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JRg35325
a9 5% ;
7\/ Btmpl =B(k, j)
= BJ: N l: (=] o] Btmp2=B(lrl, j)
— Hi Ctmpl = Ctmpl + A(i, k )* Btmpl
%T‘)b U: |; mp +Anzpi’ k+|§:kBtn2P2 mp
! Ctmp2 = Ctmp2 + A(i+l, k ) * Btmpl
@1b a)*gj*lﬁ1b . e:“ N + A(i+1, k+1) * Btmp2
S HRIIEH B i
( R/ n C(i+l,)=Ctmp2

enddo
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U 40
Unrolling Depth

4. 9":.—:/7‘1:1

BT AoMEIRRE
TR
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2. 7045534
Jx—X

!{ABCLIib$ install unroll (i,k) region start
!{ABCLib$%$ name MyMatMul
!{ABCLIib$ varied (i,k) from | to 8
doi=l, n
do j=1,
do k= I
C( l) C(i,j)+A(i, k)*B(k,j)
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Target Application V-

| No— ..l
* Seism3D:
Simulation for seismic wave analysis.

* Developed by Professor T.Furumura
at the University of Tokyo.

—The code is re-constructed as
ppOpen-APPL/FDM.

* Finite Differential Method (FDM)
e 3D simulation
—3D arrays are allocated.
e Data type: Single Precision (real*4)



Flow Diagram of

® Space difference by FDM.
ppOpen -APPL/FDM FaGlal
’ * Initialization =§Zc [0 {X+(M +—)Ax Y, 2} =0 X — (m——)Ax y,z}],
A N y ’ (p 202 e

Velocity Derivative (def vel)

S —
B i
E e T A A o

“I""j

Velocity Update (update_vel)

® Explicit time expansion by central
difference.

& n+l n—l a n a n a n
Q2= L S0 S0 O g lag (p =X y.2)
p| OX oy 0z

\ ¥

WY
Velocity PML condition (update_vel sponge)

Py )

gl

Velocity Passing (MPI) (passing_vel) ]

Stress Derivative (def_stress)
\U

M

]

,_g_‘-y
Stop Iteration?
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ppOpen-AT DATRAAZ 7 (FIBERZL—LT—7%)

—ENHRT (MBS X RATREENRIRFDAT
PMPIBZEAZT=YUT 515
=K:4539 | Target_Kernel_k() &/\T A3 EALS RGN
55T
OAT_ATexec()
Target_Kernel_ m()Z/N\TAR2EZZELIELEMN
L ) )
do i=1, MAX_ITER RS ABO
Target_kernel _k() 4 \\
- — W
Y ’< YeS
Target_kernel_m() | BESASOEML |
—W
enddo Yes

%ﬂsxmuﬁmm |
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do k = NZ00, NZ01
do j = NY0O, NYO1

ISomp parallel do ﬁ%ﬂﬁ (Z-%d)

&= IMEJL—T D OopenMP

-

do i = NX0O, NX01

end do
ISomp end parallel do

<FDMIZ&BHEH K>

end do
end do

IW—T K. FEY AKX,
MPIZ' B0t X%k, OpenMP
ALybg, GETEIT
%

O—KI&, JL—T 2 E|
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DOK =1, NZ
DOJ =1, NY
DO =1, NX
RL = LAM (1,J,K) 2= ;hAZ‘Z?—
RM = RIG (1,J,K) Il +
RM2 = RM + RM
RLTHETA = (DXVX(1,J,K)+DYVY(1,J,K)+DZVZ(1,J,K))*RL

QG = ABSX(1)*ABSY(J)*ABSZ(K)*Q(l,J,K) |
SXX (5 SXX (1,],K)+ (RLTHETA + RM2*DXVX(1,J,K))*DT )*QG
SYY (1,J,K) = ( SY¥

RMAYZ = 4.0/(1.0/RIG(I,] K) + 1.0/RIG(1,J+1,K) + 1.0/RIG(],J,KFH-

SXY (I,J,K) = (SXY (1,J,K) + (RMAXY*(DXVY(I,J,K)+DYVX(1,J,K)))*DT)
SXZ (1,J,K) = (SXZ (I,J,K) + (RMAXZ*(DXVZ(I,J,K)+DZVX(1,J,K)))*DT)
SYZ (1,1,K) = (SYZ (1,J,K)  + (RMAYZ*(DYVZ(I,J,K)+DZVY(1,J,K)))*DT)

END DO

END DO

END DO

0/RIG(I,J+1,K+1))




JL—T 53 El| (Loop Collapse) ‘F./E.'EE'H-H:-;

