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AT Technologies in Post Moore s Era

e |tis expected that Moore’s Low is broken around

end of 2020.
— End of “One-time Speedup”: Many Cores, Wiring HMC
miniaturization to reduce power. Source:

http://www.engad  Intel 3D Xpoint
get.com/2011/12/0  SOurce:

« However, memory bandwidth inside memory can 6/the-big-memory-  Nttp://www.there
gister.co.uk/2015/

— It cannot increase FLOPS inside node.

increase by using “3D Stacking Memory” cube-gamble-ibm- , :
Technologies and-micron-stack-  07/28/intel_micro
: their-chips/ n_3d_xpoint/

e 3D Stacking Memory:

— It canincrease bandwidth for Z-Direction
(Stacking distance) , and keeping access latency
(= High performance)

— It can be low access latency for X-Y directions.

* Access latency between nodes goes down, but Algorithm.
bandwidth can be increased by optical
interconnection technology.

* We need to take care of new algorithms with utilizing high bandwidth ability.
respect to ability of data movements. ® Rethink classical algorithms.
® Non-Blocking Algorithms.
Reconstruction of algorithms w.r.t. ® From explicit method to implicit
® Increase memory bandwidth method.
® Increase local memory amounts (caches) ® Out of Core algorithms

® Non-Uniform memory accesses latency (Out of main memory)




Code

Increase of

presy Generation
do do j=I, n

Ctmpl =C(i, j)
Ctmp2 = C(i+l,j)
do k=1, n, 2
Btmpl =B(k, j)
Btmp2 = B( k+l,j)
Ctmpl = Ctmpl + A(i, k )* Btmpl
+ A(i, k+l) * Btmp2

Number of Cores, ;
Programm

Ctmp2 = Ctmp2 + A(i+l, k ) * Btmpl

_ 3. Phase of Optimization * A, k) * B2

nddo
C(i, j)=Ctmpl
C(itl, j)=Ctmp2

(Architecture enade.
Kinds)

2. Phase of

Programming
h |

!ABCLib$ install unroll (i,k) region start
!ABCLib$ name MyMatMul
!ABCLib$ varied (i,k) from | to 8
doi=l, n
do j=I, n
do k=1, n
C(i,j)=C(i,j) *+ACi, k) *B(k,j)
enddo
enddo
enddo
!ABCLib$ install unroll (i,k) region end

4. Phase of
Database and
Knowledge of

Discovery

for Tuning

Database for
Tuning Knowledge |. Phase of Specification




A Motivating Example (An simulation based on FDM )
[Seconds] This indicates:
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682 ® Significant variation in hybrid
MPI/OpenMP execution.
-> Tuning of codes in each
execution is time-consuming
to find the best execution.
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Hybrid MPI/OpenMP
Xeon Phi : 8 Nodes

(1920 Threads)

B Total Execution Time

N [ [

Types of hybrid MPl/OpenMP

P8T240 P16T120 P32T60 P64T30 P128T15 P240T8 P480T4




ppOpen-AT System (Based on FIBER 2)3)4) 5))

Library

----

User @

ppOpen-AT

kKnowIed e
eveloper@ S
6\\ D|rect|ves

Before
Release-time

= ppOpen-APPL /*

benefited
from AT.

ppOpen-AT
Auto-Tuner

Auto-tune

Kernel

®

Execution

Library User

Execution Time

:Target

Automatic
Code
Generation |/

Computers
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Target Application V-
* 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)
* 3D simulation
—3D arrays are allocated.
* Data type: Single Precision (real*4)



Flow Diagram of

: AN
® Space difference by FDM.

Eo-pq(x’y’z)

ppOpen-APPL/FDM

} Initialization

M/2

1 1 1
=E;cm[apq{x-i_(m+E)Axﬂybz}_o-pq{x_(m_E)Axﬂy)z}])

(p,g=x,y,2)

P —

® Explicit time expansion by central T
difference.

