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Evaluation of Portability for a Real-world CFD Application
with CUDA and OpenACC

TETSUYA HOsHINO! NAOYA MARUYAMAL23  SATOSHI MATSUOKAL24

Abstract: Computational fluid dynamics (CFD) applications used for an earthquake and meteorological
simulation are one of the most important application executed with high-speed supercomputers. Especially,
GPU-based supercomputers have been showing remarkable performance of CFD applications. However,
GPU-programing is still difficult to obtain high performance, which prevents legacy applications from being
ported to GPU environment. We apply classical optimizations to a real-world CFD application UPACS and
evaluate it’s performance and porting costs, and we also evaluate OpenACC expected to provide portability
across CPUs and GPUs. We demonstrate these results of evaluation and mention performance problems
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should be resolved in the future.
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#pragma acc directive-name [clause [[,] clause]...] new-line
{ structured block }
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01 0000 (TSUBAME2.0 ThinDDODO)

CPU GPU
Type Intel Xeon X5670 x 2 NVIDIA Tesla M2050 x 3
Frequency | 2.93 GHz 1.15 GHz
Cores 6 14SM / 448 cores
Memory 54 GB 3GB
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type cellFaceType
real(8)

real(8), dimension(3) :: nv

: area, nt

real(8), dimension(5) :: q_r, q_1, flux

real(8) shockFix
end type
type(cellFaceType), dimension(:,:,:), pointer :: cface

allocate(cface(-1:in+1,-1:jn+1,-1:kn+1))

real(8),dimension(-1:in+1,-1:jn+1,-1:kn+1) :: area,nt

real(8) ,dimension(3:-1:in+1,-1:jn+1,-1:kn+1) :: nv

real(8),dimension(5:-1:in+1,-1:jn+1,-1:kn+1) :: q_r,q_1,flux

real(8) ,dimension(-1:in+1,-1:jn+1,-1:kn+1) :: shockFix
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do n=1,5
do k=1,kn
do j=1,jn
do i=1,in
! idelta 0 i, j, k000000000000
' (/1,0,0/),(/0,1,0/),(/0,0,1/) O OO
im = i-idelta(1)
jm = j-idelta(2)
km = k-idelta(3)
dq(i,j,k,n) = dq(i,j,k,n) - inv_vol(i,j,k) &
* ( flux(n,i,j,k) - flux(n,im,jm,km) )
end do
end do
end do

end do

04 000 update 0O0ODOOO

do n=1,5
do k=1,kn
do j=1,jn
do i=1,in
dq(i,j,k,n) = dq(i,j,k,n) - inv_vol(i,j,k) &
* ( flux(n,i,j,k) - flux(n,i-1,j,k) )
end do
end do
end do

end do
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do k = 1, kmax
do j =1, jmax

do i =1, imax

ooo

nv(:) = fNormal(i,j,k,1,:) - fNormal(:i,j,k,1)
q(:) =q(i,j,k,:) - q(:,i,j,k)

dq(:) = dq(i,j,k,:) - dq(:,i,j,k)
ooo

end do
end do

end do

07 OD00O0OO0OO0OO0OOOO0OO0OOOOCOOOOOOOOOOOO

oo
05 OpenACCOUOOOOOOOOO
cooooo Fortran 0O 0O 00O gooogoo
Cray CcC ftn 8.1.0.143
PGI pgcc pgfortran 12.4-0
CAPS | hmpp hmpp 3.1.0
(host) | icc ifort 11.1

uoboooooboocooooocoOobooooooocooo
uoboooooboocooooocoOooooooboOooo
uobooocooboocooooocOoOoboooooboooo
uobooOoooboooooboocoooooOooboooo
oooOOo0o0oooooGpUOOOOCOOOOOOOOO
uoboooooboocooooocoOobooooooocooo
oobooooooooooboocoooooooboooo
ooboooooooocooboooooooooboooo
goo

5. OpenACCOOOOO

0000 CUDADOODOOODOOODOOpenACCO
oooooooooOoOoOoOOOOOO0OO0O Crayd PGIO
CPASOO0O0O00O OpenACCOOOOOOODOODOO
000000 OpenACCOOOOODOOOOODOOODOO
gobobooooooooobooooooooobooooo
O diffusion 0000000000000 CUDAOOOO
goboobooooooooboooooooooboooo
uoboooooooooboooobooo sgobaa

