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Program myscience
... serial code ...

do k =1,n1
doi=1,n2

... parallel code ...

enddo
enddo

... serial code ...

End Program myscience
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GPUDIBIE

GPU board

1.43 TFLOPS (DP) 12 GB
4.29 TFLOPS (SP) 288 GB/s

(*) Tesla K40
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GPUDIEIE 192 CUDA core/SMX
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GPUMIRDS LI SV (—&b)

( A
NVIDIA CUBLAS NVIDIA cURAND
e —
cuLal tools] ,,__ T w,,-l
GPU Accelerated Vector Signal
Linear Algebra Image Processing NVIDIA cuFFT

( ROGUE WAVE

AR Matrix Algebra on
IMSL Library GPU and Multicore gz

C++ STL Features

Sparse Linear )
N for CUDA

Algebra



http://code.google.com/p/thrust/downloads/list
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= cuFFT  Fast Fourier Transforms=>-1 = U

= CUBLAS BLASS-1JSU

CUSPARSE  ERITOIS TS

CURAND ELEEKS 1TSSV

NPP E{54LIE Performance Primitives

= Thrust 65IJ7)L T XL C++ STL

= math.h C99 FENVN\HmS1TSV
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SAXPY (Y=A*X+Y)

CPU
ﬁoid saxpy (int n, float a, \

float *x, float *y)

{
for (int i = 0; i < n; ++i)
y[i] += a*x[i];
}

saxpy (N, 3.0, x, y);




SAXPY (Y=A*X+Y)

CPU

ﬁoid saxpy (int n, float a,
float *x, float *y)

for (int i 0; i < n; ++i)
y[i] += a*x[i];

saxpy (N, 3.0, x, y);

\_

~

CUDA

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

int 1 threadlIdx.x + blodkDim.x * blockIdx;
if (i < n)
y[i] += a*x[i];

size t size sizeof (float) * N;

cudaMemcpy (d _x, x, size, cudaMemcpyHostToDevice) ;
cudaMemcpy (d y, y, size, cudaMemcpyHostToDevice) ;
saxpy<<< N/128, 128 >>>(N, 3.0, d x, d y);

cudaMemcpy (y, d y, size, cudaMemcpyDeviceToHost) ;

\_

J




CPU

ﬂoid saxpy (int n, float a,
float *x, float *y)

for (int i = 0; i < n; ++i)
y[i] += a*x[i];

~

SAXPY (Y=A*X+Y)

CUDA

__global  void saxpy(int n, float a, <‘\
float *x, float *y)

int 1 = threadIdx.x + blodkDim.x * blockIdx;
if (i < n)
y[i] += a*x[i];

size t size = sizeof(float) * N;

cudaMemcpy (d _x, x, size, cudaMemcpyHostToDevice) ;
cudaMemcpy (d y, y, size, cudaMemcpyHostToDevice) ;
— saxpy<<< N/128, 128 >>>(N, 3.0, d x, d y);

- cudaMemcpy (y, d y, size, cudaMemcpyDeviceToHost) ;

g J




THREAD, BLOCK. GRID (SAXPY)

A

Threads
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OPENACC

GPU
............... 1) \",{5/\O)t> h#&i&bu
Program myscienc% Z 0 ,— g
... serial code ... aﬁjj : %Z%Z(Dj'“i‘jjf\ j)/\’fjb\

I$acc kernels

J—-RzBEE) TSI

dok=1,n1
doi=1,n2
... parallel code ... . .o
enddo D&M =T OISR,
!$aecr(]: er?d CINES %E;;&?gtal/_gﬁﬁﬂ_:_ I\
... serial code ... NVIDIA, AMD, Intel(®%E)

End Program myscience
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SAXPY (Y=A*X+Y)

CPU

ﬁoid saxpy (int n, float a,
float *x, float *y)

for (int i 0; i < n; ++i)
y[i] += a*x[i];

saxpy (N, 3.0, x, y);

\_

~

CUDA

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

int 1 threadlIdx.x + blodkDim.x * blockIdx;
if (i < n)
y[i] += a*x[i];

size t size sizeof (float) * N;

cudaMemcpy (d _x, x, size, cudaMemcpyHostToDevice) ;
cudaMemcpy (d y, y, size, cudaMemcpyHostToDevice) ;
saxpy<<< N/256, 256 >>>(N, 3.0, d x, d y);

cudaMemcpy (y, d y, size, cudaMemcpyDeviceToHost) ;