2_'n—% 1( 0oy, oo, OJo, B
i +;( Ox i oy ! 0z +prAf,(P—x=y,Z)
™V "
Velocity PML condition (update_vel_sponge)
N 7 [ Velocity Passing (MPI) (passing_vel) ]
Stress Derivative (def_stress) J d ‘ ‘
T aRafes VR e .
Stress Update (update_stress M i

r 5 b

/ Stress PML condition (update_stress_sponge)
Stress Passing (MPI) (passing_stress)
- N F " AN S 2
Stop lteration? _ _ ‘
YES

14
End
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AT WITH LOOP TRANSFORMATION



=1

Target Loop Characteristics F'F'\._.Ff”"-":":

."

* Triple-nested loops

OpenMP directive to

ISomp parallel do ﬁthe outer loop (Z-axis)

| —

do k = NZ00, NZ01 Loop lengths are varied
doj=NYOO, NYO1 —« according to problem size,
do i = NX00, NX01 the number of

<Codes from FDM> MPI processes and

end do OpenMP threads.
end do \ The codes can be separable
end do by loop split.
ISomp end parallel do




What is separable codes? /ﬁn HAC

PH

..
® Variable definitions and references are separated.

® There is a flow-dependency, but
no data dependency between each other.

Variable
definitions | Split to
Two Parts

—

_|Variable
references




Original Code AN
N
DOK=1, NZ
DOJ=1, NY
DO 1=1, NX
RL = LAM (1,J,K)
RM = RIG (1,J,K) A Flow Dependency

RM2 = RM + RM
RLTHETA = (DXVX(I,J,K)+DYVY(l,J,K)+DZVZ(1,J,K)) *RL
QG = ABSX(I)*ABSY(J)*ABSZ(K)*Q(l,J,K) |
SXX (T5; SXX (1.J,K)+ (RLTHETA + RM2*DXVX(1,J, K))*DT )*QG
SYY (1,J,K) = ( SY¥Hss,K)+ (RLTHETA + RM2*DYVY(1,J,K))*DT )*QG
SZZ (1,1,K) = (SZZ (1,,K) + (RUFHETA + RM2*DZVZ(1,J,K))*DT )*QG
RMAXY = 4.0/(1.0/RIG(],J,K) + 1.0/RIGT*&K) + 1.0/RIG(1,J+1,K) + 1.0/RIG(I+1,J+1,K))
RMAXZ = 4.0/(1.0/RIG(I,J,K) + 1.0/RIG(I+1,J,K) + TOMRIG(I,J,K+1) + 1.0/RIG(1+1,J,K+1))
RMAYZ = 4.0/(1.0/RIG(I,J,K) + 1.0/RIG(1,J+1,K) + 1.0/RIG(l,J,K¥FH}
SXY (1,J,K) = ( SXY (1,,K) + (RMAXY*(DXVY(1,J,K)+DYVX(1,J,K)))*DT)
SXZ (1,J,K) = (SXZ (1,J,K) + (RMAXZ*(DXVZ(1,J,K)+DZVX(l,J,K)))*DT)
SYZ (1,0,K) = (SYZ (1,1,K)  + (RMAYZ*(DYVZ(1,J,K)+DZVY(l,J,K)))*DT)
END DO

END DO
END DO 18

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




Loop Collapse F./Fﬁ'\p

EFI'H|:||;

° ° I_I .
— One dimensional INALL

DOKK =1, NZ* NY * NX €= Merit: Loop length is huge.

K= (KK-1)/(NY*NX) + 1 This is good for OpenMP thread
J = mod((KK-1)/NX,NY) + 1 :
| = mod(KK-1,NX) + 1 parallelism.

