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NVIDIA C CAPS. PG| #pragma acc directive [clause]
‘ ’ ray) ’ {
— Cray, CAPS, PGl 3t DOV /\(SHIRTE // C code
#| FATT B }
- CEi&-Fortranl T3t Fortran
- N _ . ISacc directive [clause]
© 0penMPDKIETALITATR—R | Fortran code
L CPUT AL S LIC AT OISR T A ISacc end directive
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RIEREIKTRT S L%
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OpenACC & CUDATHIEEE)
ATHETRT S LEEDHET

OpenACC CUDA
subroutine matmul(a, b, c, n) subroutine matmuil(a, b, ¢, n)
real(8), dimension(n, n) :: a, b, c real(8), dimension(n, n) ::a, b, ¢
integer :: n integer :: n
integer ::1i, j, k integer ::1i, j, k
real(8) :: cc real(8) :: cc
doj=1,n doj=1,n
doi=1,n doi=1,n
cc=0 cc=0
dok=1,n dok=1,n
cc =cc + a(i,k) * b(k,j) cc =cc + a(i,k) * b(k,j)
end do end do
c(i,j) =cc c(i,j) = cc
end do end do
end do end do

end subroutine matmul end subroutine matmul
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— OpenACC I kernels T4 T+«
JEHALTET

OpenACC

subroutine matmul(a, b, c, n)
real(8), dimension(n, n) :: a, b, c
integer :: n
integer ::1i, j, k
real(8) :: cc

— 1Sacc kernels
doj=1,n
doi=1,n
cc=0
dok=1,n
cc =cc + a(i,k) * b(k,j)
end do
c(i,j) = cc
end do
end do
ISacc end kernels
end subroutine matmul

CUDA

subroutine matmul(a, b, c, n)
real(8), dimension(n, n) :: a, b, c
integer :: n
integer ::1i, j, k
real(8) :: cc

doj=1,n
doi=1,n
cc=0
dok=1,n
cc =cc + a(i,k) * b(k,j)
end do
c(i,j) = cc
end do
end do

end subroutine matmul
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attribute(global) subroutine mm_cuda(a, b, c, n)
EBHET

2. ADO—FK4EE M
H—FR)LaA—KDEL ik

OpenACC

subroutine matmul(a, b, c, n)
real(8), dimension(n, n) :: a, b, c
integer :: n
integer ::1i, j, k
real(8) :: cc

ISacc kernels
doj=1,n

doi=1,n
cc=0
dok=1,n
cc =cc + a(i,k) * b(k,j)
end do
c(i,j) = cc
end do
end do
ISacc end kernels
end subroutine matmul

511k .

integer, value :: n
real(8), dimension(n, n) ::a, b, c
integer i, j, k
real(8) :: cc
i = (blockidx%x-1) * blockdim%x + threadidx%x
j = (blockidx%y-1) * blockdim%y + threadidx%y
cc=0.0
dok=1,n
cc =cc+ ai, k) * b(k, j)
end do
c(i, j)=cc
end subroutine mm_cuda

subroutine matmul(a, b, c, n)
real(8), dimension(n, n) :: a, b, c

integer :: n
integer ::1i, j, k
real(8) :: cc

end subroutine matmul
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attribute(global) subroutine mm_cuda(a, b, c, n)
EBHET
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OpenACC

subroutine matmul(a, b, c, n)
real(8), dimension(n, n) :: a, b, c
integer :: n
integer ::1i, j, k
real(8) :: cc