\_
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SAXPY (Y=A*X+Y)

OpenMP

ﬂoid saxpy (int n,
float a,

float *x,
float *restrict y)
{
#pragma omp parallel for
for (int i = 0; i < n; ++i)
y[i] += a*x[i];

saxpy (N, 3.0, x, y);

\_

~

OpenACC

ﬁoid saxpy (int n,
float a,

float *x,
float *restrict y)

{
#pragma acc parallel copy(y[:n]) copyin(x[:n])
for (int i = 0; 1 < n; ++i)
y[i] += a*x[i];

saxpy(N, 3.0, x, Y);

\_
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SAXPY (Y=A*X+Y, FORTRAN)

OpenMP
cubroutine saxpy(n, a, X, Y) \

real a, X(:), Y(:)
integer :: n, i

!Somp parallel do
do i=1,n
Y(i) = a*X(i)+Y (i)
enddo
!Somp end parallel do
end subroutine saxpy

call saxpy (N, 3.0, x, y)

\_ v

OpenACC

ﬂubroutine saxpy(n, a, X, Y)
real :: a, Y(:), Y(:)
integer :: n, i

!Sacc parallel copy(Y(:)) copyin(X(:))
do i=1,n
Y(i) = a*X(i)+Y (1)
enddo
!Sacc end parallel
end subroutine saxpy

call saxpy(N, 3.0, x, y)

\_




OPENMPEDHA

OpenMP [/ OpenACC
ﬂ)id saxpy (int n, float a, \

float *x,
float *restrict y)

{
#pragma acc parallel copy(y[:n]) copyin(x[:n])
#pragma omp parallel for
for (int 1 = 0; 1 < n; ++1i)
y[i] += a*x[i];

saxpy (N, 3.0, x, y);

- \ )




OPENMPEDHA

OpenMP [/ OpenACC

ﬂ)id saxpy (int n, float a,
float *x,

float *restrict y)
{
#pragma acc parallel copy(y[:n gpul)
copyin(x[:n _gpu]) async(1l) -
for (int i = 0; 1 < n_gpu; ++1i)
y[i] += a*x[1i];

#pragma omp parallel for
for (int i = n gpu; i < n; ++1i)
y[i]l += a*x[i];

’r\#k #pragma acc wait(1)

\L.




R NAI

OpenMP / OpenACC

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

$ pgcc -Minfo -acc saxpy.c
saxpy:

16, Generating present_or_copy(y[:n])
Generating present_or_copyin(x[:n])
Generating Tesla code

19, Loop is parallelizable
Accelerator kernel generated

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

C )




R (CR1T

OpenMP / OpenACC

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

& TS

$ nvprof ./a.out
==10302== NVPROF is profiling process 10302, command: ./a.out
==10302== Profiling application: ./a.out

==10302== Profiling result:

Time (%) Time calls Avg Min Max Name
62.95% 3.0358ms 2 1.5179ms 1.5172ms 1.5186ms [CUDA memcpy HtoD]
31.48% 1.5181ms 1 1.5181ms 1.5181ms 1.5181ms [CUDA memcpy DtoH]
5.56% 268.31us 1 268.31us 268.31us 268.31lus saxpy_19_gpu
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SPEC ACCEL
= 15 RKD0OpenACCRFI—T

www.spec.org/accel

o) o

x

»— = http spec.org/acce S SPEC ACCEL™ V10
File Edit Miew Favortes Tools Help

Standard Performance Evaluation Corporation
spec

Benchmarks - Tools * Results - Contact Site Map

# Published Results
# Fair Use Policy

# SPEC ACCEL
# Documentation
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#ll: JACOBI ITERATION

(;hile ( error
error = 0.0;

for (int i
Anew[j] [

error =

}
}

for (int j

A[j][1]
}

for (int j = 1;

for (int i

> tol ) { <‘\

j < N-1; j++) {
1;

i] = (A[3j]1[i+1] + A[j][i-1]1 + A(i-1
A[3j-1][i] + A[j+1]1[i]) * 0.25;
max (error, abs(Anew[j][i] - A[]j][i])):;

1; j < N-1; j++) {
=1; 1 < M-1; i++) {
= Anew[]j] [1];

i < M-1; i+4) { *

A(i,j+1)
°
—
,J)  A(1,])  A(i+1,])
°
A(i,j-1)



i 5l 7R (KERNELS CONSTRUCT)

Ghile ( error > tol ) {
error = 0.0;