RL = LAM (1,J,K)

RM =RIG (1,J,K)

RM2 = RM + RM

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

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

SXX (I,,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(l,, K))*DT )*QG

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

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

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

END DO




Loop Collapse s rec

. . .Hl.
— Two dimensional
Do Kk = 1, Nz * Ny € Merit: Loop length is huge. I
K= (KK-1)/NY + 1 This is good for OpenMP thread parallelism.
J = mod(KK-1,NY) + 1
DOI=1,NX <€

AL = LAM (L.1.K) This I-loop enables us an opportunity of

RM =RIG (1,,K) pre-fetching
RM2 =RM + RM
RMAXY = 4.0/(1.0/RIG(I,J,K) + 1.0/RIG(1+1,J,K) + 1.0/RIG(1,J+1,K) + 1.0/RIG(I+1,J+1,K))
RMAXZ = 4.0/(1.0/RIG(1,J,K) + 1.0/RIG(1+1,J,K) + 1.0/RIG(I,J,K+1) + 1.0/RIG(I+1,],K+1))
RMAYZ = 4.0/(1.0/RIG(1,J,K) + 1.0/RIG(1,J+1,K) + 1.0/RIG(I,J,K+1) + 1.0/RIG(1,J+1,K+1))
RLTHETA = (DXVX(I,J,K)+DYVY(1,J,K)+DZVZ(1,J,K))*RL
QG = ABSX(I)*ABSY(J)*ABSZ(K)*Q(l,J,K)
SXX (I,J,K) = ( SXX (1,J,K) + (RLTHETA + RM2*DXVX(1,J,K))*DT )*QG
SYY (1,0,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 (1,0,K) = ( SXY (1,J,K) + (RMAXY*(DXVY(1,J,K)+DYVX(I,J,K)))*DT )*QG
SXZ (1,J,K) = ( SXZ (1,1,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,J,K)))*DT )*QG
ENDDO
END DO




Loop Split with Re-Computation /ﬁn HEC

DOK =1, NZ
DOJ=1, NY
DO I =1, NX
RL = LAM (1,},K)
RM =RIG (1,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 (1,0,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

DO =1, NX Re-computation is needed.
STMP1 = 1.0/RIG(l,J,K) : .
STMP2 = L.O/RIG(+1, K) =Compilers do not apply it
STMP4 = 1.0/RIG(l,J,K+1) . . .
STMP3 = STMP1 + STMP2 without directive.

RMAXY = 4.0/(STMP3 + 1.0/RIG(l,J+1,K) + 1.0/RIG(I+1, M, _,
RMAXZ 4. 0/(STMP3 + STMP4 +1. O/RIG(I+1 J,K+1)
* )

= =DYVX(I,J,K)))*DT )*QG

SXZ (1, J |<) = (SXZ (I, ) |<) + (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,J,K)))*DT )*QG

END DO

END DO

END DO




Perfect Splitting /-;\hen_,_,,:.,:

BELIHE

DOK =1, NZ
DOJ =1, NY
DO I =1, NX
RL = LAM (1,},K)
RM =RIG (1,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 (1,0,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

20 K=1,N7 Perfect Splitting

DOJ=1, NY

DO I =1, NX
STMP1 = 1.0/RIG(1,J,K)
STMP2 = 1.0/RIG(I+1,J,K)
STMP4 = 1.0/RIG(1,J,K+1)
STMP3 = STMP1 + STMP2
RMAXY = 4.0/(STMP3 + 1.0/RIG(l,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(1,J+1,K+1))
QG = ABSX(1)*ABSY(J)*ABSZ(K)*Q(l,J,K)
SXY (1,,K) = ( SXY (1,,K) + (RMAXY*(DXVY(1,J,K)+DYVX(L,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(1,J,K)))*DT )*QG
END DO; END DO; END DO;




ppOpen-AT Directives [

|:I|:I£|I:IEFI'H|:||:

. Loop Split & Collapse with data-flow dependen't\/ L

loat$ install LoopFusionSplit region start

ISomp parallel do priv j,i, STMP1,STMP2,STMP3,STMP4,RL,RM,RM2,RMAXY,RMAXZ,RMAYZ,RLTHETA,QG)
DOK=1,NZ ) ) .
DOJ =1, NY Specify Loop Split and Loop Fusion
DOI=1,NX