ENDDO

DOK=1,NZ
DO J=1, NY
DO I =1, NX
RL = LAM (1,J,K)
RM =RIG (I,J,K)
RM2 = RM + RM
RLTHETA = (DXVX(1,J,K)+DYVY(l,J,K)+DZVZ(1,J,K))*RL
QG = ABSX(I)*ABSY(J)*ABSZ(K)*Q(l,J,K)
SXX (1,J,K) = ( SXX (1,J,K) + (RLTHETA + RM2*DXVX(1,J,K))*DT )*QG
SYY (1,J,K) = (SYY (1,J,K) + (RLTHETA + RM2*DYVY(],J,K))*DT )*QG
SZZ (1,3,K) = (SZZ (1,J,K) + (RLTHETA + RM2*DZVZ(1,J,K))*DT )*QG

NE| 5| BRELSLE
STMP2 = 1.0/RIG(1+1,J,K) 1%

STMP4 = 1.0/RIG(],J,K+1) n-l_ﬁib\iéj—d)—c

STMP3 = STMP1 + STMP2 a7 \/fj( FAE #1L

RMAXY = 4.0/(STMP3 + 1.0/RIG(1,J+1,K) + 1.0/RIG(1+1, N

RMAXZ =4.0/(STMP3 + STMP4 + 10/RIG(1+1, KK;/ AN ZR S
)

QG = ABSX(I)*ABSY(J)*ABSZ( )*Q(I J |<)

DO | =1, NX
STMP1 = 1.0/RIG(1,J,K)

=%DYVX(I,J,K)))*DT )*QG
SXZ (I,J,K) = (SXZ (I,J,K) (RMAXZ*(DXVZ(I J K)+DZVX(1,J,K)))*DT )*QG
SYZ (1,J,K) = (SYZ (1,J,K) + (RMAYZ*(DYVZ(1,J,K)+DZVY(1,,K)))*DT )*QG

END DO

END DO

END DO
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BE
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HPC

DOK=1,NZ

DOJ =1, NY

DO I =1, NX
RL = LAM (1,J,K)
RM =RIG (I,J,K)
RM2 = RM + RM

RLTHETA = (DXVX(1,J,K)+DYVY(l,J,K)+DZVZ(1,J,K))*RL

QG = ABSX(1)*ABSY(J)*ABSZ(K)*Q(l,J,K)

SXX (1,J,K) = ( SXX (1,J,K) + (RLTHETA + RM2*DXVX(1,J,K))*DT )*QG

SYY (1,J,K) = (SYY (1,J,K) + (RLTHETA + RM2*DYVY(1,J,K))*DT )*QG

SZZ (1,3,K) = (SZZ (1,J,K) + (RLTHETA + RM2*DZVZ(1,J,K))*DT )*QG
ENDDO; ENDDO; ENDDO

%

O

= /AL
DOK=1, NZ IJC +
DOJ=1, NY =
DO | =1, NX

STMP1 = 1.0/RIG(1,J,K)

STMP2 = 1.0/RIG(1+1,J,K)

STMP4 = 1.0/RIG(1,J,K+1)

STMP3 = STMP1 + STMP2

RMAXY = 4.0/(STMP3 + 1.0/RIG(1,J+1,K) + 1.0/RIG(I+1,J+1,K))

RMAXZ = 4.0/(STMP3 + STMP4 + 1.0/RIG(1+1,J,K+1))

RMAYZ = 4.0/(STMP3 + STMP4 + 1.0/RIG(l,J+1,K+1))

QG = ABSX(1)*ABSY(J)*ABSZ(K)*Q(l,J,K)

SXY (1,J,K) = ( SXY (1,,K) + (RMAXY*(DXVY(1,J,K)+DYVX(1,J,K)))*DT )*QG

SXZ (1,J,K) = ( SXZ (1,,K) + (RMAXZ*(DXVZ(1,J,K)+DZVX(1,J,K)))*DT )*QG

SYZ (1,J,K) = (SYZ (1,J,K) + (RMAYZ*(DYVZ(1,J,K)+DZVY(1,,K)))*DT )*QG
END DO; END DO; END DO;




K J, IFL—TIxt9 % [=
o— A |:||:|IE|I:|E|'|H
JLb—0 Fﬂ | (Loop Collapse)

]

DO KK =1, NZ * NY * NX
K = (KK-1)/(NY*NX) + 1

J = mod((KK-1)/NX,NY) + 1 O pe N |V| P—G 16 ﬁl 5%'??

| = mod(KK-1,NX) + 1

M 16 (1110 JAEEE AL IIEREEEIR

RM2 = RM + RM
RMAXY = 4.0/(1.0/RIG(I,J,K) + 1.0/RIG(1+1,J,K) + 1.0/RIG(I,J+1,K) + 1.0/RIG(I+1,J+1,K))
RMAXZ = 4.0/(1.0/RIG(I,J,K) + 1.0/RIG(1+1,J,K) + 1.0/RIG(I,J,K+1) + 1.0/RIG(I+1,J,K+1))
RMAYZ = 4.0/(1.0/RIG(I,] K) + 1.0/RIG(I,J+1,K) + 1.0/RIG(L,J,K+1) + 1.0/RIG(I,J+1,K+1))
RLTHETA = (DXVX(1,J,K)+DYVY(l,J,K)+DZVZ(1,] K))*RL