5.1 O0000Odiffusion0000000O0 OpenACC OO

O00000000diffussion 00000000000
O000000D0O0O0O0oO OpenACCOOUODOOOOO
00000 cCclbAdCDUOOoDOUOOOOOOOOO
clbAODUOOOUODOOUDOODUODOOUOUDOODOOO
O00O0OO00O0OOOCUDA Fortran O PGIOOODOODO
CUDACUO nvec D0OO0OD0ODOOOOOOOOOOOOCray
ODO0OO0O0OO0OO0oDOooDbDOonO GPULO X2090 O
opDOoXxX000000000000000000O000O
000 665GFlops(double)d 178GB/s O O O O M2050 O
515GFlops(double)J148GB/s 00000000 OOOOO



goooboooooo
IPSJ SIG Technical Report

160
140

120

-
£100
S 80 |
[ o
2 60 ® Fortran
40
0 - : ! , .
CUDA CUDA PGl CAPS CRAY
(optimized) (normal)
0 8 00O 2048x2048
90
80
g 70
] 60
‘i 50
[ ]
$40 ¢
2130 M Fortran
<
20
10
0
CUDA CUDA PGI HMPP CRAY
(optimized)  (normal)
0 9 diffusion 64x64x64 (single)
90
80
g 70
) 60
‘:n‘;. 50
[ ]
$40 ¢
2130 ¥ Fortran
£
S
10
0 T
CUDA CUDA PGI HMPP CRAY
(optimized) (normal)
0O 10 diffusion 128x128x128 (single)
90
80
g 70
] 60
i 50
[ ]
$40 ¢
2130 ¥ Fortran
20

CUDA CUDA PGI HMPP CRAY
(optimized)  (normal)

0O 11 diffusion 256x256x256 (single)

Cob000000000002048 x 20480000000
coooOoooooono sgood
clbA0OUOOOOOOOOOODODOOOOOODOOOO
cobooooboOooobOoOooobOOoOoooon 12
ooooOoooooOoopGlOOOOOCOOOOOOOO
COooOOO0O0O000D0OO00C0O0000000000data
oooooooooooooooobo GgeUOOODODOOO
OOO0OOkernels 0000000000 OO0DOCOODOO
OOO0OOpresent 0OO0OO0D0OOO0CODOOOCODOOO

(© 2012 Information Processing Society of Japan

Vol.2012-HPC-135 No.42
2012/8/3

void matmul(
double * restrict a,
double * restrict b,
double * restrict c,
const int n){
int i,j,k;
#pragma acc kernels present(al[0:n*n],b[0:n*n], c[0:n*n])
#pragma acc loop private(c[0:n*n]) gang vector(4)
for(i=0; i<n; i++){
#pragma acc loop gang vector(64)
for(j=0; j<m; j++){
double Cij = 0;
for(k=0; k<n; k++){
Cij += a[P0S(i,k,n)] * b[POS(k,j,n)];
}
c[P0S(i,j,n)] = Cij;
}
}
}

int main(int argc, char *argv[]){
/*0 0%/
#pragma acc data copyin(al[O:n*n], b[O:n*n]) copy(c[0:n*n])
{
matmul(a, b, ¢, n);
}
/0 0x*/
}
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0000000000000 2630000 PGIOOOO
000 L1000000000000ooo0o00CUDA O
O000000000oooooooDooooon 16KBO
O48KBOODOOODOOOOOpenACCOOODOOOOO
O000oDO0oooooooooooooDoooooog
O00o00o000ooooooDoooooooooooon
000 16KBOOOOOUOOOOODODODODOCAPSO
Cray000000000 1282000000000000
oooo
0o0oD0ooooooooooooooooooog
OO0DO0O0OD0Fertran00 00000 OOCAPSODOOO
00000000 100o0ooooooooooon
independent 0 000000000 OCOOO300000O0O
000000oooo 2%000000000000Cray
Oo00o0oooopoooooooool100ooooon
O0Cray00O0O0O0DODO independent 00O OO0OODOO
30000d0ooooooooon 30%oooooooon
oooooorPGIOOOOOO300O0ODOOOODOOOO
goooooo3%uUoooooooooooooooo
ooooDoooooooooooon

5.2 UPACSO0O OpenACCOOO
OO00OOpenACCOOOOOODOOOODOOOOODOO
cooooooooocoOobooOooooOoocoobooooo
00000000000 PGIO OpenACCOOODODOO
000 OpenACCOOOOOOOOOODOO CUDADODO
O0O0000000000000 e0O000updateD O
CooorOoODO0O0O0C0COCO0OO000000muscl00O0O
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'$acc data present(f1,f2) &
'$acc create(nx, ny, nz, ce, cw, cn, cs, ct, cb, cc, dt)
!$acc update &
!$acc device(nx, ny, nz, ce, cw, cn, cs, ct, cb, cc, dt)
do while(time + 0.5%dt < 0.1)
!$acc kernels
!$acc loop independent
do y = O,ny-1
!$acc loop independent
do x = O,nx-1
do z = O,nz-1
''0 oooo
£2(c) = cc * f1(c) + cw * f1(w) + ce * f1(e)