RL = LAM (1,J,K); RM =RIG (I,,K); RM2 = RM + RM
RLTHETA = (DXVX(I,J,K)+DYVY(1,J,K)+DZVZ(1,J,K))*RL
loat$ SplitPointCopyDef region start Re-calculation is defined.
QG = ABSX(1)*ABSY(J)*ABSZ(K)*Q(l,},K) €=
loat$ SplitPointCopyDef region end
SXX (1,3,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 Loop Split Point
loat$ SplitPoint (K, J, 1) €=
STMP1 = 1.0/RIG(1,J,K); STMP2 = 1.0/RIG(1+1,J,K); STMP4 = 1.0/RIG(l,J,K+1)
STMP3 = STMP1 + STMP2

RMAXY = 4.0/(STMP3 + 1.0/RIG(I,}+1,K) + 1.0/RIG(I+1,J+1,K)) . :
RMAXZ = 4.0/(STMP3 + STMP4 + 1.0/RIG(I+1,J,K+1)) Using the re-calculation
RMAYZ = 4.0/(STMP3 + STMP4 + 1.0/RIG(l,J+1,K+1)) e d e tine

loat$ SplitPointCopylnsert )

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(I,J,K)+DzZVX(l,J,K)))*DT )*QG
SYZ (1,J,K) = ( SYZ (1,J,K) + (RMAYZ*(DYVZ(l,J,K)+DZVY(l,J,K)))*DT )*QG
END DO; END DO; END DO
ISomp end parallel do
loat$ install LoopFusionSplit region end




AT Effect (update stress)

(AcczuSrgulated time for 2000 steps )

[Seconds]

200
150
100

50

Xe on P h | ( K N C) "Directive-based

Cluster (8 Nodes)

Finite Difference

| 1230(2015)

T. Katagiri, S. Ohshima, M. Matsumoto:

Auto-tuning for the
Method on the Xeon

Phi“, Proc. of IPDPSW2015, pp.1221-
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113.41
4054726 42.21
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AT WITH CODE SELECTION




Original Implementation (For Vector Machines)
Fourth-order accurate central-difference scheme
for velocity. (def_stress)

call ppohFDM_pdiffx3_m4_OAT( VX,DXVX, NXP,NYP,NZP,NXPO,NXP1,NYPO,...) \
call ppohFDM_pdiffy3_p4_ OAT( VX,DYVX, NXP,NYP,NZP,NXPO,NXP1,NYPO,... i
call ppohFDM_pdiffz3_p4_OAT( VX,DZVX, NXP,NYP,NZP,NXPO,NXP1,NYPO,... I
call ppohFDM_pdiffy3_m4_OAT( VY,DYVY, NXP,NYP,NZP,NXPO,NXP1,NYPO,...) I
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,...) I
call ppohFDM_pdiffx3_p4_OAT( VZ,DXVZ, NXP,NYP,NZP,NXPO,NXP1,NYPO,... I
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,... /J

------------------------'
B N N N &N B &5 &5 &5 &8 & &8 &8 &8 &8 &8 &8 &8 &8 & & &8 8 B B J

if( is_fs .or. is_nearfs ) then ‘
call ppohFDM _bc_vel deriv( KFSZ,NIFS,NJFS,IFSX,IFSY,IFSZ,JFSX,JFSY,JFSZ ) l

PN b o cess of model boundary. R

call ppohFDM __update_stress(1, NXP, 1, NYP, 1, NZP) l

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+RM?2
DXVX1 = DXVX(1,J,K); DYVY1 = DYVY(,J K); DZVZ1 = DZVZ(l,J,K)
D3V3 = DXVX1 + DYVY1 + DZVZ1
SXX (1,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(I,J,K)+DYVX(1,J,K); DXVZDZVX1 = DXVZ(1,J,K)+DZVX(l,J,K)
DYVZDZVY1 = DYVZ(I,J,K)+DZVY(l,J,K)
SXY (1,J,K) = SXY (1,J,K) + RM1 * DXVYDYVX1 * DT Explicit time
SXZ (1,J,K) = SXZ (I,J,K) + RM1 * DXVZDZVX1 * DT :
SYZ (1J,K) = SYZ (1K) + RM1 * DYVZDZVY1 * DT expansion by
end do leap-frog scheme.

end 3: ’ (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
(i,j,k,RL1,RM1,RM2,RLRM2,DXVX, ...)
do k_j=1, (NZ01-NZ00+1)*(NY01-NY00+1)

