenACC

¸ 2011 version 1.0ּצ ḭOpenMP ךּ
ṇ ṇ
צּ

¸ NVIDIA HPC קּ

¸ ṇ ḭCPU GPU
ḭקּ ︡ ךּ

¸ CUDA OpenMP accelerator model
ṇ נּ צּ ךּ

subroutine  saxpy (n, a, x, y) 
  real  :: x(:), y(:), a
  integer  :: n, i
!$acc kernels
  do i  = 1, n
    y( i ) = a*x( i ) + y( i )
  end do
!$acc end kernels
end subroutine  saxpy
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CUDA OpenACC
¸ Ḳ לּ OpenACC CUDA צּ ךּ

ṕOpenACC צּ פּ ṇ Ṗ

¸ Ḳ CUDA OpenACC

¸ ḱ Ḳ

¸CUDAḲNVIDIA GPU צּ אל ךּ ךּ CUDA
פּ ṇ קּ ךּ ḭCPU GPU וֹ ṇ 2צּ

¸OpenACC Ḳ ṇ ể ḭשּ API

¸ MPI + OpenMP אל ṇ טּצּ ḱ Ḳ

¸MPI + OpenMP + CUDA צּ

¸MPI + OpenMP + OpenACC
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iv. NVIDIA HPC SDK
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NVIDIA HPC SDK

¸ ḭ ḭ ḭ

¸CUDA SDK + Open MPI + NVIDIA HPC ṕ PGI Ṗ

A Comprehensive Suite of Compilers, Libraries and Tools for HPC
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NVIDIA HPC

¸ PGI

¸ PGI NVIDIA V100 GPU ṇ

¸NVIDIA A100 GPU NVIDIA HPC אל

¸ ṇ ︣ CPUḲx86_64, Arm

PGI ṇ 20.4

NVIDIA HPC
PGI 20.4 ṇ ︡ ḭ
ṇ צ25.5ּ

PGI pgc pgc++ pgfortran

NVIDIA nvc nvc++ nvfortran
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צּ ṇ ︣

P̧artial support טּ פֿ שּ ךּאל

nvc ISO/ANSI C99/C11

nvc++ ISO/ANSI 

C++03/C++11/C++14/C++17/C++20/C++23

nvfortran ISO/ANSI Fortran 2003 (2008 שּ )

OpenMP Version 3.1, 4.5, 5.0 subsets

OpenACC Version 2.7ṕ Ṗשּ
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NVIDIA HPC SDK

P̧GI Community Edition (CE) ︡ ךּ

¸NVIDIA HPC SDK ṇ ṕ Ṗ

כֿ¸ PGI ḭ אלצּ קּ

¸ ṇ URIḲhttps://developer.nvidia.com/hpc -sdk

¸ ṇ Ḯ Ḳhttps://hpcworld.jp/support/

https://developer.nvidia.com/hpc-sdk
https://developer.nvidia.com/hpc-sdk
https://developer.nvidia.com/hpc-sdk
https://hpcworld.jp/support/
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ךּ
¸ צּ ḱ אל קּ PGI ךּ

ṇ צּ ︣ HPC WORLD ṇ

¸NVIDIA HPC PGI ︢ ḭצּ
ḱ אל ךּ

¸ PGI ṇ

https://hpcworld.jp/pgi -compiler -archive/

¸NVIDIA HPC SDK

https://docs.nvidia.com/hpc -sdk/index.html

ŞDK ṇ ṇ

https://hpcworld.jp/nvsdk_releasenotes/

https://hpcworld.jp/pgi-compiler-archive/
https://hpcworld.jp/pgi-compiler-archive/
https://hpcworld.jp/pgi-compiler-archive/
https://hpcworld.jp/pgi-compiler-archive/
https://hpcworld.jp/pgi-compiler-archive/
https://docs.nvidia.com/hpc-sdk/index.html
https://docs.nvidia.com/hpc-sdk/index.html
https://docs.nvidia.com/hpc-sdk/index.html
https://hpcworld.jp/nvsdk_releasenotes/
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2. OpenACC
i. OpenACC
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OpenACC is a directives -

based programming 

approach to parallel 

computing designed for 

performance  and 

portability  on CPUs and 

GPUs for HPC.  

main()
 {
  <serial code>
  #pragma acc kernels
  {  
    <parallel code>
  }
}

Add Simple Compiler Directive
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<#>

int  main(){

 <sequential code>

 #pragma acc kernels
 {
   <parallel code>
 }

}

OpenACC ךּ GPU

¸ CPU ḱ ︣

¸ OpenACC ךּ ḭCompute -
intensive ṇ GPU ṇ
︣

¸ GPU ṇ ḭCPU GPU
ṇ צּ

¸ GPU ףּ פּ ךּ ḭ
CPU ︣

Compiler
Hint

CPU
GPU
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<#>

¸ GPU ￼ḭ שּ ṇ
ṇ קּ לּ אל

ךּ

¸ ṇ ṇ ṇ ￼נּ ḭ
אל קּ

¸ OpenACC GPU 1
ṕGPU Ṗ ḭ ︣

ṕ CPUṖ אל

¸ ḭ וֹ
Ṅ ךּ אל

Host

Device

Host 

Memory
Device 

Memory

OpenACC
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OpenACC (incremental)

for( i = 0; i < N; i++ )

{  

    < loop code >

}

for( i = 0; i < N; i++ )

{  

    < loop code >

}

Sequential Code

#pragma acc parallel loop

for( i = 0; i < N; i++ )

{  

    < loop code >

}

#pragma acc parallel loop

for( i = 0; i < N; i++ )

{  

    < loop code >

}

ṇ ︣

OpenACC

ṇ צּ שּ︡ ךּ ḭ
︢ ︡ḭ
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OpenACC (single source)

¸ ṇ ￼ ṇ

¸ צּ ṇ

¸ אל OpenACC ṇ ︣
כֿ קּ ḭ ︢ ṇ

נּ

int  main(){

...

 for( int  i = 0; i < N; i++)
  < loop code >

}

int  main(){

...