ISacc kernels
doj=1,n

doi=1,n
cc=0
dok=1,n
cc =cc + a(i,k) * b(k,j)
end do
c(i,j) = cc
end do
end do
ISacc end kernels
end subroutine matmul

integer, value :: n
real(8), dimension(n, n) ::a, b, c
integer i, j, k
real(8) :: cc
i = (blockidx%x-1) * blockdim%x + threadidx%x
j = (blockidx%y-1) * blockdim%y + threadidx%y
cc=0.0
dok=1,n
cc =cc+ ai, k) * b(k, j)
end do
c(i, j)=cc
end subroutine mm_cuda

subroutine matmul(a, b, c, n)
real(8), dimension(n, n) :: a, b, c

integer :: n
integer ::1i, j, k
real(8) :: cc

real(8), device, allocatable, dimension(:, :) :: &
a_dev, b_dev, c_dev

allocate(a_dev(n, n), b_dev(n, n), c_dev(n, n))
a_dev(;, :)=a( :)
b_dev(: :)=b(:, :)

c(:, ) =c_dev(, :)
end subroutine matmul



xIERET AT S LE O

attribute(global) subroutine mm_cuda(a, b, c, n)
EBHET

4. BATRBIICALYRZE|Y
LTS

OpenACC

subroutine matmul(a, b, c, n)
real(8), dimension(n, n) :: a, b, c
integer :: n
integer ::1i, j, k
real(8) :: cc

ISacc kernels
doj=1,n

doi=1,n
cc=0
dok=1,n
cc =cc + a(i,k) * b(k,j)
end do
c(i,j) = cc
end do
end do
ISacc end kernels
end subroutine matmul

integer, value :: n
real(8), dimension(n, n) ::a, b, c
integer i, j, k
real(8) :: cc
i = (blockidx%x-1) * blockdim%x + threadidx%x
j = (blockidx%y-1) * blockdim%y + threadidx%y
cc=0.0
dok=1,n
cc =cc+ ai, k) * b(k, j)
end do
c(i, j)=cc
end subroutine mm_cuda

subroutine matmul(a, b, c, n)
real(8), dimension(n, n) :: a, b, c

integer :: n
integer ::1i, j, k
real(8) :: cc

real(8), device, allocatable, dimension(:, :) :: &
a_dev, b_dev, c_dev
type(dim3) :: dimGrid, dimBlcok

allocate(a_dev(n, n), b_dev(n, n), c_dev(n, n))
a_dev(;, :)=a( :)

b_dev(: :)=b(:, :)

dimGrid = dim3( n/16, n/16, 1)

dimBlock = dim3( 16, 16, 1)

call mm_cuda<<<dimGrid, dimBlock>>>(a, b, c, n)

c(:, ) =c_dev(, :)
end subroutine matmul
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1. kernels, parallel T4L 9T 4712

kB4 TO—R4EEIEE f51: CAT5I3R(PGIAR)
— — - — #pragma data copy(c[0:n*n]),
2. data 74'17747 [SLDT—% copyin(a[0:n*n], b[0:n*n])
DIR— Ak #pragma kernels
3. loop TALOT4TIZkBRALYR #p{jfg' 2 10op 'n".‘?ff;"de"t gang vector(16)
7‘7597\0) *EWTT #pragma loop independent gang vector(16)
for (j = 0;j < n; j++){
OpenACC & CUDAME LY cc=0
for (k = 0; k < n; k++){
OpenACC CUDA cc += a[i*n+k] * b[k*n+j]
A 70— F$ELE | explicit explicit oo
nissE c[i*n+j] =cc
}
T—RIH— A | implicitor | explicit }
“k explicit
IL—TIYE>S | implicitor | explicit
explicit .
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(Unified Platform for Aerospace Computational Simulation)
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D Fortran 90 O—F
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1. kernels TAZO—KfEIZIEE
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PursuingExcellence