QG = ABSX(I)*ABSY(J)*ABSZ(K)*Q(l,J,K)

SXX (1,J,K) = ( SXX (1,J,K) + (RLTHETA + RM2*DXVX(I,J,K))*DT )*QG

SYY (1,J,K) = ( SYY (1,J,K) + (RLTHETA + RM2*DYVY(],J,K))*DT )*QG

SzZ (1,J,K) = (SZZ (1,J,K) + (RLTHETA + RM2*DZVZ(l,J,K))*DT )*QG

SXY (1,J,K) = ( SXY (1,J,K) + (RMAXY*(DXVY(L,J,K)+DYVX(I,J,K)))*DT )*QG

SXZ (I,J,K) = ( SXZ (1,J,K) + (RMAXZ*(DXVZ(I,J,K)+DZVX(1,J, K)))*DT )*QG

SYZ (1,J,K) = (SYZ (1,J,K) + (RMAYZ*(DYVZ(1,J,K)+DZVY(l,J,K)))*DT )*QG

END DO




K J- )l/ 7‘&3‘#?—%))1/ 7 ﬂﬂéEp'_hlenHI:E

b »
DO KK =1, NZ * NY-OPGHMP—C“"@JH_”
K = (KK-1)/NY + 1 j—%&%%‘ ,gu |/--A|:.7&%IE

J = mod(KK-1,NY) + 1

DO I =1, NX E;{fﬁ?ﬁt}(’&ﬁ%LA a2/ §43

RL = LAM (1,J,K) - "r%j t%ﬁ"‘
RM =RIG (I,,K) Ntz
RM2 = RM + RM Hil_1 )‘)J‘
RMAXY = 4.0/(1.0/RIG(1,J,K) + 1.0/RIG(I+1,J,K) + 1.0/RIG(l,J+1,K) + 1.0/RIG(I+1,J+1,K))
RMAXZ = 4.0/(1.0/RIG(,J,K) + 1.0/RIG(1+1,J,K) + 1.0/RIG(l,J,K+1) + 1.0/RIG(I+1,],K+1))
RMAYZ = 4.0/(1.0/RIG(l,J,K) + 1.0/RIG(1,J+1,K) + 1.0/RIG(l,J,K+1) + 1.0/RIG(I,J+1,K+1))
RLTHETA = (DXVX(1,J,K)+DYVY(l,J,K)+DZVZ(l,J,K))*RL
QG = ABSX(I)*ABSY(J)*ABSZ(K)*Q(l,J,K)
SXX (1,J,K) = ( SXX (1,J,K) + (RLTHETA + RM2*DXVX(1,J,K))*DT )*QG
SYY (1,J,K) = ( SYY (1,J,K) + (RLTHETA + RM2*DYVY(1,J,K))*DT )*QG
SzZ (1,J,K) = (SZZ (1,J,K) + (RLTHETA + RM2*DzVZ(1,J,K))*DT )*QG
SXY (1,J,K) = ( SXY (1,J,K) + (RMAXY*(DXVY(I,J,K)+DYVX(1,J,K)))*DT )*QG
SXZ (1,J,K) = ( SXZ (1,J,K) + (RMAXZ*(DXVZ(1,J,K)+DZVX(1,J,K)))*DT )*QG
SYZ (1,J,K) = (SYZ (1,J,K) + (RMAYZ*(DYVZ(1,J,K)+DZVY(l,J,K)))*DT )*QG
ENDDO

END DO




ppOpen-ATT AL I T4 J p/pﬁn,_,p,:
=T REEIIL—TREDEHELEIEE T/ aar"

loat$ install LoopFusionSplit region start

I$Somp parallel do privatetk.,i,STMP1,STMP2,STMP3,STMP4,RL,RM,RM2,RMAXY,RMAXZ,RMAYZ,RLTHETA,QG)
DOK =1, NZ o .
DO J =1, NY IL—TREEIL—TrREDEHEHEIETE
DOI=1, NX