 #pragma acc parallel loop
 for( int  i = 0; i < N; i++)
  < loop code >

}
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OpenACC (low learning curve)

¸ OpenACC
ḱ קּ

¸ ṇ ṇ ךּ C, 
C++, Fortran

קּ

¸ ṇ ךּ
￼ קּ

int main(){

 <sequential code>

 #pragma acc kernels
 {
   <parallel code>
 }

}

Compiler
Hint

CPU
Parallel Hardware

ṇ ṇ
︡ ךּ

נּ

פּ
ṇ

ṇ ︡
︣
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https://www.openacc.org

Resources ɻ Tools

ɻ Success Stories

ɻ Events

ɻ Resources

  ɻ Guides

  ɻ Tutorials

  ɻ Courses

  ɻ Code Samples

  ɻ Talks

  ɻ Books

ɻ Teaching Materials

ɻ Specification

ɻ Community

  ɻ Stack Overflow

  ɻ Slack

https://www.openacc.org/


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

ii. OpenACC
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OpenACC

#̧pragma : C, C++ וֹףּ ḭ ṇ
︣ ṕ קּ Ṗ

a̧cc: ּש OpenACCצּ טּ כֿ נּ

F̧ortran ṇ !$acc ּל ṕשּ C
#pragma acc ︢Ṗ

¸Directiveṕ ḭ Ṗ: OpenACC ṇ ︣

¸Clausesṕ ṇ ḭ Ṗ: directive

C, C++

#pragma acc directive clauses
<code>

Fortran

!$ acc directive clauses
<code>
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iii . Parallel
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Parallel

ÁParallel ḭ gang  ( ) 
︣ לּ ︣

Ágang ︡
ṇ

ÁParallel ṇ ︣
gang אל

<sequential code>

!$ acc parallel
  <sequential code>
!$ acc end parallel

Parallel Hardware

CPU



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

Parallel
ṇ

Á אל ךּ ךּ parallel
︣

Á אל C, C++ ḭFortran
!$acc ףּ !$acc end ︣

ÁLoop תּ︣ ṇ ︡ḭ
gangs צּ ︣ לּ
︣

C/C++

#pragma acc parallel
{
#pragma acc loop
  for ( int  i  = 0; i  < N; i ++)

a[ i ] = 0;
}

Fortran

!$acc parallel
!$acc loop
  do i  = 1, N

a( i ) = 0
  end do
!$ acc end parallel
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Parallel
ṇ ṕ Ṗ

Á פּ ḭ
1 parallel loop ḭ︣

צּ

Áparallel loop ḭ
ṇ ︣ ḭ ṇ

כֿלּ צּ

ÁOpenMP ︢ ṇṕ Ṗ

Á ṇ טּצּ ṇ ︡
לּ טּצּ

C/C++

#pragma acc parallel loop
  for ( int  i  = 0; i  < N; i ++)
    a[ i ] = 0;

Fortran

!$ acc parallel loop
  do i  = 1, N
    a( i ) = 0
  end do
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Parallel
ṇ

Á ṇ ︣ ḭ ṇ
parallel צּ

Á ṇ ṇ ṇ
קּ

Á ṇ קּ

Á1 1 ṇ שּ

!$acc parallel loop
  do i  = 1, N
    a( i ) = 0
 
!$acc parallel loop
  do j = 1, M
    b(j) = 0

Fortran
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Parallel

Parallel צּ אל ḭ
1 gang

︡ḭ gang ṇ
︣ gang

gang gang

gang

gang

gang

lo
o

p

lo
o

p

lo
o

p

lo
o

p

lo
o

p

lo
o

p

Fortran

!$acc parallel

  do i  = 1, N
a( i ) = 0

  end do
!$ acc end parallel
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Parallel

loop ︣ ḭ ṇ

︡ḭ ṇ צּ אל

Fortran

!$acc parallel
!$acc loop
  do i  = 1, N

a( i ) = 0
  end do
!$ acc end parallel
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iv. Kernels



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

Kernels

Ákernels ṇ ṇ ︣
לּ ︣

Á ḭ ṇ ︡ פּ
צּ ṇ ︣

<sequential code>

#pragma acc kernels
{
 <for loop>

 <for loop>
}

Parallel HardwareCPU
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Kernels
ṇ

Ákernels doṕ forṖ ṇ

Á ḭ אל ṇ ︡ ḭ
ṇ ṇ

Á צּ קּ ךּ ︡ ḭ
︡ ++C/Cצּ

#pragma acc kernels
  for ( int  i  = 0; i  < N; i ++)
    a[ i ] = 0;

Fortran

!$ acc kernels
  do i  = 1, N 
    a( i ) = 0
  end do
!$ acc end kernels
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Kernels
ṇ

Ákernels ṇ טּצּ
ṕ ṇ Ṗ ︣ כֿ

Á ṇ parallel ḭC, C++
ḭFortran !$acc ףּ !$acc 

end ︣

Á ṇ ḭ ṇ
︣ ṇ ︡ ḭ

!$ acc kernels
 do i  = 1, N
  a( i ) = 0
 end do

 do j = 1, M
  b(j) = 0
 end do
!$ acc end kernels

F
o

rt
ra

n

#pragma acc kernels
{
 for ( int  i  = 0; i  < N; i ++)
  a[ i ] = 0;
 
 for ( int  j = 0; j < M; j++ )
  b[j] = 0;
}

C
/C

+
+
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Kernels

!$ acc kernels
 do i  = 1, N
  a( i ) = 0
 end do

 do j = 1, M
  b(j) = 0
 end do
!$ acc end kernels

F
o

rt
ra

n

Å kernels loop
︣

Å ṇ
gangּצ ḭ gang
Ṅ צּ
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!$ acc parallel loop
c(:) = a(:) + b(:)