T ﬂl(/ﬂ '/I:'L' F—

ISacc kernels

ISacc data pcopy(f1, f2)

o - ISacc loo
2. data —G%_giﬁﬁ Sdoz:]linz
= s, A e == ISacc loop
3. loop TYYE Y e doy=1 ny
ISacc loop
ISacc data pcopyin(a, b), pcopy(c) dox =1, nx
ISacc kernels w=-1;e=1;n=-1;
ISacc loop s=1;b=-1;t=1;
doj=1,n if(x==1) w=0; if(x==nx) e=0;
ISacc loop if(y==1) n=0; if(y==ny) s=0;
doi=1,n if(z==1) b=0; if(z==nz) t=0;
cc=0 f2(x,y,z) = cc*f1(x,y,z) &
dok=1,n + cw*fl(x+w,y,z) + ce*fl(x+e,y,z) &
cc =cc + a(i,k) * b(k,j) + cs*fl(x,y+s,z) + cn*fl(x,y+n,z) &
end do + cb*f1(x,y,z+b) + ct*f1(x,y,z+t)
c(i,j) = cc end do
end do end do
end do end do
ISacc end kernels ISacc end kernels
ISacc end data 17535 ISacc end data TERXTFUS )




% 7 70 I} /7- — :/ 3 “/ T\\ O) % % Pursuing Excellence

° UPACS G)OpenACC 1t'_':“|E do n=1,bdtv_nFlowVar

do k=1,blk%kn
do j=1,blk%jn
do i=1,blk%in
im=i-idelta(1)
jm =j-idelta(2)
km =k - idelta(3)
blk%dq(i,j,k,n) = blk%dq(i,j,k,n) - blk%inv_vol(i,j,k) &

* ( cfaceli,j,k)%flux(n) - cface(im,jm,km)%flux(n) )

T ﬂl(/ﬂ '/I:'L' F—

end do
end do
end do

end do

convection 7T—X D —Ef

15



% 7 70 IJ b- N :/ 3 > Te O) % % Pursuing Excellence

- double precision, pointer :: dq(:,:,:,:), inv_vol(:,:,:)
= “LE double precision :: flux(:,:,:,:)

« UPACS M OpenACC 1t 3 doubleprecision
integer ::in, jn, kn
1. BERIXFERGEODT, i in- sicin - i

T ﬂl(/ﬂ '/I:'L' F—

L \ﬂ: N — dok= 1, kn
7%J&ﬁ§§/ \o9 doj=1,jn
doi=1,in
° Stru cture Of Array [j:;l_s/r\/ flux(:, i, j, k) = cface(i, j, k)%flux(:)

end do

Q-GHE U Iljj-a—ff(j- end do

o end do
e Array of Structure [FaE—
~ N don =1, bdtv_nFlowVar
ZEDWENDD doko1,kn

doj=1,jn
doi=1,in
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

convection JT—X D —If -



% 7 70 IJ b‘ N :/ 3 > f O) % % Pursuing Excellence

- “LE double precision, pointer :: dq(:,:,:,:), inv_vol(:,:,:)

double precision :: flux(:,:,:,:)

« UPACS M OpenACC 1t 3 doubl rectlon
integer ::in, jn, Kn
1. BEERITEZLUDDT, i v oo

T ﬂl(/ﬂ '/I:'L' F—

L N  — dok=1, kn
BERZ/NTT doj=1,Jn
doi=1,in
° Stru cture Of Array [j:;l_s/r\/ fl(;»;( 5, 10, J, k) = cface(i, j, k)%flux(:)
Q-GHE U Iljj-a—ff(j- end do

end do

° Array of Structure 'j:: l:o_ I$acc kernels

% 1,E é M‘g 75{ % é dodn:kl; ?-tj’lf(\ll’]_nFlowVar
doj=1,jn
2. kernels Z$a A l=Lin

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
1Sacc end kernels

convection JT—X D —If -



% 7 70 IJ b‘ N :/ 3 ‘\/ f O) % % Pursuing Excellence

« UPACS M OpenACC 1t FIE e Sy e

integer ::in, jn, kn

T ﬂl(/ﬂ '/I:'L' F—

dg => blk%dq; inv_vol => blk%inv_vol

1. *ﬁiﬁ1$ (i{ﬁ 27:5: L \ 0) 't*: . idno=kb:|kl%iknn;jn = blk%jn; kn = blk%kn

BERZT/INTT "= 1

flux( :, i, j, k) = cface(i, j, k)%flux(:)

e Structure of Array [7R1 > end o
STHRYHET =T end do

1Sacc data &

e Array Of St ructure 'j: —] to _— 1$acc present(dgq, inv_vol, flux, idelta)