#pragma acc kernels
for (int j = 1; j < N-1; j++) {
for (int i = 1; i < M-1; i++) {
Anew[]j][1i] = (A[j]1[i+1l] + A[j][i-1] +
A[j-1][i] + A[j+1][i]) * 0.25;
error = max(error, abs(Anew[]j][i] - A[]j][i]):;

}
}

#pragma acc kernels
for (int j =1; j < N-1; j++) {
for (int 1 = 1; i < M-1; i++) {
A[j]l[i] = Anew[]j][i];
}

~N

= Parallels & Kernels
— 5ISEEZ I

= Parallels

— MHIEITRY— b
= Kernels

— BEON—FI



Wi 5l sAlsk (KERNELS CONSTRUCT)

6hile ( error > tol ) {
error = 0.0;

#pragma acc kernels
for (int j = 1; j < N-1; j++) {
for (int i = 1; i < M-1; i++) {
Anew[]j][i] = (A[j][i+1l] + A[j][i-1] +
A[j-1]1[i] + A[Jj+1][i]) * 0.25;
error = max(error, abs(Anew[j][i] - A[j]l[i]);

}

)

\

= Parallels & Kernels
— 5sEiE IR

= Parallels
— A EITORA
= Kernels

$ pgcc -Minfo=acc -acc jacobi.c
jacobi:

60, Loop carried scalar dependence for 'error' at line 64

Accelerator scalar kernel generated

61, Loop carried scalar dependence for 'error' at line 64

Accelerator scalar kernel generated




1)5433> (REDUCTION CLAUSE)

Ghile ( error > tol ) {

error = 0.0;

#pragma acc kernels
#pragma acc loop reduction(max:error)
for (int j =1; j < N-1; j++) {
#pragma acc loop reduction (max:error)
for (int i = 1; i < M-1; i++) {
Anew[j][i] = (A[J][i+1] + A[3J][i-1] +
A[j-1]1[4i] + A[j+1]1[i]) * 0.25;
error = max(error, abs(Anew[]j][i] - A[]j][i]):;
}
}

#pragma acc kernels
for (int j = 1; j < N-1; j++) {
for (int 1 = 1; i < M-1; i++) {
A[j]l[i] = Anew[]j][i];
}
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1)5433> (REDUCTION CLAUSE)

N Palan =
" S
Glile ( error > tol ) { \ IQE®$:=*E
error = 0.0; + —*D
#pragma acc kernels * *%E
#pragma acc loop reduction (max:error) o
for (int j = 1; j < N-1; j++) { Max ®K
dorxacma acc laoon xaduction nax.axion)
$ pgcc -Minfo=acc -acc jacobi.c
jacobi:

59, Generating present_or_copyout(Anew[1:4094][1:4094])
Generating present_or_copyin(A[:]1[:])
Generating Tesla code
61, Loop is parallelizable
63, Loop is parallelizable
Accelerator kernel generated
61, #pragma acc loop gang /* blockIdx.y */
63, #pragma acc loop gang, vector(128) /* blockIdx.x threadIidx.x */
Max reduction generated for error




T —HERIXT5E (DATA CLAUSE)

{:;ﬁle ( error > tol ) { *\\

error = 0.0;

#pragma acc kernels
#pragma acc loop reduction (max:error)
for (int j = 1; j < N-1; j++) {

doracma scc loon rxaductionimax _arron)
$ pgcc -Minfo=acc -acc jacobi.c
jacobi:

59, Generating present_or_copyout(Anew[1:4094][1:4094])
Generating present_or_copyin(A[:]1[:])
Generating Tesla code
61, Loop is parallelizable
63, Loop is parallelizable
Accelerator kernel generated
61, #pragma acc loop gang /* blockIdx.y */
63, #pragma acc loop gang, vector(128) /* blockIdx.x threadIidx.x */
Max reduction generated for error




F—#Hi5i% 5% (DATA CLAUSE)

copyin (Host>GPU)

Ghile ( error > tol ) { \

error = 0.0; = copyout (Host<GPU)
#pragma acc kernels \ " COpy
pcopyout (Anew[1:N-2] [1:M-2]) pcopyin(A[O0:N][0:M])
#pragma acc loop reduction (max:error) = Create
for (int j = 1; j < N-1; j++) {
#pragma acc loop reduction (max:error) . present

for (int i

=1; i < M-1; i++) {
Anew[j] [1] =

(A[3]1[1i+1] + A[j][i-1] +
A[j-11[i] + A[3j+1][i]) * 0.25; n pcopyin
error = max(error, abs(Anew[j][i] - A[Jj]l[i]):
} u pCOpyOUt
}
" pcopy