Kernels
Fortran

Ákernels parallel ḭ ṇ
קּ ḭFortran

array notation ṕ Ṗ

Áparallel ḭloop טּ
טּצּ ḭloopצּ Fortran

ṇ ︡ קּ ךּ

!$ acc kernels
a( :) = 1
b(:) = 2
c(:) = a(:) + b(:)
!$ acc end kernels

Fortran

Fortran
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צּ ךּ ḭ צּ

Parallel Kernels

Parallel Kernels

Á ṇ ṇּצ
︡ḭ ︣

Á ṇ ṇּצ

Á ṇ Ṅ ︣

ÁFortran קּ ךּ

Á ṇ ṇּצ ︡ḭ צּ

Á צּ

Á ṇ קּ

ÁFortran קּ
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v. Loop
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Loop

Á ṇ

Á ṇ ︣
נּ כֿ צּ קּ

ÁOpenMP ḭ ṇ
ṕreduction Ṗ ︣

Á ṇ ︣ OpenACC
(parallel kernels ) 

ךּ טּצּ

C/C++

#pragma acc loop
for ( int  i  = 0; i  < N; i ++)
  a( i ) = 0;

Fortran

!$acc loop
do i  = 1, N
  a( i ) = 0
end do
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Loop
parallel ṇ

Á ṇ ḭ ṇ צּ ṇ
ṕ נּ Ṗ אל

Á2 ṇ ḭ ṇ צּ
אל ṇ אל

!$acc parallel

 do i  = 1, N
  a( i ) = 0
 end do
 

!$acc loop
 do j = 1, M
  b(j) = 0
 end do

!$acc end parallel

Fortran
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Loop
kernels ṇ

Ákernels loop צּ
אל

Á ṇ ṇ loop ṇ
קּ ḭצּ נּ

כֿ טּצּ

Áloop ḭצּ ṇ
ṇ ṇּצ קּ

!$acc kernels

 !$acc loop
 do i  = 1, N
  a( i ) = 0
 end do

  !$acc loop
 do j = 1, M
  b(j) = 0
  end do

!$acc end kernels

Fortran
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Loop
ṇ

Á ṇ Ḯ ṇ ︡
loop שּ

ÁCUDA GPU ḭֿכ
צּ אל

ÁṕNVIDIA GPU Ṗ1ךּ פּ︡
ךּ ṇ
︣ ḭ loop ︡
כֿךּ ךּ

!$ acc parallel loop
do j = 1, M
 !$ acc loop
 do i  = 1, N
  a( i,j ) = 0
 end do
end do

F
o

rt
ra

n

#pragma acc parallel loop
for ( int  i  = 0; i  < N; i ++){
 #pragma acc loop
 for ( int  j = 0; j < M; j++ ){
  a[ i ][j] = 0;
 }
}

C
/C

+
+
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vi. OpenACC ṇ
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CODE
7 :  !$acc parallel loop
8 : do i  = 1, N
9 :   a( i ) = 0
10: end do

OpenACC ṇ
(NVIDIA, PGI)

COMPILING

$ nvfortran  Ƶfast Ƶacc=multicore ƵMinfo =accel  main.f90
$ pgfortran  Ƶfast Ƶacc - ta=multicore ƵMinfo =accel  main.f90

FEEDBACK

main:
   7,  Generating Multicore code
      8, !$acc loop gang

CPU
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OpenACC ṇ
(NVIDIA, PGI)

COMPILING

$ nvfortran  Ƶfast Ƶacc=multicore ƵMinfo =accel  main.f90
$ pgfortran  Ƶfast Ƶacc - ta=multicore ƵMinfo =accel  main.f90

FEEDBACK

main:
   8,  Loop is parallelizable
     Generating Multicore code
      8, !$acc loop gang

CODE
7 :  !$acc kernels loop
8 : do i  = 1, N
9 :   a( i ) = 0
10: end do

CPU
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OpenACC ṇ
(NVIDIA, PGI)

COMPILING

$ nvfortran  Ƶfast Ƶacc=multicore ƵMinfo =accel main.f90
$ pgfortran  Ƶfast Ƶacc - ta=multicore ƵMinfo =accel main.f90

FEEDBACK

main:
   7,  Generating Multicore code
      8, !$acc loop gang

CODE
7 :  !$acc parallel loop
8 : do i  = 2, N
9 :   a( i ) = a( i ) + a(i - 1)
10: end do

β צּ
︡ ṕלּ קּ

Ṗךּ ṇ

אל ︡ ךּ ḵ
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OpenACC ṇ
(NVIDIA, PGI)

COMPILING

$ nvfortran  Ƶfast Ƶacc=multicore ƵMinfo =accel main.f90
$ pgfortran  Ƶfast Ƶacc - ta=multicore ƵMinfo =accel main.f90

FEEDBACK

main:
   8,  Loop carried dependence of a prevents parallelization
     Loop carried backward dependence of a prevents vectorization

CODE
7 :  !$acc kernels loop
8 : do i  = 2, N
9 :   a( i ) = a( i ) + a(i - 1)
10: end do

אל ךּ

β צּ
︡ ṕלּ קּ

Ṗךּ ṇ
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NVIDIA A100 GPU אל

COMPILING

$ nvfortran  Ƶfast Ƶacc Ƶgpu=cc80 ƵMinfo =accel main.f90
$ pgfortran  Ƶfast Ƶacc Ƶta=tesla,cc80  ƵMinfo =accel main.f90