RL = LAM (1,J,K); RM =RIG (I,J,K); RM2 =RM +RM
RLTHETA = (DXVX(l,J,K)+DYVY(l,J,K)+DzZVZ(l,J,K))*RL o s\ b —_—
loat$ SplitPointCopyDef region start )l/ 7 T:|:|='I_I H# 0) ﬁ n-l_ﬁ _t B 5
QG = ABSX(I)*ABSY(J)*ABSZ(K)*Q(l,J,K) €
loat$ SplitPointCopyDef region end
SXX (1,,K) = ( SXX (1,,K) + (RLTHETA + RM2*DXVX(1,J,K))*DT )*QG
SYY (1,,K) = ( SYY (1,4,K) + (RLTHETA + RM2*DYVY(1,J,K))*DT )*QG I\ —
SZZ (1,J,K) = ( SZZ (1,J,K) + (RLTHETA + RM2*DzVZ(1,J,K))*DT )*QG )l/_j /7] %'l ,'f—\'_'\ 0) *EI N
loat$ SplitPoint (K, J, 1)
STMP1 = 1.0/RIG(1,J,K); STMP2 = 1.0/RIG(1+1,J,K); STMP4 = 1.0/RIG(],J,K+1)
STMP3 = STMP1 + STMP2

RMAXY = 4.0/(STMP3 + 1.0/RIG(1,J+1,K) + 1.0/RIG(1+1,J+1,K)) / &
RMAXZ = 4.0/(STMP3 + STMP4 + 1.0/RIG(1+1,J,K+1)) )b— IJ ﬁ ) ﬁ ”-l_ﬁ
RMAYZ = 4.0/(STMP3 + STMP4 + 1.0/RIG(l,J+1,K+1)) 1,5'_'— Fﬁ ) :_|:EI E

loat$ SplitPointCopylnsert €=

SXY (1,3,K) = ( SXY (1,,K) + (RMAXY*(DXVY(1,J,K)+DYVX(1,,K)))*DT )*QG
SXZ (1,J,K) = ( SXZ (1,3,K) + (RMAXZ*(DXVZ(1,J,K)+DZVX(1,J,K)))*DT )*QG
SYZ (1,3,K) = ( SYZ (1,3,K) + (RMAYZ*(DYVZ(1,J,K)+DZVY(l,J,K)))*DT )*QG
END DO; END DO; END DO
ISomp end parallel do

loat$ install LoopFusionSplit region end
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AT WITH CODE SELECTION



Original Implementation (For Vector Machines)
Fourth-order accurate central-difference scheme

for velocity. (def_stress)

I N
call ppohFDM_pdiffx3_m4_OAT( VX,DXVX, NXP,NYP,NZP,NXPO,NXP1,NYPO,...) S

call ppohFDM_pdiffy3_p4_OAT( VX,DYVX, NXP,NYP,NZP,NXPO,NXP1,NYPO,...
call ppohFDM_pdiffz3_p4_OAT( VX,DZVX, NXP,NYP,NZP,NXPO,NXP1,NYPO,...)
call ppohFDM_pdiffy3_m4_OAT( VY,DYVY, NXP,NYP,NZP,NXPO,NXP1,NYPO,...)
call ppohFDM_pdiffx3_p4_OAT( VY,DXVY, NXP,NYP,NZP,NXPO,NXP1,NYPO, ... )
call ppohFDM_pdiffz3_p4_OAT( VY,DZVY, NXP,NYP,NZP,NXPO,NXP1,NYPO,...)

call ppohFDM_pdiffx3_p4_OAT( VZ,DXVZ, NXP,NYP,NZP,NXPO,NXP1,NYPO,...
call ppohFDM_pdiffy3_p4_OAT( VZ,DYVZ, NXP,NYP,NZP,NXPO,NXP1,NYPO,...)
call ppohFDM_pdiffz3_m4_OAT( VZ,DZVZ, NXP,NYP,NZP,NXPO,NXP1,NYPO,...

=========================:

if( is_fs .or. is_nearfs ) then
call ppohFDM_bc_vel_deriv( KFSZ,NIFS,NJFS,IFSX,IFSY,IFSZ,JFSX,JFSY,JFSZ )
end if
L] Process of model boundary. §

call ppohFDM_update_stress(1, NXP, 1, NYP, 1, NZP)

----------------,

L R R R R

u =

Explicit time expansion by leap-frog scheme. (update_stress)



Original Implementation (For Vector Machines)

subroutine OAT _InstallppohFDMupdate_stress(..)
ISomp parallel do private(i,j,k,RL1,RM1,RM2,RLRM2,DXVX1,DYVY1,DZVZ1,...)
do k = NZ00, NZ01
do j = NY0O, NYO1
do i = NX00, NX01