#pragma acc kernels \
pcopyout (A[1:N-2][1:M-2]) pcopyin (Anew[1:N-2][1:M-2]) - pcreate
for (int j =1; j < N-1; j++) {
for (int i = 1; i < M-1; i++) {
A[3j]1[i] = Anew[j][i];

} J




F—4E5% 7% (DATA CLAUSE)

copyin (Host>GPU)

Ghile ( error > tol ) { \

error = 0.0; = copyout (Host<GPU)
#pragma acc kernels \ = Copy
pcopy (Anew[:][:]) pcopyin(A[:][:])
#pragma acc loop reduction (max:error) = Create
for (int j = 1; j < N-1; j++) {
#fpragma acc loop reduction (max:error) " present

for (int i

=1; i < M-1; i++) {
Anew[j] [1] =

(A[j][i+1] + A[3][i-1] +
A[j-1]1[i] + A[j+1]1[i]) * 0.25; n pcopyin
error = max(error, abs(Anew[j][i] - A[Jj]l[i]):
} u pCOpyOUt
}
" pcopy
#pragma acc kernels \
pcopy (A[:1[:]1) pcopyin(Anew[:]1[:]) . pcreate
for (int j = 1; j < N-1; j++) {
“\\  for (int i = 1; i < M-1; i++) {

A[j]l[i] = Anew[]j][1i];

} J




T —=AERENRNLARYS (NVVP)

NVIDIA Visual Profiler
File View Run Help

A i — &+
[ iy, &Y Sy + A S

© *New Session % *New Session 3

445 ¢

—| Process "jacobi_acc" (14315)
—| Thread 2045622016
Driver AP II I I I
Profiling Overhead
—| [0] Tesla K40c
—| Context 1 (CUDA)
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Host

(;hile ( error > tol ) {
error = 0.0;

#pragma acc kernels \
pcopy (Anew[:][:]1) \
pcopyin(A[:][:])

}

#pragma acc kernels \

pcopy (A[:1[:1) \
pcopyin(Anew[:][:])

~N

BRI T —FERE

copyin

copyout

copyin

copyout

GPU

-

}

}

\_

#pragma acc loop reduction (max:error)
for (int j = 1; j < N-1; j++) {

#pragma acc loop reduction (max:error)
for (int 1 = 1; i < M-1; i++) {
Anew[j][i] = (A[J][i+1] + A[jI[i-1] +
A[j-1]1[4i] + A[j+1]1[i]) * 0.25;
error = max(error, abs(Anew[j][i] - A[Jj]1I[i]):

}

for (int j = 1; j < N-1; j++) {

for (int i = 1; i < M-1; i++) {
A[j][i] = Anew[]j][i];
}




F—#~ %818 (DATA CONSTRUCT)

Gpragma acc data pcopy(A) create (Anew) \ . copyin (CPU%GPU)
while ( error > tol ) {
error = 0.0; = copyout (CPU<GPU)
" fernel . AT " copy
pragma acc kernels pcopy(Anew[:][:]) pcopyin(A[:]1[:1]1)
#pragma acc loop reduction(max:error) = create
for (int j = 1; j < N-1; j++) {
#pragma acc loop reduction (max:error) = present
for (int i = 1; i < M-1; i++) {
Anew[]j][i] = (A[J][i+1] + A[J][i-1] +
A[j-1]1[i] + A[j+1][4i]) * 0.25; . .
error = max(error, abs(Anew[j][i] - A[Jj]1I[i]); pcopym
\ ¥ = pcopyout
_ " pcopy
#pragma acc kernels pcopy(A[:]1[:]) pcopyin(Anew[:][:])
for (int j = 1; j < N-1; j++) { = pcreate
for (int 1 = 1; i < M-1; i++) {
<€ A[3]1[i] = Anew[3][i];
)

\_ J

J




Host

(;pragma acc data \
pcopy (A) create (Anew)
while ( error > tol ) {
error = 0.0;

#pragma acc kernels \
pcopy (Anew[:]1[:]) \
pcopyin(A[:]1[:])

#pragma acc kernels \
pcopy (A[:]1[:]) \
pcopyin(Anew[:][:])