FEEDBACK

main:
   7,  Generating Tesla code
      8, !$acc loop gang, vector(128) ! blockidx%x  threadidx%x
   7,  Generating implicit copyout (a(1:1024)) [if not already present]

CODE
7 :  !$acc parallel loop
8 : do i  = 1, N
9 :   a( i ) = 0
10: end do
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: NVIDIA P100, V100 אל

COMPILING

# for NVIDIA P100
$ nvfortran  Ƶfast Ƶacc Ƶgpu=cc60 ƵMinfo =accel main.f90
$ pgfortran  Ƶfast Ƶacc Ƶta=tesla,cc60  ƵMinfo =accel main.f90

# for NVIDIA V100
$ nvfortran  Ƶfast Ƶacc Ƶgpu=cc70 ƵMinfo =accel main.f90
$ pgfortran  Ƶfast Ƶacc Ƶta=tesla,cc70  ƵMinfo =accel main.f90
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3. CPU-GPU ṇ
i. 
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נּ

ÁHost : CPU

ÁDevice: GPU ︣ פּ
ṇ

ÁOpenACC ṇ ṇ
צּ ḭHost/Device ḭ

ḭ
ṇ לּ ḭ

ṇ צּ

Host

Device

Host 

Memory
Device 

Memory
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נּ

ÁOpenACC ṇ GPUצּ ḭ
ṇ CPU GPU

︣ טּצּ

ṇ GPUצּ

High 

Capacity 

Memory

Shared Cache

High Bandwidth 

Memory

Shared Cache

$ $ $ $ $ $ $ $

$ $ $ $ $ $

$ $ $ $ $ $

IO Bus

GPUCPU
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ÁParallel/Kernels ṕṧdata ṖḲ

Ádata Ḳ ︣

ÁEnter data/exit data Ḳ

ÁUpdate Ḳ ṇ לּ

V24.5 V24.5

Unified memory
(+GH200 ṇ )

-gpu =unified -gpu =mem:unified

Managed memory -gpu =managed -gpu =mem:managed

Pinned memory -gpu =pinned -gpu =mem:pinned
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ii. Managed memory
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︣ ︡

Without Managed Memory With Managed Memory

Managed MemorySystem 
Memory

GPU Memory

CPU GPU 1
ṇ ︡

CUDA managed memory
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Managed memory

ÁCPU/GPU צּ אל ךּ פּלּ לּ לּ ṕmanaged 
memory Ṗ ḭCPU-GPUךּ ṇ קּ

ÁCUDA Managed Memory OpenACC קּ

ÁHost -Device (CPU-GPU) ḭצּ כֿ
צּ קּ ḭ ṇ קּ

ÁManaged memory deep copy ṇ נּ

$ nvfortran  Ƶfast Ƶacc - gpu=mem:managed ƵMinfo =accel main.f90

$ nvc Ƶfast Ƶacc Ƶgpu=mem:managed ƵMinfo =accel main.c

Fortran

C/C++

βNVIDIA HPC SDK 24.5ּפ ḭ-gpu =mem:managed צּ אל ︡ Ḯ
ṇ 25.5 ḭ-gpu =managed ︣ פֿ שּ Ḯךּאל
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Managed memory

ÁNVIDIA (PGI) 

ÁAllocateṕ mallocṖ ṇ
אל נּ

Á ṇ ṇ צּ ךּקּ

Á ṇ צּ אל ḭ
ṇ קּ ךּ

Á ︣ כֿ ḭ
ךּ

With Managed Memory

Managed Memory
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Managed memory ṇ

while ( error > tol  && iter < iter_max  )
{
  error = 0.0;

#pragma acc kernels
  { // memcpy Host To Device (without Managed memory)
    for( int j = 1; j < n - 1; j++ )
    {
      for( int i  = 1; i  < m- 1; i ++ )
      {
        Anew[j][ i ] = 0.25 * ( A[j][i+1] + A[j][i - 1]
                            + A[j - 1][ i ] + A[j+1][ i ]);
        error = fmax( error, fabs(Anew[j][ i ] -  A[j][ i ]));
      }
    }

    for( int j = 1; j < n - 1; j++ )
    {
      for( int i  = 1; i  < m- 1; i ++ )
      {
        A[j][ i ] = Anew[j][ i ];
      }
    }
  } // memcpy Device To Host (without Managed memory)
}

¸ Managed memory ךּ ḭ
A, Anew ︡ḭ ṇ
ḭwhile CPU-GPU ṇ
ṇ לּ

¸ Managed memory צּ ḭ
ṇ ṇ לּ

¸ ṇ ︣

C/C++
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iii. Data
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!$acc parallel loop
do i  = 1, N
 a( i ) = 0
end do

Fortran

Host/Device ṇ ṇ

ÁData אל ךּ ṇ ︣

ÁData kernels/parallel וֹ ḭשּ data, enter data/exit data
קּ
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!$ acc parallel loop copyout (a(1:N))
do i  = 1, N
 a( i ) = 0
end do