RL1 =LAM (I,J,K); RM1 =RIG (I,J,K); RM2 =RM1+ RM1; RLRM2 = RL1+RM2
DXVX1 = DXVX(L,J,K); DYVY1 = DYVY(,J,K); DZVZ1 = DZVZ(l,J,K)
D3V3 = DXVX1 + DYVY1 + DZVZ1
SXX (I,J,K) = SXX (1,J,K) + (RLRM2*(D3V3)-RM2*(DZVZ1+DYVY1) ) * DT
SYY (1,J,K) = SYY (1,J,K) + (RLRM2*(D3V3)-RM2*(DXVX1+DZVZ1) ) * DT
SZZ (1,J,K) = SZZ (1,J,K) + (RLRM2*(D3V3)-RM2*(DXVX1+DYVY1) ) * DT
DXVYDYVX1 = DXVY(1,J,K)+DYVX(1,J,K); DXVZDZVX1 = DXVZ(1,J,K)+DZVX(1,J,K)
DYVZDZVY1 = DYVZ(I,J,K)+DZVY(l,J,K)
SXY (1,J,K) = SXY (I,J,K) + RM1 * DXVYDYVX1 * DT Explicit time
SXZ (1,J,K) = SXZ (1,J,K) + RM1 * DXVZDZVX1 * DT :
SYZ (1,J,K) = SYZ (1,J,K) + RM1 * DYVZDZVY1 * DT expansion by

AEESE Input and output for arrays

leap-frog scheme.

end do .
end do in each call -> Increase of |(update_stress)
retuen
end B/F ratio: ~1.7




The Code Variants (For Scalar Machines)

® \/ariantl (IF-statements inside)
— The followings include inside loop:

1. Fourth-order accurate central-difference scheme for velocity.
2. Process of model boundary.

3. Explicit time expansion by leap-frog scheme.

® \ariant2 (IF-free, but there is IF-statements inside loop for
process of model boundary. )

— To remove IF sentences from the variantl, the loops are
reconstructed.

— The order of computations is changed, but the result without round-
off errors is same.

— [Main Loop]

1. Fourth-order accurate central-difference scheme for velocity.
2. Explicit time expansion by leap-frog scheme.

— [Loop for process of model boundary]

1. Fourth-order accurate central-difference scheme for velocity.
2. Process of model boundary.

3. Explicit time expansion by leap-frog scheme.



Variantl (For Scalar Machines)

Stress tensor of Sxx, Syy, Szz — :
ISomp parallel do private L 'Ydir- — EXpIICIt time expan5|on
(i,j,k,RL1,RM1,RM2,RLRM2,DXVX, ...) ' if( idy == 0 ) then ! Shallowmost by lea p—frog scheme
do k_j=1, (NZ01-NZ00+1)*(NY01-NY00+1) if (j==1)then

k=(k_j- DYVYO = (VY(],1,K) - 0.0_|#DxvX1 = DXVX0; DYVY1 = DYVYO
sl Fourth-order accurate end if DzVz1 = DZVZ0; D3V3 = DXVX1 + DYVY1 + DZVZ1
doi="1 if (j==2)then SXX (1,J,K) = SXX (1,4,K) &
8 central-difference DYVYO = (VY(1,2,K) - VY( + (RLRM2*(D3V3)-RM2*(DZVZ1+DYVY1) ) * DT
end if SYY (1,,K) = SYY (1,,K) &

ﬁh el scheme for Ve|0C|ty end if + (RLRM2*(D3V3)-RM2*(DXVX1+DZVZ1) ) * DT

I DXV. - if( idy ==JP-1) then SzZ (1,0,K) = SZZ (1,J,K) &
- (VX(141,,K)-VX(1-2,,K))*C41/dx if (j==NYP)then + (RLRM2*(D3V3)-RM2*(DXVX1+DYVY1) ) * DT
DYVYO = (VY(1,J,K) -VY(1,J-1,K))*C40/dy & I DYVYO = ( VY(I,NYPK) - end do
- (VY(1,0+1,K)-VY(1,J-2,K)) *C41/dy end if end do
DZVZ0 = (VZ(I,J,K) -VZ(1,),K-1))*C40/dz & I end if o end parale. e
- (VZ(1,0,K+1)-VZ(1,),K-2))*C41/dz I 1 Z dir
! tl’)gat”lﬁ|----: if(idz == 0 ) then ! Shallowmost
ir if (k==1)then
if (idx==0) then S I DZVZ0 = ( VZ(I,},1) - 0.0_F @ . s
if (i==1)then I end if B/ F ratio is
DXVXO = ( VX(1,J,K) - 0.0_PN )/ DX if (k==2)then
I end if l DZVZ0 = ( VZ(l,J,2) - VZ( O 4
| e L reduced to U.
DXVXO0 = ( VX(2,J,K) - VX(1,J,K) )/ DX end if o
end if if( idz == KP-1 ) then
I end if I if (k==NZP)then @ I F Se nte n Ces
if( idx == IP-1) th DZVZ0 = (VZ(,,NZP) -\ “y - ‘£f:
I i [ inside — it is difficult
DXVXO0 = ( VX(NXPJ,K) - VX(NXP-1,1,K) ) / DX end if -
% cnd i \ to optimize code by

compiler.