\

> 2

& 1IE 187 — JERix

copyin

copyout

GPU

\

#fpragma acc loop reduction (max:error)
for (int j = 1; j < N-1; j++) {
#fpragma acc loop reduction (max:error)
for (int i =1; i < M-1; i++) {
Anew[j][i] = (A[JjI[i+1] + A[J][i-1] +
A[j-1][i] + A[j+1][i]) * 0.25;
error = max(error, abs(Anew[j][i] - A[j]I[i]):
}
}

for (int j = 1; j < N-1; j++) {
for (int i = 1; i < M-1; i++) {
A[j]l[i] = Anew[]][i];
}
}




7 —AERXDHIE (NVVP)

% NVIDIA Visual Profiler —_— b
' ' *%1@’] & ¥ =] l/ \
File View Run Help =

& & |y |y & v | = & F B a B 1cycle

% *New Session &2 = B
ID 324

0.3s 0.35s

—| Process "jacobi_acc” (14808)
—| Thread 1166235392 |

Driver AP I o Y O O NN

Profiling Overhead

|
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=| Context 1 (CUDA) I
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h—2FIF1—=>% (LOOP CONSTRUCT)

(;Eragma acc data pcopy(A) create (Anew) <‘\
while ( error > tol ) {
error = 0.0;

#pragma acc kernels pcopy(Anew[:][:]) pcopyin(A[:]1[:1)
#pragma acc loop reduction (max:error)
for (int j =1; j < N-1; j++) {
#pragma acc loop reduction (max:error)
for (int i = 1; i < M-1; i++) {
Anew[j][i] = (A[j]1[i+1] + A[F][i-1] +
A[j-1][i] + A[j+1][i]) * 0.25;
error = max (error, abs(Anew[j][i] - A[3j]1I[i]l) -




h—=2IF1—=>% (LOOP CONSTRUCT)

o N - Gang
#pragma acc data pcopy(A) create (Anew)
while ( error > tol ) { = Worker
error = 0.0; _
= Vector ... SIMDIE
#pragma acc kernels pcopy(Anew[:][:]) pcopyin(A[:]1[:1)
#pragma acc loop reduction(max:error) " Independent

$ pgcc -Minfo=acc -acc jacobi.c
jacobi:
59, Generating present_or_copyout(Anew[1:4094][1:4094])
Generating present_or_copyin(A[:]1[:])
Generating Tesla code
61, Loop 1is parallelizable
63, Loop 1is parallelizable
Accelerator kernel generated
61, #pragma acc loop gang /* blockidx.y */
63, #pragma acc loop gang, vector(128) /* blockIidx.x threadidx.x */
Max reduction generated for error




h—=2IF1—=>% (LOOP CONSTRUCT)

(;Eragma acc data pcopy (A) create (Anew)
while ( error > tol ) {
error = 0.0;

#pragma acc kernels pcopy(Anew([:][:]) pcopyin(A[:]1[:1)
#pragma acc loop reduction(max:error) gang vector(1l)
for (int j =1; j < N-1; j++) {
#pragma acc loop reduction(max:error) gang vector (128)
for (int i = 1; i < M-1; i++) {
Anew[j][i] = (A[j]1[i+1] + A[F][i-1] +
A[j-1]1[4i] + A[j+1]1[i]) * 0.25;
error = max(error, abs(Anew[j][i] - A[Jj]lI[i]);

~N

Gang
Worker
Vector ... SIMDIE

Collapse
Independent
Seq

Cache

Tile



RIT{ESTE (VECTOR CLAUSE)

r

for (j = 0; j <

~N

gang vector (4)
16; j++) {
gang vector (16)

J

for (1 = 0; i < 16; i++) {
\_
>
“T
‘ 4
“T
‘ 4
j 4 X
A7

~N

J

(. gang vector (8)
for (j = 1; j < 16; j++) {
gang vector (8)
for (i = 0; i < 16; i++) {
\_
i
8 x8 8% 8
JIl 8x8 | 8x8




h—=2IF1—=>% (LOOP CONSTRUCT)

(;pragma acc data pcopy (A) create (Anew)
while ( error > tol ) {
error = 0.0;

#pragma acc kernels pcopy(Anew[:][:]) pcopyin(A[:]1[:1)
#pragma acc loop reduction(max:error) \

collapse(2) gang vector (128)
for (int j =1; j < N-1; j++) {

for (int i = 1; i < M-1; i++) {
Anew[j]1[i] = (A[J]1[i+1] + A[3j][i-1] +
A[j-1]1[4i] + A[j+1][i]) * 0.25;
error = max (error, abs(Anew[j][i] - A[3j]I[i]) -