Explicit time expansion

1Y dir
if(idy == 0 ) then ! Shallowmost by leap-frog scheme

if (j==1)then
k=(k_j- DYVYO = ( VY(1,1,K) - 0.0_L DXVX1 = DXVX0; DYVY1 = DYVYO

j=mod| { Ze] ¥ rth-o rde I accurate end if DzZVZ1 = DZVZ0; D3V3 = DXVX1 + DYVY1 + DZVZ1

doi=1 . if (j==2)then SXX (1,4,K) = SXX (1,J,K) &
M central-difference DYVYO = (VY(1,2,K) - VY(l] 4+ (RLRM2*(D3V3)-RM2*(DZVZ1+DYVY1) ) * DT

B2 . end if SYY (1,J,K) = SYY (1,J,K) &
il scheme for velocity. end if + (RLRM2*(D3V3)-RM2*(DXVX1+DZVZ1) ) * DT

DXV, if(idy == JP-1) then SZZ (1,3,K) = SZZ (1,J,K) &
- (VX(1+1,J,K)-VX(1-2,J,K)) *C41/dx if (j==NYP)then + (RLRM2*(D3V3)-RM2*(DXVX1+DYVY1) ) * DT

I DYVYO = (VY(I,J,K) -VY(1,J-1,K))*C40/dy & I DYVYO = ( VY(I,NYPK) - end do

end if end do
end if ISomp end parallel do
1Z dir
if( idz == 0 ) then ! Shallowmost
if (k==1)then

er|‘3dz?;zo=(v2(|,J,1)-o.o 2 @B/F ratiO iS

if (k==2)then

) then WRBEERE o duced to 0.4

DXVXO = ( VX(2,J,K) - VX(1,J,K) )/ DX end if

[
[
[
[
[ [
[ [
| et J  flidz==KP-L) then ®IF sentences
[ [
i \

- (VY(1,J+1,K)-VY(l,J-2,K))*C41/dy
I DZVZ0 = (VZ(l,J,K) -VZ(l,J,K-1))*C40/dz &
- (VZ(1,J,K+1)-vZ(1,J,K-2))*C41/dz
| TPy FEC NP WS SN B N - —
- N N S .y,
l if (idx==0) then \
if (i==1)then
DXVXO0 = ( VX(1,J,K) -0.0_PN )/ DX
end if

end if if (k==NZP)then

if(idx == IP-1) th DZVZ0 = ( VZ(l,J,NzZP) - . . oy -rr:

e . inside — it is difficult
DXVX0 = ( VX(NXP,J,K) - VX(NXP-l,J,K) ) / DX end if

to optimize code by

\ Process of model boundary. J compiler.




Variant2 (IF-free) /=

PROE :||:|EH HI:|I:
Stress tensor of Sxx, Syy, Szz anN 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-NY00+1))+NYOO
Fourth-order -NX0O, NX01
= LAM (1,J,K); RM1 =RIG (1,J,K);
accurate 2, SRML - RML RLRM2 = RLIERV2
! VX0 = (VX(IJK) VX(I1JK))*C40/dx- (VX(1+1,J,K)-VX(I-2,J,K)) *C41/dx
e (=BT T I SIS /vo = (v (11,K) -VY(LJ-1,K))*CA0/dy - (VY(,J+1,K)-VY(L,)-2,K))*C41/dy
uzvzo (v2(| J |<) VZ(IJ K- 1))*C40/dz (VZ(1,J,K+1)-VZ(l,] 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 b SYY (1,J,K) = SYY (1,J,K) + (RLRM2*(D3V3)-RM2* (DXVX1+DZVZ1) ) * DT
P y S77 (11K) = S2Z (LK) + (RLRM2*(D3V3)-RM2* (DXVXL+DYVY1) ) * DT_
leap-frog scheme. Lnd do
do ©Win-win between

ISomp end parallel do . . . .
B/F ratio and optimization

A b |

by compiler.