S ISacc kernel
% 1lE é LZ\ g 75\ % é doarc1c= f,r;fits\/_nFlowVar

dok=1, kn

2. kernels Z#E A doj=1,

doi=1,in
im =i -idelta(1)

3. /'E: A ?—Qiﬁﬁéﬁ-—}&j( jm = j - idelta(2)

km =k - idelta(3)

>0

LEBWN=®. data TALY | Y
—_— a —_— - N end do
T’fj —GT_QEK%@B%JE end do

end do

’”S(ZtLIZ\?E end do

ISacc end kernels
1Sacc end data

convection JT—X D —If -



% 7 70 IJ b‘ N :/ 3 y f 0) % % Pursuing Excellence

double precision, pointer :: dq(:,:,:,:), inv_vol(:,:,:)

» UPACS MDOpenACCALEINE «o v

integer ::in, jn, kn

T ﬂl(/ﬂ '/I:'L' F—

dqg => blk%dq; inv_vol => blk%inv_vol

1 . *ﬁiﬁ1$ [i{ﬁ 2 fd: L \ 0) -ts . idnozkbzlkl"f)iknn; jn = blk%jn; kn = blk%kn

doj=1,jn

N ‘ﬂ: \ — oi=1,in
Lﬁj& 1$§ / \ 73— dﬂux(lz, i, j, k) = cface(i, j, k)%flux(:)
o N end do
e Structure of Array [E7RA> | e

end do

STHRYHI =T Saccdata &

1Sacc present(dg, inv_vol, flux, idelta)

*  Array of Structure [FOE— | e

1Sacc loop seq

% 1lE é LZ\ g 75{ % é ?:a::I:;sCiteV;nFlowVar

dok=1, kn
2 . ke r n e I S % *ﬁ A !Sacz:)ojorlglaj:g vector(4)
N - . I$acc loop gang vector(64)
3. BEIT—REEEITIER | i

jm =] -idelta(2)

%EL\f:&)\ data 7_—‘\,(|/7 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) )
T’rj —GT_QEE%ODB%JE end do J :

end do

BlE i e

1Sacc end kernels

4. Ioop 7_—\\4 l/gj_—,rj\j;ﬁ]\ I$acc end data

convection 7=—X D —Ef -
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do n=1,bdtv_nFlowVar
do k=1,blk%kn
do j=1,blk%jn
do i=1,blk%in
im=i-idelta(1)
jm =j -idelta(2)
km =k - idelta(3)

blk%dq(i,j,k,n) = blk%dq(i,j,k,n) - blk%inv_vol(i,j,k) &

* ( cface(i,j,k)%flux(n) - cface(im,jm,km)%flux(n) )

end do
end do
end do

end do

Before

PursuingExcellence

T ﬂl(/ﬂ '/I:'L' F—

double precision, pointer :: dq(:,:,:,:), inv_vol(:,:,:)
double precision :: flux(:,:,:,:)
integer ::in, jn, kn
dq => blk%dgq; inv_vol => blk%inv_vol
in = blk%in; jn = blk%jn; kn = blk%kn
dok=1, kn
doj=1,jn
doi=1,in
flux( :, i, j, k) = cface(i, j, k)%flux(:)
end do
end do
end do
I1Sacc data &
I1Sacc present(dg, inv_vol, flux, idelta)
1Sacc kernels
1Sacc loop seq
do n =1, bdtv_nFlowVar
1Sacc loop seq
dok=1, kn
I1Sacc loop gang vector(4)
doj=1,jn
1Sacc loop gang vector(64)
doi=1,in
im =i -idelta(1)
jm =] -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
1Sacc end kernels
1Sacc end data