Fortran

Host/Device ṇ ṇ

ÁData אל ךּ ṇ ︣

ÁData kernels/parallel וֹ ḭשּ data, enter data/exit data
קּ

a ךּ
ḭ Deviceּפ

Host ṇ︣ וֹ
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Host/Device ṇ ṇ

create  ôaõ on GPU

copyin  ôaõ 

from CPU 

to GPU

Execute 

Kernels

copyout  ôaõ 

from GPU 

to CPU

delete  ôaõ 

from GPU

!$acc parallel loop copy(a( 1:N))
do i  = 1, N
 a( i ) = 2 * a( i )
end do

Fortran
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Host/Device ṇ ṇ

create  ôaõ on GPU

copyin  ôaõ 

from CPU 

to GPU

Execute 

Kernels

copyout  ôaõ 

from GPU 

to CPU

delete  ôaõ 

from GPU

CPU MEMORY GPU MEMORY

A AAõAõ
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Data

copy( list  )  Device ḭ קּ Hostּפ Device
ṇ ṇḭ קּ Host ṇ ṇ︣

 : ṇ ṇ ךּ ḭDevice ︣ ṇ
ḱ ḱ לּ

copyin ( list  ) קּ  ḭDevice Hostּפ Device
ṇ ṇ לּ

 : ṇ לּ נּ

copyout ( list  )  Device ḭ קּ ṇ Host
ṇ︣

 : ṇ קּ ￼ Device וֹ

create( list  )  Device ḭHostצּ ṇ ךּ

 : 
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Á צּ קּ לּ נּ

Á ṕ Ṗ

ÁC/C++: 2 ṇ

ÁFortran: 2 ṕ Ṗ

copy(array( starting_index:ending_index ))

copy(array[ starting_index:length ])
C/C++

Fortran
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copy(array(1:N, 1:M))

copy(array[0:N][0:M])

Device ṇ︡ ךּ

Fortran

C/C++
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copy(array(N/4:N/4+N/4))

copy(array[N/4:N/4])

פ1/4ּ︡ ṇ︡ ךּ ךּ

C/C++

Fortran
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iv. 
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Á

Device ṇ צּ נּ טּצּ

Á

Host ṇ צּ נּ טּצּ

ÁHost/Device צּ ︣ צּ
טּ ḭ ṇ ṇּצ

Á ︣ ḭ ṇ
ṇ וֹ

נּ

Host

Device

Host 

Memory
Device 

Memory
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Á שּ Device ḭHost

Á Ṅ ṇ צּ אל
ḭ אל כֿךּ צּ ךּ

Áֿכ ṇ ḱ ḭ
פּפּצּ

Host

Device

Host 

Memory
Device 

Memory
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Á שּ ṇ ṕDeviceṖ
Host ṇ

Á Ṅ ṇ צּ אל
ḭ אל כֿךּ צּ ךּ

Á IO Busṕ PCIeṖ
︡ ṇ ṇּצ ḭצּ

ךּ

Áֿכ ṇ ḱ
פּפּצּ

ṇ קּ נּ

CPU 

Memory
device  

Memory

Shared Cache

$ $ $ $ $ $

$ $ $ $ $ $

CPU

Shared Cache

$ $ $ $ $ $ $ $

device

IO Bus
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v. Data
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Data

ÁData Device ṇ
︣

Á ךּ ḭ ṇ
Device ︣

ÁData ṇ ṇּצDevice
ṇ ṇ

︣ ︣
#pragma acc data  clauses
{

 < Sequential and/or Parallel code >

}

!$acc data  clauses

 < Sequential and/or Parallel code >

!$acc end data

C/C++

Fortran
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Data

copy( list  )  Device ḭ קּ Hostּפ Device
ṇ ṇḭ קּ Host ṇ ṇ︣

 : ṇ ṇ ךּ ḭDevice ︣ ṇ
ḱ ḱ לּ

copyin ( list  ) קּ  ḭDevice Hostּפ Device
ṇ ṇ לּ

 : ṇ לּ נּ

copyout ( list  )  Device ḭ קּ ṇ Host
ṇ︣

 : ṇ קּ ￼ Device וֹ

create( list  )  Device ḭHostצּ ṇ ךּ

 : 
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Data

!$acc data copyin (a(1:N),b(1:N)) copyout (c(1:N))

 !$ acc parallel loop
 do i  = 1, N
  c( i ) = a( i ) + b( i )
 end do
!$ acc end data

Fortran

כֿ
Device אל

ḭ a, b, c
Device נּ ךּ
וֹ ךּ
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Data

!$ acc data copyin (a(1:N),b(1:N)) copyout (c(1:N))

 !$ acc parallel loop
 do i  = 1, N
  c( i ) = a( i ) + b( i )
 end do
!$ acc end data

Action

Host Memory Device memory

A B C

Allocate A on
device

Copy A from
CPU to device

A

Allocate B on
device

Copy B from
CPU to device

B

Allocate C on
device

Execute loop on
device

C

Copy C from
device to CPU

C

Deallocate C from
device

Deallocate B from
device

Deallocate A from
device

Fortran
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vi. vs ṇ
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ṇ

!$acc kernels copyout (a(1:100))
 do i  = 1, 100
  a( i ) = 0
 end do
!$ acc end kernels

Á ṇ Ḳkernels/parallel
צּ ךּ ṇ ḭ ṇ

kernels/parallel
קּ

Á ṇ Ḳdata
︡ ṇ
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vs ṇ

!$acc data copyout (a(1:100))
!$acc kernels
 do i  = 1, 100
  a( i ) = 0
 end do
!$ acc end kernels
!$ acc end data

!$acc kernels copyout (a(1:100))
 do i  = 1, 100
  a( i ) = 0
 end do
!$ acc end kernels

︢ ךּ Ễ ṇ
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!$acc data copyout (a(1:N))

 !$ acc kernels
   do i  = 1, N
    a( i ) = i
   end do
 !$ acc end kernels  

 !$acc kernels
   do i  = 1, N
     a( i ) = 2 * a( i )
   end do
 !$ acc end kernels

!$ acc end data

 !$acc kernels  copyout (a(1:N))
   do i  = 1, N
    a( i ) = i
   end do
 !$ acc end kernels  

 !$acc kernels  copy(a(1:N))
   do i  = 1, N
     a( i ) = 2 * a( i )
   end do
 !$ acc end kernels