+ cs * f1(s) + cn * f1(n) + cb * f1(b) + ct * £1(t)

end do
end do

end do
!$acc end kernels

r g
!$acc kernels present(f1,f2)

' f1, f2 0000000000000 0OO0O0OO
!$acc end kernels
end do

0 13 Fortran 00 00O Odiffusion 0000000 OpenACC O
0O (CAPSO)

000 200000000000000Q0000O 140
update 000000000 OpenACCOODODOODODODODO
PGIO OpenACCOOOOODOOOOO 4000000
oooooooO0 i, , k00000000000 0ODOO
godooOoOoQoUoOoUoOoOOUOODOUObOUOUOOboOoO
O00o0ooouibopoojoooookOOOOOOO
god0oo0o0oQU0oOoQ0UoOoUoUODOUDUOUDbDODoO
oo0ooOCOO0o00 spooooobbooooooooooo
god0doo0o0o0OoOoOOoUoOOoUUOULoUOUoooLoOo
oo0ooOOoo0oooooOoOooDbooOoobooo eOO
00ooo0oooooooooooooooooo

000000 Fortran O 0 0O 0O O O allocatabled pointer
00000o0oOoU0oO0o0ooUooOoDoDoOooUOooooo
gdo0oOo00o0QoO0oQ0OoOoOoOoOoOUODUOUOoOooLoOo
OOUPACSOOCOOUOO0OODODOOOOOUOUOODODOO
gd00oo0o0o0oOo0oOoOoOoOoOoOoOUOOoOUOoOoooo
god0doo0o0o0oO0o0oO0oUoOOooDUOUOoUOUOoOoooo
gdooo0o0oooooooooooooooooogo

OpenACCOUOOOOOOOOCPUODGPUDODODOOO
oopDoOooo0oooo400000o0OoocCcrPud GPU
gd0doo00oQ0O0oOoQoOoOoOOoDOOOOUOOoOoOboO
000 OpenACCUOODDOOOOOOOOOOOOODO
ooooooo

6. Uodug

coobooooobOocoooooooobocOoooboooa
0000 [oo0o0oo0o0o0oooooooooo
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!$acc kernels
do n=1,5
do k=1,kn
!$acc loop gang vector(4)
do j=1,jn
!$acc loop gang vector(16)
do i=1,in
dq(i,j,k,n) = dq(i,j,k,n) - inv_vol(i,j,k) &
* ( flux(n,i,j,k) - flux(n,i-1,j,k) )
end do
end do
end do
end do

!$acc end kernels

0 14 update 0000 i000000000 OpenACCODO

06 D0D0D0O0OD0O0DO0OO0O0D0O OpenACCOODODO
00000 (()0000000000000000000)

oooooo oooo oooo

(CUDA) (OpenACC) 00O (OOO)
muscl 418 GB/s  10.5GB/s 157(13)
flux 468 GB/s  27.3GB/s 48(4)
update 47.9 GB/s 33.7GB/s 44(11)

coooooooooooboooOoooObocOooobooooo
0000000000000 0000000 Byte/Flops
cooooooooocoobooooooOoboOoobooooo
coooocooooocooooooooOoboOoobooooo
oobooooooooobOOoobooOooooOoboooooon
cooooooooocOooooooooOoocoobooooo
coooooGgpUOOOOOOOOOOOOOOODO
O000[4] 000000 03.5D-blocking algorithm O O O
oooobooooooooobOoboooooooooooo
cooboooobooooobOOoobOobocbOoooboooao
cooooGgpUOOOOOODOCOOOOOOOOODO
O0ORyooOOOO [6)0000UO0O0OORyooO0OOOOO
Oooooooooooo GepUOOOOOOODOOOO
coooOooooboocoooooooobocooobooooo
coooOooooooooboooooooooobooooo
coooooooocoooo

7. 0DOOO0

oooo0oo0o0oo0oO0oocoooOo GpUOODOODOOO
00000000000 0000 vUPACSOODOOOO
clbA0OO0OOOO0O0OO0OOOOCOOOOOOODOOOO
ooOi1cpuOOO8SO06CPUODODO 356000000
coooOooooooooboooOooobobocOoobooooo
coooocooooocOooboooOooobobocOooobooooo
0000 OpenACCOOOOOOOOODOOODOOOOO
coooDoocpUO GPUOOOOOOOOOCOODODOO
oobooooboobooooooOoboooOooooooaon
cooooooooooobooooooooobooooo
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goooooobooooooocooooooooboooo
goooooooooboooobobooooooooooon
O0000000000000000000 OpenACCO
gooooooboooooboooooooooboooo
goboooooooooooboocoooooooooooo
goooooobodoooooooooooooboobooon
goooooobooooooboooooooooooooo
goooooobooooooocooooooooboooo
000000000000 O0penACCOODOOOOODOO
goboooooboooooboocoooooooooOooo
ooboooooooooocooobooooonn