After

convection 7T—X D —E

20
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- RERIRIE
Type Intel Xeon Westmere-EP 2.9GHz NVIDIA Fermi M2050
Cores 6 core 14SM, 448 CUDA core

e AN S

PGI pgfortran 13.3 -03 -acc -ta=nvidia,cc20
Cray ftn 8.1.3 -03 -h accel=nvidia_20 -h system_alloc —h
acc_model=fast_addr
CAPS capsmc 3.3.3 --nvcc-options -arch,sm_20 --nvcc-options -0O3
host compiler ifort 11.1 ifort -O3
CUDA C nvcc 4.1 -0O3 -arch=sm_20

Fortran pgfortran 13.3 -0O3 —Mcuda=cc20
21
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- 1THI3E : EFRE, 20482 BE 83T
c T-BRTFUUL: B, 2560 el W TS
OpenACC 9 7
CUDA 26 35
Matmul 7-Point Stencil

60 - 70 -
o 50 - 60 -
& I
free on 50 -
6,40 o
§30_ -;:;-40—
© -&30—
€ . 5

20 P
K] EZO—
S
)

& 10 - =10 -

0 - 0 -

PGl Cray CAPS CUDA PGl Cray CAPS CUDA -



£7 T r—a TOMEE ’”’W‘lsué’ffﬁ‘fww

Table: Number of modified lines of code

© UPACS ZRIRIREIKKLSICHAE, T—% pmmmr=rr
B DBk FE B 1-158 D 4EE OpenACC 1788

CUDA 5607
2
18 « CPU-GPU
1.6 EE— i Other phases
= ' Time Integration
o l1l4 — . .
v u Viscosity
1 99 4 SEEEE 0 0 0 0 0000
el g 1.2 A w Convection
‘6 -; 1 N E—
2 308 —— ——
Q
(N E]
0.4 - —
0.2 - |
T . S S
_ | |

OpenMP OpenACC(PGI) CUDA
6 cores Baseline Baseline 73
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Eai iﬁ 1 t % ﬁ/ﬁ L T: i% é O) ll‘éi ﬁlé PursuingExcellence

Table: Number of modified lines of code

= Baseline | Thread Kernel Register | Loop Fine-
. Eﬁﬁ‘ﬂjf; L,O) mapping | specialization | blockin | fusion | Grained
Baseline T CUDA® =
OpenACC 1788 1809 2601 2940 3296
64% D 8
CUDA 5607 5743 6614 7641 8656 8870

- wARHE{ELT- u Baseline
2 & 429% DB >

W +Thread mapping

.. +Kernel specialization
w +Register blocking

w +Loop fusion

. +Fine-Grained Parallelization

B
&

w

better >
Relative Performance
(Y N
_ NN WD

o
92l
|

o
|

OpenACC(PGI) CUDA 4
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O pen ACCTT % 7:3: LN t ﬁursuingfxcellence

« TRV SLDLYTSIZEET SHHIR
e ADFIA

— WFHETEEBERANSDEHTFEVUHL

* OpenACC2.0 DEHTIETESKDITES

« MEREICEE T HHIR

— shared Z{FE>TALYFEIT—2BIEZT S

— textureFD/N—F DT 7 ZBHRBIIZES

— BEF DMEEZEIET D

> INHDHIREA CUDA ELLE LR D MEREF vy T DR
NG HIELHD

& 1

25
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O p e n ACC 0) ﬂ- m’xl'll‘éi ( j: ? PursuingExcellence

- B AT7—XTOFrEITOE KR4
— Intel MIC %2 &, NVIDIA LAY DA=——a7 ~D %t (L85
Fo7=1EHY

o AVNASEITORHRTE
— IRITD Ver. 1.0 DEFRIZEWL T, #Fi— SN TUVELVED
PNERBHB

26
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- t &) Pursuing Excellence
~