1 Data Copy
3 Data Copies

Data לּ צּ קּ

vs ṇ



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

vii. ṇ
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ṇ
Enter data

#pragma acc enter data  clauses

 < Sequential and/or Parallel code >

#pragma acc exit data  clauses

!$acc enter data  clauses

 < Sequential and/or Parallel code >

!$acc exit data  clauses

Fortran

C/C++

ÁEnter data Device
לּ

Á create
copyin קּ

Á enter data קּ
ḭdata
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ṇ

ÁExit data Device
לּ

Á delete copyout
קּ

ÁEnter data נּ ︡
exit data צּ

ÁEnter data/exit data

Exit data

#pragma acc enter data  clauses

 < Sequential and/or Parallel code >

#pragma acc exit data  clauses

!$acc enter data  clauses

 < Sequential and/or Parallel code >

!$acc exit data  clauses

Fortran

C/C++
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ṇ data

copyin  ( list  )  enter data Device ṇ
Hostּפ Device ṇ︣

copyout  ( list  )  Device ḭexit data ṇ
Host ṇ︣

create ( list  )  enter data Device לּ

delete ( list  )  exit data Device ︣
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ṇ

!$acc enter data copyin (a( 1:N),b( 1:N)) create(c( 1:N))

 !$acc parallel loop
 do i  = 1, N
  c( i ) = a( i ) + b( i )
 end do

!$acc exit data  copyout (c( 1:N))

Fortran
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ṇ
צּ ṇ

subroutine allocate_array (A, N)
 allocate (A( 1:N))
 !$acc enter data create(A[1:N])
end subroutine 

subroutine deallocate_array (A)
 !$acc exit data delete(A)
 deallocate(A)
end subroutine

program main
  integer, allocatable :: A(:)
  allocate_array ( A,100 )
  !$acc kernels
  A(:) = 0
  !$acc end kernels
  deallocate_array (A)
end program

Á enter data/exit data Ṅ

Á ṇ ṇ ḭDevice
Host ṇ קּ

Á C++ ךּףּ

Fortran
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!$acc enter data copyin(a(1:N),b(1:N)) create(c(1:N))

 !$acc parallel loop
 do i  = 1, N
  c( i ) = a( i ) + b( i )
 end do

!$acc exit data copyout(c( 1:N)) delete( a,b )

!$acc data copyin(a( 1:N),b( 1:N)) copyout (c( 1:N))

  !$acc parallel loop
  do i  = 1, N
    c( i ) = a( i ) + b( i )
  end do

!$acc end data

ḱ
ḱ
ḱ אל

ḱ צּ
ḱ 1צּ טּ כֿ
ḱ
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viii. CPU-GPU ṇ
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Update :  Host Device ṇ ṇ לּ

ṇ ṇ אל ךּ

:

ḱself : memcpy  Device to Host

ḱdevice: memcpy  Host to Device

#pragma acc update self(x[0:count])

 #pragma acc update device(x[0:count])

!$ acc  update self(x(1:end_index))

 !$ acc  update device(x(1:end_index))

Update

C/C++

Fortran
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BB

A*AA
CPU Memory device Memory

#pragma acc update device(A[0:N])

B*

#pragma acc update self(B[0:N])

Update צּ ︣
ḭ ṇ צּ

Host Device
︡ ךּ וֹ
ךּ

Update
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Update

subroutine allocate_array (A, N)
 allocate (A(1:N))
 !$acc enter data create(A[1:N])
end subroutine 

subroutine deallocate_array (A)
 !$ acc exit data delete(A)
 deallocate (A)
end subroutine

subroutine  initialize_array (A, N)
 do i = 1, N
  A( i ) = i
 end do
 !$acc update device(A[1:N])
end subroutine

Áinitialize_array A Host
ṇ ︣

ÁHost Device A ṇ
︣ ḭupdate device ︣

ÁUpdate צּ ךּ ḭ Ṅ ṇ
ךּףּ ṇ צּ ︡ פּףּצּ

שּ︡

Fortran

ṇ
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4. ṇ
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Reduction

Á ṇ

Á ṇ ︡ ḭ
צּ c( i,j קּ (

לּ טּצּ

Á צּ ︢ קּ
לּ ḭ צּ ︢ ṕ ṇ

Ṗ

ÁReduction clause כֿ ︣

do i = 1, size
 do j = 1, size
  do k = 1, size
   c( i,j ) = c( i,j ) + a( i,k )*b( k,j )
    end do
  end do
end do

Fortran
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do k = 1, size
 c( i,j ) = c( i,j ) + a( i,k ) * b( k,j )
end do

!$ acc parallel loop
do k = 1, size
 c( i,j ) = c( i,j ) + a( i,k ) * b( k,j )
end do

Reduction︡ ךּ ê

k = 1 k = 2 k = 3 k = 4 k = 5 k = 6 k = 7 k = 8 k = size

c( i,j )
ṇ ︡ ḭ ︡

c( i,j ) צּ k-1 ּט
צּ שּ

ṇ ︡ ḭ
c( i,j ) (k-1) 

︡ ṇ צּ קּ

Fortran
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Reduction

Áreduction נּ לּ
1 ṡ Ṣ︣

לּ

Á reduction ︡
ṇ ṇ ︡ḭ

צּ ︡ ṇ ︡
לּ

Á ṇ ḭreduction
ḭ צּ

Áreduction צּ פּ פּלּ
צּ ḭ

do i = 1, size
 do j = 1, size
    tmp = 0.0
    !$ acc parallel loop reduction(+: tmp)
  do k = 1, size
    tmp = tmp + a( i,k ) * b( k,j )
    end do
    c( i,j ) = tmp
  end do
end do

do i  = 1, size
 do j = 1, size
  do k = 1, size
   c( i,j ) = c( i,j ) + a( i,k ) * b( k,j )
    end do
  end do
end do