~N

Gang
Worker
Vector ... SIMDIE

Collapse
Independent
Seq

Cache

Tile



h—=2IF1—=>% (LOOP CONSTRUCT)

(;pragma acc data pcopy (A) create (Anew)
while ( error > tol ) {
error = 0.0;

#pragma acc kernels pcopy(Anew[:][:]) pcopyin(A[:]1[:1)
#pragma acc loop reduction(max:error) independent
for (int jj = 1; jj < NN-1; jj++) {
int j = list j[3j3jl;
#pragma acc loop reduction (max:error)
for (int 1 = 1; i < M-1; i++) {
Anew[j][i] = (A[j]1[i+1] + A[F][i-1] +
A[j-1]1[i] + A[j+1]1[i]) * 0.25;
error = max (error, abs(Anew[j][i] - A[Jj]l1I[i]l);

~N

Gang
Worker
Vector ... SIMDIE

Collapse
Independent
Seq

Cache

Tile



h—=2IF1—=>% (LOOP CONSTRUCT)

(

#pragma acc kernels pcopy(Anew[:][:]) pcopyin(A[:]1[:1)
#pragma acc loop seq
for (int k = 3; k < NK-3; k++) {
#pragma acc loop
for (int j = 0; j < NJ; j++) {
#pragma acc loop
for (int i = 0; i < NI; i++) {
Anewl[k] [j]1[i] = func(
A[k-1]1[j1[i], A[k-2][F][4i], A[k-3][3][i],
A[k+1][j1[4i], A[k+2][F][i], A[k+3]1[3]1[i],
)
}
}

N\

\

Gang
Worker
Vector ... SIMDIE

Collapse
Independent
Seq

Cache

Tile
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MPIi%Y (HALO EXCHANGE)

A(i,j+1)

A(i,J-1)

= JOVIEl
» 2O (F1T0v738 Y
= IR EF (halo)DF —H3HA




MPI JACOBI ITERATION

(;pragma acc data pcopy(A) create (Anew) <‘\
while ( error > tol ) {

#pragma acc kernels pcopy (Anew) pcopyin (A)
calc new A( Anew, A, ... );

#pragma acc kernels pcopy(A) pcopyin (Anew)
update A( A, Anew );




MPI JACOBI ITERATION

(;pragma acc data pcopy(A) create (Anew)
while ( error > tol ) {

pack data at boundary( send buf, A, ... )’

exchange data by MPI( recv_buf, send buf,

unpack data to_halo( A, recv_buf, ... );

#pragma acc kernels pcopy (Anew) pcopyin (A)
calc new A( Anew, A, ... );

#pragma acc kernels pcopy(A) pcopyin (Anew)
update A( A, Anew );




MPI JACOBI ITERATION

(;éragma acc data pcopy(A) create (Anew)
while ( error > tol ) {
#ipragma acc kernels pcopyin(A) copyout (send buf)
pack data at boundary( send buf, A, ... )’

exchange data by MPI( recv_buf, send buf,

#ipragma acc kernels pcopy(A) copyin(recv_buf)
unpack data to_halo( A, recv_buf, ... );

#pragma acc kernels pcopy (Anew) pcopyin (A)
calc new A( Anew, A, ... );

#pragma acc kernels pcopy(A) pcopyin (Anew)
update A( A, Anew );




MPI JACOBI ITERATION (NVVP)

NVIDIA Visual Profiler

File View Run Help

L e = 'IID =y ‘D - +\. _\: 1
| |
& tlog.nvprof.0 22 . § *log.nvprof.0 ro
i | &
255.29 ms 255.5 ms 255.75 ms : 2! =
+ Process "jacobi-mpi_acc" (2299... : |
—| [0] Tesla K40c Pack MPI § Upck :
=| Context 1 (CUDA} I I =
I \ I _
¥ MemCpy (HtoD} k I | I =
7 MemCpy (DtoH) : | :
—| Compute B | | jacobi_112 gpu
I 51.8% jacobi_99_gpu : |
] 4?_3%jacopi_112_g___ -: jacobi_112 gpu
I 0.6% jacobi_62_gpu 1 | |
" 0.4% jacobi_84 gpu : | :
—] Streams [ I
I . 2
Stream 13 B (| | | jacobi_112_gpu
| J
| |
I |
| |
: —t :
! T—ItHE |
: [ ]
{ 3
: MPI I
Cw Analysis &3 I — gF w. 1 0
T — Rt :