* OpenACCOFSEZ
— N—RIRFI—ITIE. BITDE A TIEHEREE
SR (F5(ZArray of Structure) & {F 55771 Tld, EE#
ZATEAONEND
* OpenACC 14 HE
— A—RIRFI—Y ETF7T)r—aoTENEN
CUDAMSE|, 6EIFEE D EHE
— x7—FARYEZRAWV=mEEZITo12155 . CUDAL
RKELGHREF YV INELS
+ OpenACCO ol #§ 14
— (ERREEFRDELD G, AV/INATEITH— SN TULVELY
* OpenACCIEE=FILLMEERkTH A= . SERIZEAF

Qll

& )
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Q & A PursuingExcellence
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Optimizations: T ﬂ’(ﬁgs;/”’g-’fﬂ;’—,m
Thread Mapping

¢ Ope NACC Implementation ISacc kernels present(a, b, c)
o ) . ISacc loop gang vector(THREAD_Y)
— Explicitly mapping threads by using doj=1,n
gang, worker and vector clauses I5acc loop gang vector(THREAD_X)
’ doi=1,n
— Choose the best size of (THREAD_X, (Cjc =k0
= 1’
THREAD _Y) by parameter survey OCC _ Ccrl a(i.k) * b(k )
* ex.(32,4),(64,4), (128, 2) end do
c(i,j) = cc
* CUDA Implementation an do
en 0]
— Choose the best size of thread block | !Sacc end kernels
by pa rameter survey OpenACC matlrix multiplication (PGI version)

— Baseline thread block size
* Matrix Multiplication: (16, 16)
* 7-point stencil and UPACS: (64, 4)

29



Optimizations:
Shared Memory Blocking

* Use shared memory

* All threads in the same
thread block use the on-chip
data to compute inner
products

* This optimization CANNOT be
applied to OpenACC version

— Because of inter-thread data
communication

real(8), shared :: Asub(17,16), Bsub(17,64)
real(8) :: Cij1, Cij2, Cij3, Cij4

tx = threadidx%x
ty = threadidx%y
i = (blockidx%x-1) * 16 + threadidx%x
j = (blockidx%y-1) * 16 * 4 + threadidx%y
Cij1 =0.0; Cij2=0.0; Cij3 =0.0; Cij4 =0.0
do kb =0, M-1, 16
Asub(tx,ty )= A(i,kb+ty)
Bsub(tx,ty )= B(kb+tx,j )
Bsub(tx,ty+16) = B(kb+tx,j+16)
Bsub(tx,ty+32) = B(kb+tx,j+32)
Bsub(tx,ty+48) = B(kb+tx,j+48)
call syncthreads()
dok=1,16
Cij1 = Cij1 + Asub(tx,k) * Bsub(k,ty )
Cij2 = Cij2 + Asub(tx,k) * Bsub(k,ty+16)
Cij3 = Cij3 + Asub(tx,k) * Bsub(k,ty+32)
Cij4 = Cij4 + Asub(tx,k) * Bsub(k,ty+48)
enddo
call syncthreads()
enddo
C(i,j )=Cij1
C(i,j+16) = Cij2
C(i,j+32) = Cij3
C(i,j+48) = Cija
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Optimizations:
Branch Hoisting