Process of model boundary. m



Variant2 (IF-free) Vi

Stress tensor of Sxx, Syy, Szz an n"

ISomp parallel do private(i,j,k,RL1,RM1," - )
do k_j=1, (NZ01-NZ00+1)*(NYO1-NYOO+1)
k=(k_j-1)/(NYO1-NY00+1)+NZ00
i=mnd((k_j-1),(NYO1-NY0O+1))+NYOO
Fourth-order -NX0O, NX01
= LAM (1,J K); RM1 =RIG (1,J,K);
accurate 2 =RM1 +RM1; RLRM2 = RL1+RM?2
. ----—-------------~
Central_drfference »rder dlff (DXVX,DYVY,DZVZ)
] VX0 = (VX(1,J,K) -VX(I-1,],K))*C40/dx - (VX(1+1,J,K)-VX(1-2,,K))*C41/dx
scheme for velocity. NP (VY(1,J,K) -VY(1,J-1,K))*C40/dy - (VY(I,J+1,K)-VY(I,)-2,K))*C41/dy
DZVZO (v2(| J, |<) -VZ(I,J,K-1))*C40/dz - (VZ(1,J,K+1)-VZ(1,J,K-2))*C41/dz

DZVZ1 = DZVZO
D3V3 = DXVX1 + DYVY1 + DZVZ1;
Explicit time SXX (1,J,K) = SXX (1,J,K) + (RLRM2*(D3V3)-RM2* (DZVZ1+DYVY1) ) * DT
expansion by SYY (1,J,K) = SYY (1,J,K) + (RLRM2*(D3V3)-RM2* (DXVX1+DzZVZ1) ) * DT

S22 b s S22 (KL (BLRMPRD3VS L2 (DXL RV LE DL
leap-frog scheme. GEEE : :
S do ©Win-win between

ISomp end parallel do : - :
B/F ratio and optimization

by compiler.



Variant2 (IF-free)

!elﬁi\?-------~
Loop for process of model boundary |l RaEEs \
DZVXO0 = ( VX(1,J,KFSZ(1,0)+2)-VX(I,J,KFSZ(1,J)+1) )/ DZ

I 2nd replace
if(is_fs .or. is_nearfs ) then
ISomp parallel do private(i,j,k,RL1,RN
do i=NX00,NX01
do j=NY0O,NYO1
do k = KFSZ(i,j)-1, KFSZ(i,j)+1, 2

Process of

RL1 =LAM (1,J,K); RM1 =RIG mOdeI boundary'

RM2 =RM1 + RM1; RLRM2 = kL1+KIviZ
| ﬂrMiF-‘----_
DXVXO0 = (VX(1,J,K) -VX(I-1,J,K))*C40/dx &
- (VX(1+1,J,K)-VX(1-2,J,K))*C41/dx
DYVXO = (VX(1,J+1,K)-VX(1,J,K) )*C40/dy &
- (VX(1,042,K)-VX(1,J-1,K)) *C41/dy

DYVYO = (VY(1,J,K) -VY(I,J-1,K))*C40/dy &
- (VY(1,J+1,K)-VY(1,J-2,K)) *C41/dy
DXVZ0 = (VZ(1+1,J,K)-VZ(l ,J,K))*C40/dx &
- (VZ(1+2,J,K)-VZ(1-1,J,K))*C41/dx
DYVZO0 = (VZ(1,J+1,K)-VZ(1,J,K) )*C40/dy &
- (VZ(1,3+2,K)-VZ(1,)-1,K))*C41/dy
DZVZ0 = (VZ(1,,K) -VZ(1,J,K-1))*C40/dz &
\ - (VZ(1,3,K+1)-VZ(1,,K-2))*C41/dz

------\J>

Fourth-order accurate
central-difference

scheme for velocity

---_I

=] Explicit time
expansion by
leap-frog scheme.

1>omp end parallel do

DXVYO = (VY(1+1,J,K)-VY(l ,J,K))*C40/dx & IKK=2
- (VY(1+2,J,K)-VY(I-1,),K))*C41/dx \ else

end if

DZVYO0 = ( VY(I,J,KFSZ(1,J)+2)-VY(l,J,KFSZ(1,J)+1) )/ DZ
else if (K==KFSZ(l,J)-1) then