A—=IN—=5vJ" (ASYNC/WAIT CLAUSE)

(;hile ( error > tol ) { “\
#pragma acc kernels pcopyin(A) copyout (send buf)
pack data at boundary( send buf, A, ... );
exchange data by MPI( recv_buf, send buf, ... );

#fipragma acc kernels pcopy (A) copyin(recv buf)
unpack data to halo( A, recv buf, ... );

#pragma acc kernels pcopy (Anew) pcopyin (A)
calc new A( Anew, A, ... );

#pragma acc kernels pcopy(A) pcopyin (Anew)
update A( A, Anew );




A—IN—3vDJ" (ASYNC/WAIT CLAUSE)

(;£ile ( error > tol ) { ﬂ‘\

#pragma acc kernels pcopyin(A) copyout (send buf)
pack data at boundary( send buf, A, ... );

#pragma acc kernels pcopy (Anew) pcopyin (A)
calc new A inside( Anew, A, ... );

exchange data by MPI( recv _buf, send buf,

#pragma acc kernels pcopy (A) copyin(recv buf)
unpack_data to_halo( A, recv_buf, ... );

#pragma acc kernels pcopy (Anew) pcopyin (A)
calc new A at boundary( Anew, A, ... );

#pragma acc kernels pcopy(A) pcopyin (Anew)
update A( A, Anew );




A—=IN—=5vJ" (ASYNC/WAIT CLAUSE)
Ghile ( error > tol ) { \

#pragma acc kernels pcopyin(A) copyout(send buf) async(2)
pack data at boundary( send buf, A, ... );

#pragma acc kernels pcopy (Anew) pcopyin(A) async(l)
calc new A inside( Anew, A, ... );

#pragma acc wait(2)
exchange data by MPI( recv_buf, send buf, ... );

#pragma acc kernels pcopy (A) copyin(recv_buf) async(2)
unpack data to _halo( A, recv_buf, ... );

#pragma acc kernels pcopy (Anew) pcopyin(A) async(2)
calc new A at boundary( Anew, A, ... );

< #pragma acc kernels pcopy(A) pcopyin (Anew) wait(1l,2)
\“ update A( A, Anew );




A—=I\—=35YJ (NVVP)

NVIDIA Visual Profiler
File View BRun Help

™M = -, iy By S5 o~ o=l 1
& *log.nvprof.0 | & *log.nvprof.0 &3 i
.25 ms 292.75 ms i
+| Process "jacobi-mpi-2p_acc” (2... :
—| [0] Tesla K40c :
=] Context 1 (CUDA) I 1
I MemCpy (HtoD) : | : | =
7 MemCpy (DtoH) I b

- compute I - | EESTTRCCTE | -

7 51.1% jacobi_76_gpu | R : acobi_76_gpu | i e
7 a6.7% jacobi 134_o... [N [ jacobi134.gpu |
I 1.1% jacobi_112_gpu : | :
F 0.6% jacobi 99 gpu I | :

I 0.5% jacobi_62_gpu : | I |

—| Streams : :
stream 13 ! [ jacobi134.gpu |
Stream 14 : :
Stream 15 : :
| i
i 1
[ Analysis 3 : :
1



OPENACCO C.
KIRICEDNTNSD?




[R-KIx-BFEETI

=if%(C)

NCAR-CISL, ORNL / CESM
CAM-SE (HOMME)
LANL/POP >

NASA / GEOS-5
NOAA-GFDL / CFSv2
NOAA-GFDL / MOM6
UKMO / HadGEM3

-> GungHo
NEMO

MPI-M / MPI-ESM
- ICON-ATM
9

RIKEN, UniTokyo / NICAM
IPSL / DYNAMICO

NCAR-M3 / WRF > or NIM
DWD, MCH / COSMO
UniMiami / OLAM

KIZ(W)

UKMO / - GungHo
ECMWEF / IFS > PantaRhei
DWD / - ICON
NOAA-NCEP / > NIM?
EC, CMC/