Move the six
branches to outside
of innermost z loop

ISacc kernels present(f1,f2)
ISacc loop gang vector(THREAD_Y)
doy=1, ny
ISacc loop gang vector(THREAD_X)
dox=1, nx

z=1;
w=-1;e=1;,n=-1;s=1;
if(x==1) w=0; if(x==nx)e=0
ifly==1) n=0; iffy==ny)s=0

f2(x,y,z) = cc * f1(x,y,z) + cw * f1(x+w,y,z) &

+ ce * f1(x+e,y,z) + cs * f1(x,y+s,2) &
+cn * f1(x,y+n,z) + cb * f1(x,y,z) + ct * f1(x,y,z+1)
doz=2, nz-1

f2(x,y,z) = cc * fi(x,y,z) + cw * f1(x+w,y,z) &

+ ce * f1(x+e,y,z) + cs * f1(x,y+s,2) &

+cn * f1(x,y+n,z) + cb * f1(x,y,z-1) + ct * f1(x,y,z+1)
end do
z=nz

f2(x,y,z) = cc * f1(x,y,z) + cw * f1(x+w,y,z) &
+ ce * f1(x+e,y,z) + cs * f1(x,y+s,2) &
+cn * f1(x,y+n,z) + cb * f1(x,y,z-1) + ct * f1(x,y,z)
end do
end do
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Optimizations:
Register Blocking

* Innermost z loop is
executed sequentially
by single thread

* Reuse data
(x,y, z-1), (x, y, z), and
(x,y, z+1) by using
three local variables

ISacc kernels present(f1,f2)
ISacc loop gang vector(THREAD_Y)
doy=1, ny
ISacc loop gang vector(THREAD_X)
dox=1, nx

z=1;
w=-1;e=1;,n=-1;s=1;
if(x==1) w=0; if(x==nx)e=0
ifly==1) n=0; iffy==ny)s=0
f t="F1(x,y,z+1); f c=fl(x,y,z); f_ b=f c
f2(x,y,z) =cc*f c +cw * fl(x+wy,z) &

+ ce * f1(x+e,y,z) + cs * f1(x,y+s,2) &
+cn * f1(x,y+n,z) +cb *f b +ct*f t
doz=2,nz1

fb=fc fc=Fft; f_t="F1(xyz+1)
f2(x,y,z) =cc *f ¢ +cw * fl(x+wy,z) &

+ ce * f1(x+e,y,z) + cs * f1(x,y+s,2) &
+cn * f1(x,y+n,z) +cb *f b +ct*f t
end do
zZ=nz

fb=fcfc=ft;ft=ft
f2(x,y,z) =cc*f c +cw * f1(x+w,y,z) &

+ ce * f1(x+e,y,z) + cs * f1(x,y+s,2) &
+cn * f1(x,y+n,z) +cb *f b +ct*f t
end do
end do
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PursuingExcellence

Optimizations: _Tﬂl(/ﬂ'/EL'H—

LOOp fUSIOn NO inter-thread data dependency

: : dok=1,kn !| tA
* Fuse loop nests pairs which have Zojzl;"n oo nes

producer-consumer data flow do i=1,in
< body of loop nest A >

— Convection and Viscosity phases
yP temp(i,j, k) = ( result of A)

have producer-consumer data flow

end do
with temporary 3-D array end do
* Use registers or shared memory end do
to fuse these pairs do k=1,kn !loop nest B
— Depending on the existence of an do;=.1,Jn.
do i=1,in

inter-thread data dependency local_value = temp(i,j,k)

< body of loop nest B >
end do
end do
end do
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PursuingExcellence

Optimizations: _Tﬂl(/ﬂ'/EL'H—
Loop fusion

inter-thread data dependency

. : do k=1,kn !| t A
* Fuse loop nests pairs which have cc)joj=1jnn oopnes

producer-consumer data flow do i=1,in
< body of loop nest A >

— Convection and Viscosity phases
yP temp(i-1,j,k) = ( result of A )

have producer-consumer data flow

end do
with temporary 3-D array end do
* Use registers or shared memory end do
to fuse these pairs do k=1,kn !loop nest B
— Depending on the existence of an do;=.1,Jn.
do i=1,in

inter-thread data dependency local_value = temp(i,j,k)

< body of loop nest B >
end do
end do
end do
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PursuingExcellence