Fortran

Fortran

tmp
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Áreduction ḭC
struct ḭC++ classḭFortran

טּ ךּ

Reduction

Áreduction
קּ ךּ

v%val = 0
!$ acc parallel loop reduction(+: v%val)
do i  = 1, v%size
 v%val(0) = v%val(0) + i
end do

a(0) = 0
!$acc parallel loop reduction(+:a[0])
do i = 1, 100
 a(0) = a(0) + i
end do
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Reduction
Operator  Description    Example

+ Addition/Summation  reduction(+:sum)

*  Multiplication/Product  reduction(*:product)

max Maximum value   reduction( max:maximum)

min  Minimum value   reduction( min:minimum)

& Bitwise and   reduction(&: val )

|  Bitwise or    reduction(|: val )

&& Logical and   reduction(&&: val )

||  Logical or    reduction(||: val )
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Auto

Áauto ︡ ṇ צּ
פּ אל

Á ṇ ︡ ḭפּךּ
צּ ךּ︡

!$ acc parallel loop auto
do i  = 1, size
 do j = 1, size
  do k = 1, size
    c( i,j ) = c( i,j ) + a( i,k )*b( k,j )
    end do
  end do
end do

Fortran
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Auto

ÁKernels auto צּ
אל ḭauto ︣
ךּ

Áauto parallel ︣

!$ acc kernels loop auto
do i  = 1, size
 do j = 1, size
  do k = 1, size
    c( i,j ) = c( i,j ) + a( i,k )*b( k,j )
    end do
  end do
end do
!$acc end kernels

Fortran
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Independent

Áindependent ︡ ṇ צּ
טּ כֿ ︡ḭ

צּ ṇ ךּ ︡
︣קּ

ÁKernels ︣ ḭ
צּ קּ ￼ Ṅ

︡ כֿלּ טּצּ

Á independent
צּ ︡ ṇ

אל כֿ צּ

!$ acc kernels loop independent
do i  = 1, size
 do j = 1, size
  do k = 1, size
    c( i,j ) = c( i,j ) + a( i,k )*b( k,j )
    end do
  end do
end do
!$acc end kernels

Fortran
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Independent

ÁParallel independent
צּ אל ḭ ︣

ךּ

!$ acc parallel loop independent
do i  = 1, size
 do j = 1, size
  do k = 1, size
    c( i,j ) = c( i,j ) + a( i,k )*b( k,j )
    end do
  end do
end do

Fortran
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Seq

Áseq (sequential) ṇ
︣ לּ

Á ṇ ḭ
2 ṇ

︣ ḭצּ ṇ
︣

Á צּ רּ︣ ṇ
︡ḭ ṇ

seq ︣ טּצּ

!$ acc parallel loop
do i = 1, size
  !$ acc loop
 do j = 1, size
    !$ acc loop seq
  do k = 1, size
   c( i,j ) = c( i,j ) + a( i,k )*b( k,j )
    end do
  end do
end do

Fortran
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Private and firstprivate

Áprivate ︡
thread -private ︡

Á נּ
︣ ṇ

ṇ

Áfirstprivate ḭprivate
Hostנּ Device צּ
אל

real ::  tmp(3)

!$acc kernels loop private( tmp(1:3))
do i  = 1, size
  tmp(1) = <value>
  tmp(2) = <value>
  tmp(3) = <value>
end do
!$ acc end kernels

ƞ ÎÏÔÅ ÔÈÁÔ ÔÈÅ ÈÏÓÔ ÖÁÌÕÅ ÏÆ Ƨtmpƨ
! remains unchanged.

Fortran
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Private and firstprivate

Áprivate/ firstprivate
אל ṇ

ṇ ︡
אל

Á ṇ
אל ḭ
ṇ ṇ

אל

real :: tmp(3)

!$acc kernels loop private( tmp(1:3))
do i = 1, size
  ! the tmp array is private to each iteration
   ! of the outer loop
  tmp(1) = <value>
  tmp(2) = <value>
  tmp(3) = <value>
   !$ acc loop 
   do j = 1, size2
      ! but tmp is shared amongst the threads 
      ! in the inner loop
      array( i,j ) = tmp(1)+ tmp(2)+ tmp(3)
   end do
end do
!$ acc end kernels

Fortran
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Scalars and private

Á ḭ ṕ ךּ Ṗ parallel
firstprivate  ḭkernels private צּ אל

Áּשּך פּ ṇ ךּ ḭ private ︣ Ḯךּ
כḭֿצּ אל ￼ טּ

1. ++ḭC/Cצּ ṇ ḭFortran ṇ לּ ḭ
ṇ אל

2. ḭDeviceצּ ṇ ︡ אל

3. ḭצּ return -value ︡ אל

Á Ḳ private ︣ נּפּ צּ ︣ טּצּ
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Collapse

Ácollapse( N )

ÁN tightly nested loop ṇ

Á ṇ 1 ṇ קּ

Á

Á קּ ṇ ︡

ê

!$acc parallel loop collapse(2)
do i  = 1, size
 do j = 1, size
  tmp = 0
  !$ acc loop reduction(+:tmp)
  do k = 1, size
    tmp = tmp + a( i,k ) * b( k,j )
    end do
  c( i,j ) = tmp
  end do
end do

Fortran
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do j = 1, 4
 do i  = 1, 4
  array( i,j ) = 0
  end do
end do

!$ acc parallel loop collapse(2)
do j = 1, 4
 do i  = 1, 4
  array( i,j ) = 0
  end do
end do

Collapse

(1,1) (1,2) (1,3) (1,4)

(2,1) (2,2) (2,3) (2,4)

(3,1) (3,2) (3,3) (3,4)

(4,1) (4,2) (4,3) (4,4)

collapse( 2 )

Fortran
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Tile

Átile ( x , y , z, ...)