USNRL /

NOAA-ESRL / FIM > NIM
-=> DWD, MPI-M / ICON
—> NOAA-ESRL / NIM

—> NCAR/

NCAR-M3 / WRF >

USNRL / COAMPS

DWD, MCH / COSMO

MFR /

MFR, ICHEC / HARMONIE
HIRLAM

JAMSTEC-JMA / ASUCA

CAS-CMA / GRAPES

UniMiami / OLAM

&5 (0)
LANL / POP >
NOAA-GFDL MOMé6
CNRS STFC NEMO
USNRL / HYCOM
MIT / MITgcm

- LANL /
- MPI-M /

Rutgers-UCLA / ROMS
UNC-ND / ADCIRC

or NIM

I GPU Development (8)

CAM-SE, GEOS-5, NEMO, WRF, COSMO, NIM, FIM, GRAPES

] GPU Evaluation (15)

POP, ICON, NICAM, OLAM, GungHo, PantaRhei, ASUCA,
HARMONIE, COAMPS, HYCOM, MITgcm, ROMS, ADCIRC,
DYNAMICO, MOM6

GPU Not Started (7)

= Indicates Next-Gen Model




OPENACCADIELT

Model Focus GPU Approach Collaboration

NCAR / WRF NWP/Climate-R (1) , (2) CUDA (1) NCAR-MMM, (2) SSEC UW-M
DWD / COSMO NWP/Climate-R CUDA+ CSCS, MeteoSwiss (MCH)
ORNL / CAM-SE Climate-G CUDA-F > ORNL, Cray

NCAR / CAM-SE Climate- G CUDA,CUDA-F, NCAR-CISL

NOAA / NIM&FIM  NWP/Climate-G F2C-ACC, NOAA-ESRL, PGI

NASA / GEOS-5 Climate-G CUDA-F > NASA, PGl

CNRS / NEMO Ocean GCM STFC

UKMO / GungHo  NWP/Climate-G STFC, UKMO in future?
USNRL / HYCOM  Ocean GCM US Naval Research Lab
RIKEN / NICAM Climate-G RIKEN, UniTokyo

UNC / ADCIRC Storm Surge (AmgX?) LSU LONI

NOAA / MOM6 Ocean GCM NOAA-GFDL

NASA / FV-Core Atmospheric GCM NASA, NOAA-GFDL

Other Evaluations: US - COAMPS, MPAS, ROMS, OLAM; Europe - ICON, IFS, HARMONIE; DYNAMICO
Asia-Pacific - ASUCA (JP), GRAPES (CN)



NICAM
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NICAM: 7333 (NICAM-DC)

. - -@-Tsubame 2.5 (GPU:K20X)
OpenACC(%J:Zo(%PU{ b e | = Kcomputer () weak scaling
— GIP%E%)%?’E(;AEET ' —o-Tsubame 2.5 (CPU:WSM) /.
— MPIIIEE 21,6401 4
— 2B = /
)
e §1 E+03 / A
- BRIFBRT 5L : ey
— Tsubame 2.5, &K2560 &
GPUS nq-“, 1.E+02
— Scaling factor: 0.8
1.E+01

“ 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
Number of CPUs or GPUs

Courtesy of Dr. Yashiro from RIKEN AICS



NICAM: 7353 (NICAM-DC)

1.E+05 -e-Tsubame 2.5 (GPU:K20X)
o K computer »
Y : ~
E 1 E+04 --Tsubame 2.5 (CPU:WSM) 7/0’
2 7
QS 1.E+03 :
5 S~ it
= 5
s 1.E+02 :
O
= ~
p 1.E+01
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Aggregate Peak Memory Bandwidth (GB/s)

Courtesy of Dr. Yashiro from RIKEN AICS



NICAM: ¥)HER3R (SCALE-LES)

» Atmospheric radiation transfer
—YREROP T, REELVETE
— OpenACCICLBGPURTIG. 58T
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SEISM3D
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K: 8x SPARC64 CPU: 8x Xeon
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[CUDA memcpy DtoH]
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lupdate vel_pml
® update_vel
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SEISM3D
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Courtesy of Dr. Maeda from U-Tokyo



FFR/BCM ({R#K)
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= MUSCL_bench:
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CM-RCM IC-CG (PRELIMINARY)

= IC-CGEDASFI—HT—R by ©

SR (BEK)

— CM-RCMJZE(Cyclic Multi-coloring Reverse Cuthill-Mckee)Zz{# 8
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CM-RCM ICCG (100x100x100)
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Better 0
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Courtesy of Dr. Ohshima from U-Tokyo



CCS-QCD

= QCDI—NR by A ERIR(LEKX)
= BiCGStabzTE%ZZETOpenACCTGPU1L
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