00 00000000UuUPACSOOOOOOOOOOO
goobooooooooooboocoooooooboooo
oboooooooooboooobooooo

gooo

[1]  Bernaschi, M., Bisson, M., Endo, T., Matsuoka, S.
and Fatica, M.: Petaflop biofluidics simulations on a
two million-core system, High Performance Computing,
Networking, Storage and Analysis (SC), 2011 Interna-
tional Conference for, pp. 1 —12 (2011).

[2] Dolbeau, R., Bihan, S. and Bodin, F.: A Hybrid Multi-
core Parallel Programming Environment, High Perfor-
mance Computing (Valero, M., Joe, K., Kitsuregawa, M.
and Tanaka, H., eds.), Lecture Notes in Computer Sci-
ence, Vol. 1940, Springer Berlin / Heidelberg, pp. 182—
190 (2007).

[3] Lee, S. and Eigenmann, R.: OpenMPC: Extended
OpenMP Programming and Tuning for GPUs, Pro-
ceedings of the 2010 ACM/IEEE International Con-
ference for High Performance Computing, Network-
ing, Storage and Analysis, SC ’10, Washington, DC,
USA, IEEE Computer Society, pp. 1-11 (online), DOI:
10.1109/SC.2010.36 (2010).

[4] Nguyen, A., Satish, N., Chhugani, J., Kim, C. and
Dubey, P.: 3.5-D Blocking Optimization for Sten-
cil Computations on Modern CPUs and GPUs, Pro-
ceedings of the 2010 ACM/IEEE International Con-
ference for High Performance Computing, Network-
ing, Storage and Analysis, SC 10, Washington, DC,
USA, IEEE Computer Society, pp. 1-13 (online), DOI:
http://dx.doi.org/10.1109/SC.2010.2 (2010).

[5) OpenACC-standard.org: The OpenACC Applica-
tion Programming Interface, (online), available from
(http://www.openacc.org/sites/default /files/ OpenACC
.1.0-0.pdf) (2011).

[6) Ryoo, S., Rodrigues, C. I., Baghsorkhi, S. S., Stone,
S. S., Kirk, D. B. and Hwu, W.-m. W.: Optimiza-
tion principles and application performance evaluation
of a multithreaded GPU using CUDA, Proceedings
of the 13th ACM SIGPLAN Symposium on Princi-
ples and practice of parallel programming, PPoPP 08,
New York, NY, USA, ACM, pp. 73-82 (online), DOI:
http://doi.acm.org/10.1145/1345206.1345220 (2008).

[7]  Shimokawabe, T., Aoki, T., Ishida, J., Kawano, K. and
Muroi, C.: 145 TFlops Performance on 3990 GPUs
of TSUBAME 2.0 Supercomputer for an Operational
Weather Prediction, Procedia Computer Science,
Vol. 4, No. 0, pp. 1535 — 1544 (online), available from



gogoooooood
IPSJ SIG Technical Report

(10]

(1]

(http://www.sciencedirect.com/science/article/pii/
S1877050911002249) (2011).

Takaki, R., Yamamoto, K., Yamane, T., Enomoto, S.
and Mukai, J.: The Development of the UPACS CFD
Environment, High Performance Computing (Veiden-
baum, A., Joe, K., Amano, H. and Aiso, H., eds.),
Lecture Notes in Computer Science, Vol. 2858, Springer
Berlin / Heidelberg, pp. 307-319 (2003).

Wolfe, M.: Implementing the PGI Accelerator model,
Proceedings of the 3rd Workshop on General-Purpose
Computation on Graphics Processing Units, GPGPU
’10, New York, NY, USA, ACM, pp. 43-50 (online), DOI:
http://doi.acm.org/10.1145/1735688.1735697 (2010).
gooooobobobooooooobobooooooooog
O0000oooOoooobooooooooooooooon
gooobobooooboboooobobooooboboo
0O Vol. 2012, pp. 23-31 (2012).
Oo0o0ooooooobObooooooobooano
UPACS OODODDODODmMOOOODOODDODODO
(http://www.ssken.gr.jp/MAINSITE/download /wg_report
/smpt/2.2_takaki.pdf) (2006).

(© 2012 Information Processing Society of Japan

Vol.2012-HPC-135 No.42
2012/8/3