Á ṇ òTileó oròBlock 

Á ṇ data locality ( ṇ
) צּ

Á òTileó 

!$ acc kernels loop tile(32, 32)
do i  = 1, size
 do j = 1, size
  do k = 1, size
    c( i,j ) = c( i,j ) + a( i,k )*b( k,j )
    end do
  end do
end do
!$acc end kernels

Fortran
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do x = 1, 4
 do y = 1, 4
  array( y,x )  = array( y,x ) + 1
 end do
end do

!$ acc kernels loop tile(2,2)
do j = 1, 4
 do i  = 1, 4
  array( i,j )  = array( i,j ) + 1
 end do
end do
!$ acc end kernels

(2,1) (2,2)

(1,1) (1,2) (1,4)(1,3)

(2,4)(2,3)

(3,1) (3,2)

(1,4)(1,3)

(2,4)(2,3)

(1,1) (1,2)

(2,1) (2,2)

Tile

(3,4)(3,3)

(4,1) (4,2) (4,4)(4,3)

tile ( 2 , 2 )

(3,1) (3,2) (3,4)(3,3)

(4,1) (4,2) (4,4)(4,3)

Fortran
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5. OpenACC
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ṇ (1)

1. Kernels קּ פּ ︣

2. data וֹ ṇ ṇ

daxpy : a * x + y

subroutine daxpy(n, a, x, y)
  integer  :: n
  double precision :: a, x(n), y(n)

 !$acc kernels loop copyin (x(1:n)) copy(y(1:n))
  do i  = 1, n
  y( i ) = a * x( i ) + y( i )
 end do
  !$acc end kernels
end subroutine

Fortran
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ṇ (2)

1. Kernels ṕreduction צּ Ṗ

2. data וֹ ṇ ṇ

ddot : xḱy

function ddot (n, x, y) result (s)
  integer  :: n
  double precision :: s, x(n), y(n)

  s = 0
  !$acc kernels loop reduction(+:s) copyin (x(1:n),y(1:n))
  do i  = 1, n
    s = s + x( i ) * y( i )
  end do
  !$acc end kernels
end function

Fortran
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ṇ (3)
3 (himenoBMTxp.f90 )

subroutine jacobi ( nn, gosa)
  ...
  !$acc data copyin ( a,b,c,bnd, wrk1) create( wrk2) copy(p)   ! ᷈ḻḙᶹḱᵫ סּ№ ᶉᶨ ∫ סּ
  do loop = 1, nn
    gosa = 0.0
    !$acc kernels loop reduction(+: gosa)
    do k = 2, kmax - 1
      do j = 2, jmax - 1
        do i  = 2, imax - 1
          s0 = a(i,j,k,1)*p(i+1,j,k) &
          ...
          gosa = gosa + ss*ss
          ...
    end do
    !$acc end kernels
    !$acc kernels
    p(2:imax - 1, 2:jmax - 1, 2:kmax - 1) = wrk2(2:imax - 1, 2:jmax - 1, 2:kmax - 1)
    !$acc end kernels
  end do
  !$acc end data
end subroutine

Ḳ

https://i.riken.jp/supercom/documents/himenobmt/

https://i.riken.jp/supercom/documents/himenobmt/
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OpenACC GPU
1. NVIDIA ḭ ṕCPU ṇ Ṗ ḱ

2. ṇ parallel/kernels

3. ṕ -acc ðMinfo =accel וֹ Ṗ

4. ṇ ḭ ṇ GPUצּ אל ךּ כֿ

5. ḱ

6. ṕtimer ḭ ṇ Nsight Systems לּ Ṗ

7. ︢ ḭ2-6 ︡ḭ ṇ

https://developer.nvidia.com/nsight-systems
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OpenACC GPU
Á Ḳ ︡ אל︣ ḭ ṇ שּ ︣

Á Ḳ ṇ kernels וֹ צּ ︣

Á ︣ צּ ךּ ṇ Ḳ ︡ ︡ ḭלּ
צּ ︡ ךּ ḭ ṇ צּ ḭךּ ṇ צּ קּ
שּ ḭךּ ṇ צּ שּקּ ךּ

Á ṇ צּ Ḳ

ÁUnified memory ṕ+GH200 ṇ Ṗ לּ

Á ṕ GPUלּ אל Ṗךּ

Á ḭ ṇ קּ לּ ︣ כֿ צּ

Á ṇ Ḳ ṇ וֹ
enter/exit data ︡ḭupdate self/device Host/Device ṇ ṇ

לּ
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6. 
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︡
1. GPU

i. ṇ

ii. GPU

iii. GPU

iv. NVIDIA HPC SDK

2. OpenACC

i. OpenACC

ii. OpenACC

iii. Parallel

iv. Kernels

v. Loop

vi. OpenACC ṇ

3. CPU-GPU ṇ

i.

ii. Managed memory

iii. Data

iv.

v. Data

vi. vs ṇ

vii. ṇ

viii. ṇ

4. ṇ

5. OpenACC

6.
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ṇ HPC ṇ

Á ṇ ṕ ḱ ḭGDEP ṇ Ṗ
HPC ṇ ︡ ףּ ︣Ḯ

ÁGPU ṇ https://www.gdep -sol.co.jp/

ÁNVIDIA HPC ṇ ṇ https://hpcworld.jp/support/

https://www.gdep-sol.co.jp/
https://www.gdep-sol.co.jp/
https://www.gdep-sol.co.jp/
https://hpcworld.jp/support/
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