Optimizations: _I'ﬂl(/ﬂ'/EL'H—
Loop fusion

inter-thread data dependency

. . do k=1,kn ! tA
* Fuse loop nests pairs which have %ojzl;"n oopnes

producer-consumer data flow do i=1,in

— Convection and Viscosity phases < body of loop nest A >
temp(i-1,j,k) = ( result of A )

have producer-consumer data flow end do
with temporary 3-D array end do

- Use registers or shared memory = "9 9°

to fuse these pairs do k#1,kn !loop nest B

— Depending on the existence of an do j=1,jn

. do i=1,in
p inter-thread data dependency N local_value = templ(i,j,k)
Inter-thread data communication is required < :IOd nestB >
nd do

CUDA: available by using shared memory [
OpenACC: NOT available end do
N ) | enddo )




Optimizations:
Fine-grained parallelization
in Time Integration phase

* Optimizing Time Integration
phase by using shared memory

— The Time Integration phase
computes the six neighbor cells

PursuingExcellence

T ﬂl(/ﬂ '/I:'L' F—

Original

local_value

serially to update the central cell

— Allocate one thread per neighbor
point to compute

— This optimization requires inter-
thread data communication, which
is possible in CUDA, but notin
OpenACC

threa>$

N

\

Time Integration stencil
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PursuingExcellence

Fine'graiHEd pa ra“elizatiOn Fine-grained parallelization
in Time Integration phase

Optimizations: —I'ﬂl(/ﬂ '/I.-'L'H—

shared-memory |0 (1 [2 |3

* Optimizing Time Integration phase /,//
by using shared memory thieg 4
— The Time Integration phase /

computes the six neighbor cells / % / X
} thread thread
serially to update the central cell 0 > /-f >
— Allocate one thread per neighbor /
point to compute e /
— This optimization requires inter- 3
thread data communication, which

is possible in CUDA, but notin Time Integration stencil
OpenACC
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Performance[GFlops]

Difference of the performance among_;lﬁ(,

O TECH—
CO m p i I e r Ve rS i O n S PursuingExcellence
Matrix Multiplication
(see matmul_f.f90) The best thread mapping parameter
Problem size : 20482 (baseline : chosen by compiler)
double preCiSion Compiler +thread +register
version baseline  |mapping [+peeling |blocking
160 vi2.4 16,44 64,1 128,2 1282
v12.5 1644 328 1282 128,2
140 vi2.8 1281 1281 128,2 1281
120 - v12.9 64,4 1282 324 1281
v12.10 644 1281 64,2 64,2
100 - v13.2 128,1 64,2 1281 1288
v13.3 128,1 64,2 128,2 64,2
80 i v13.4 128,1 64,2 128,2 64,2
60 i v13.5 128,1 324 128,2 64,2
40 - W baseline
20 - W +thread mapping
0 +cache blocking

?‘ 4 % q \9 ’\/ 0> V <,) W +unroll
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Difference of the performance among_T,Ib(;(,

k

compiler versions
7-point stencil

70

Thoroughput[GB/s]
= N w H Ul
o o o o o

o

(see stencil-pgi-acc.f90)
Problem size : 1283

The best thread mapping parameter
(baseline : chosen by compiler)

single precision Compiler +thread [+cache
version _ |baseline |mapping |blocking [+unroll
vi12.4 16,16 256,4 32,16 32,16
v12.5 16,16 256,4 32,16 32,16
B v12.8 128,1 1288 1284 32,16
v12.9 64,4 64,4 32,16 32,16
E B E I BEE B v12.10 64,4 64,4 32,16 32,16
v13.2 128,1 256,4 1284 32,16
— B3R — = v13.3 128,1 256,4 1284 32,16
v13.4 128,1 1284 1284 32,16
- v13.5 128,1 1284 1284 32,16
i W baseline
i I I W +thread mapping
I I I +peeling
X S v 9 W +register blocking
NN 2N
KSR AN SN €

O TiECH—

PursuingExcellence
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