DZVXO = ( VX(1,J,KFSZ(1,J) )-VX(1,J,KFSZ(1,)-1) )/ DZ I
DZVYO = ( VY(I,J,KFSZ(1,J) )-VY(I,J,KFSZ(1,)-1) )/ DZ

DXVX1 = DXVXO0

DYVY1 = DYVYO

DZVZ1 = DZVZ0

D3V3 = DXVX1 + DYVY1 + DZVZ1
DXVYDYVX1 = DXVY0+DYVXO0
DXVZDZVX1 = DXVZ0+DZVX0
DYVZDZVY1 = DYVZ0+DZVYO

if (K==KFSZ(1,J)+1)then

L B B N B N B

KK=1

\

SXX (1,J,K) = SSXX (1,J,KK) &

+ (RLRM2*(D3V3)-RM2*(DZVZ1+DYVY1) ) * DT
SYY (1,4,K) = SSYY (1,J,KK) &

+ (RLRM2*(D3V3)-RM2*(DXVX1+DZVZ1) ) * DT
SZZ (1,J,K) = SSZZ (1,,KK) &

+ (RLRM2*(D3V3)-RM2*(DXVX1+DYVY1) ) * DT
SXY (1,J,K) = SSXY (1,J,KK) + RM1 * DXVYDYVX1 * DT
SXZ (1,4,K) = SSXZ (1,J,KK) + RM1 * DXVZDZVX1 * DT
SYZ (1,J,K) = SSYZ (1,J,KK) + RM1 * DYVZDZVY1 * DT

- s

g I I .

ddo
do



Upper Code |
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Code selection by ppOpen-AT and hierarchical AT

code selection can be
Specified. subroutine ppohFDM_ pdiffx3_p4(....)

Program main

IOATS install select region start _ : :
IOATS name ppohFDMupdate vel select |OATS install LoopFusion region start

BT Select sub region saart.

call ppohFDM_pdiffx3_p4( SXX,DXSXX,NXP,NYP,NZP.....) =

I call ppohFDM_pdiffy3 _p4( SYY,DYSYY, NXP,NYP,NZP......)

brouti hFDM __updat I(....
if( is_fs .or. is_nearfs ) then >ubrottine ppo fpte el el

call ppohFDM __bc_stress_deriv( KFSZ,NIFS,NJFS, I
end if
call ppohFDM _update_vel (1, NXP, 1, NYP, 1, NZ

lOATS install LoopFusion region start
IOATS name ppohFDMupdate_vel
IOATS debug (pp)

QAL select sub region end oy o s mm =S 1S0mp parallel do private(i.j k ROX,ROY,ROZ)

N N 3 5 &N BN B &5 B B N BB B |
IOATS select sub region start

Call ppohFDM _update_vel_Intel (1, NXP, 1, NYP,
IOATS select sub region end

do k = NZ00, Nz01
do j = NY0O, NYO1
do i = NX00, NX01

IOATS install select region end




Call tree graph by the AT

Main
Program

_ St:lrt D

{

Velocity PML condition (update_vel sponge

AR
Velocity Passing (MPI) (passing_vel) ]

|

Stress PML condition (update_stress_épongé

SPHdEE_VE_STIEL L
= - -
- Y

AR
Stress Passing (MPI) (passing_stress) J

Stop iteration?

A
-3

— :auto-generated codes

update_vel select

g

Velocity Derivative (def_vel) ]
v

Velocity Update (update_vel) ] “
Selection *. =

[ Velocity Update (update_vel_Scalar)

\

Selection

[ Velocity Update (update_vel_IF free)

update_stress_select

Stress Derivative (def_stress) ] |

2 o = |
Stress Update (update;':?&!’-p—-!‘

Selection® ﬂw

| _
Stress Update (update_stress_Scalar

Selection

[ J
Stress Update (update_stress_IF free)




A

Execution Order o

<)

update_vel select

Velocity Derivative
def vel

Velocity Update
(update_vel)

Velocity Update

(update_vel_Scalar)

Update_vel
AT Candidates

Velocity Update
(update_vel_IF_free)

@
' Def * AT Candidates
’ )

)

@ Stress Derivative
update_stress_select (def_stress)

Stress Update
(update_stress)
Stress Update @ Update_vel sponge
(update_stress_Scalar) AT Candidates
Stress Update
(update_stress_IF_free) @ Update_stress_sponge

AT Candidates

Update_stress
AT Candidates

We can specify the
order via a directive of
ppOpen-AT.

(an extended function)

Velocity PML condition (update_vel_sponge)
Passing_vel

Stress PML condition (update_stress_sponge) l AT Candidates

Velocity Passing (MPI) (passing_vel)

Passing_stress
Stress Passing (MPI) (passing_stress) AT Candidates




The Number of AT Candidates (ppOpen-APPL/FDM) =y

AT Objects The Number of Candidates 3

1. update_stress *Loop Collapses and Splits : 8 Kinds 10
*Code Selections : 2 Kinds

2. update_vel *Loop Collapses, Splits, and re- 8
ordering of statements: :6 Kinds
*Code Selections: 2 Kinds

3. update_stress_sponge *Loop Collapses: 3 Kinds

4. update_vel _sponge *Loop Collapses: 3 Kinds

5. ppohFDM_pdiffx3_p4 Kernel Names:def update. def vel

6. ppohFDM_pdiffx3_md *Loop Collapses: 3 Kinds

7. ppohFDM_pdiffy3 p4 ® Total:54 Kinds
8. ppohFDM_pdiffy3_m4 ® Hybnd

9. ppohFDM_pdiffz3_p4

MPI1/OpenMP:

10.ppohFDM_pdiffz3_m4

7 Kinds
® 54X7 =

378 Kinds

11. ppohFDM_ps_pack Data packing and unpacking

12. ppohFDM_ps_unpack Loop Collapses: 3 Kinds

13. ppohFDM_pv_pack

W W W W W W W W w w ww

14. ppohFDM_pv_unpack
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Outline AT L

* Background

* An Auto-tuning (AT) Language:
ppOpen-AT and Adapting AT to an
FDM code

e Performance Evaluation with the
FX100

 Conclusion



FX100



FX100(ITC, Nagoya U.),
The Fujitsu PRIMEHPC FX100

Contents Specifications
Total Performance 3.2 PFLOPS
Total Memory Amounts 90 TiB
Total #nodes 2,880
Whole The TOFU2
System | Inter Connection (6 Dimension
Mesh / Torus)
Local File System Amounts 6.0 PB

Contents

Node

Processor

Theoretical Peak Performance
#Processors (#Cores)

Main Memory Amounts
Processor Name

Frequency

Theoretical Peak Performance (Core)

2880 Nodes (92,160 Cores)

Specifications

1 TFLOPS (double precision)
32 + 2 (assistant cores)

32 GB

SPARC64 XI-fx

2.2 GHz

31.25 GFLOPS




Comparison with
the FX10 (ITC, U. Tokyo) and FX100(ITC, Nagoya U.)

.

FX10 Ratios
(FX100/FX10)

Node FLOPS 236.5 GFLOPS 2 TFLOPS 8 44x
(single precision)

Memory 85 GB/S 480 GB/S 5.64x

Bandwidth

Networks 5 GB/S x2 12.5 GB/S x2 2 5x



Execution Details

ppOpen-APPL/FDM ver.0.2

ppOpen-AT ver.0.2

The number of time step: 2000 steps

The number of nodes: 8 node

Target Problem Size (Almost maximum size with 8 GB/node)

NX * NY * NZ=512x 512x512 /8 Node
NX * NY * NZ =256 * 256 * 256 / node (!= per MPI Process)

Target MPI Processes and Threads on the Xeon Phi

1 node of the lvy Bridge with 2 HT (Hyper Threading)
PXTY: X MPI Processes and Y Threads per process

P8T32 : Minimum Hybrid MPI-OpenMP execution for ppOpen-APPL/FDM,
since it needs minimum 8 MPI Processes.

P16T16

P32T8

P64T4

P128T2

P256T1: pure MPI

The number of iterations for the kernels: 100



NUMA affinity

e Sparc64 XlI-fx is a NUMA.
e 2 sockets: 16 cores + 16 cores
* NUMA affinity

— Memory allocation
* “Local allocation” is used.
* plm_ple_memory_allocation policy=localalloc

— CPU allocation

P8 and P16:
plm_ple _numanode_assign policy=simplex

* More than P32 :
plm_ple _numanode_assign policy=share_band
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Originality (AT Languages)

AT Language H H H #
/ Items 1 2 3 4 5 6 7 8
ppOpen-AT OAT Directives 4 None
Vendor Compilers Out of Target Limited -
Transformation Recipe v v ChilL
Recipes Descriptions
POET Xform Description (V4 ¢/ | POET translator, ROSE
RS Xlang Pragmas v v X Translation,
‘C and tcc
SPL SPL Expressions v v v A Script Language
ADAPT (4 4 Polaris Compiler
Language Infrastructure,
ADAPT Remote Procedure
Call (RPC)
Atune-IL Atune Pragmas v A Monitoring
Daemon
PEPPLER PEPPHER Pragmas v v v | PEPPHER tas.k graph
(interface) and run-time
Xevolver Directive Extension (/) (/) . (V) ROSE,
(Recipe Descriptions) (Users need to define rules. ) XSLT Translator

#1: Method for supporting multi-computer environments. #2: Obtaining loop length in run-time.
#3: Loop split with increase of computations® ,and loop collapses to the split loops®-7)8) ,
#4: Re-ordering of inner-loop sentences?® . #5:Code selection with loop transformations (Hierarchical AT
descriptions®) *This is originality in current researches of AT as of 2015. #6:Algorithm selection.
#7: Code generation with execution feedback. #8: Software requirement.
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2 Opan Source Infrastructure for Developmeant and Execution of Large-Scale Scientific Applications
ppopen HPC pl'D]E‘Ct on Post-Peta-Scale Supercomputers with Automatic Tuning (AT)
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Discrete Element Meathod

Welcome to ppOpen-HPC project homepage.
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 Thank you for your attention!
Questions?

How. 14. 2014
ppOpen-APPL/DEM-util
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More detail information of our project is described at

ver.0.3.0

http://ppopenhpc.cc.u-tokyo.ac.jp/
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