Variant2 (IF-free)

I DN DN DN D . \
Loop for process of model boundary i \
DZVXO0 = ( VX(1,J,KFSZ(1,J)+2)-VX(I,J,KFSZ(1,J)+1) )/ DZ

DZVYO = ( VY(I,J,KFSZ(1,))+2)-VY(l,J, KFSZ(1,))+1) )/ DZ l
else if (K==KFSZ(1,J)-1) then
DZVXO0 = ( VX(1,J,KFSZ(1,J) )-VX(1,J,KFSZ(1,)-1) )/ DZ I

P ro Ce S S Of DZVYO = ( VY(I,J,KFSZ(1,J) )-VY(l,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 . I
do J=NY0O,NY01 eDn;vI;u = DXVXO
do k = KFSZ(1,)-1, KFsz(ij)+1, 2 gigs d I b d =
RL1 = LAI(\/IJ)(I 1,K); RI\(/IJI) = RIG ode oundadad ry' DARA SR I
RM2 =RM1 + RM1; RLRM2 = rrx+riviz T T SIAZARIVIATAY I
'?0%’# E S S S B . | \ I D3V3 = DXVX1 + DYVY1 + DZVZ1
' DXVYDYVX1 = DXVY0+DYVXO0
' DXVXO0 = (VX(1,J,K) -VX(I-1,J,K))*C40/dx & ‘ OXVIDIVXL = DXVZOLDZYXG I
- (VX(I+1,0,K)-VX(1-2,),K))*CA1/dx I DYVZDZVY1 _ DYVZ0+DZVY0 I
I DYVXO = (VX(I,J+1,K)-VX(I,J,K) )*C40/dy & I  (KeKEST( b )it
- (VX(1,J+2,K)-VX(1,J-1,K))*C41/dy I ' |(<|<_—_2 SRR I
I DXVYO = (VY(I+1,J,K)-VY(l ,J,K))*C40/dx & I o
I - (VY(1+2,J,K)-VY(1-1,,K)) *C41/dx I ‘ € ;T(_l I
DYVYO = (VY(1,J,K) -VY(I,J-1,K))*C40/dy & -
- (VY(1,3+1,K)-VY(1,J-2,K)) *C41/dy
. SXX (1,J,K) = SSXX (1,J,KK) & \
I DXVZ0 = (VZ(1+1,J,K)-VZ(l 'i’K))*mo/ o & I ! + (RLRM2*(D3V3)-RM2*(DZVZ1+DYVY1) ) * DT
I - (VZ(1+2,J,K)-VZ(1-1,J,K))*C41/dx I ST e es ( 6 l
. b, o i oeasonan-or |
v ol SzZ (1,J,K) = SSZZ (1,,KK) &
VETAOSFELT ABH CICe s » I + (RLRM2*(D3V3)-RM2*(DXVX1+DYVY1) ) * DT I
\ - (VZ(1,J,K+1)-VZ(1,,K-2))*C41/dz . X
— licit ti SXY (1,J,K) = SSXY (1,J,KK) + RM1 * DXVYDYVX1 * DT
i Exp ICIT time SXZ (1,J,K) = SSXZ (1,,KK) + RM1 * DXVZDZVX1 * DT

Fourth-order accurate

. SYZ (1,J,K) = SSYZ (l,J,KK) + RM1 * DYVZDZVY1 * DT
expansion by R

leap-frog scheme. [

rrsompend parallel do

central-difference
scheme for velocity




Code selection by ppOpen-AT and hierarchical AT

Upper Code |

Program main

subroutine ppohFDM_ pdiffx3_p4(....)

IOATS install select region start | - | | |
IOATS narﬁppoﬁDMuﬂatﬁ—‘ﬂ—ﬁleﬁ _ |OATS install LoopFusion region start
#BATS Select sub regim start

fcall ppohFDM_pdiffx3 _p4( SXX,DXSXX,NXP,NYP,NZP.....)
call ppohFDM_pdiffy3 p4( SYY,DYSYY, NXP,NYP,NZP......)

subroutine ppohFDM_update_vel(....)

] if( is_fs .or. is_nearfs ) then
] IOATS install LoopFusion region start

call ppohFDM _bc_stress_deriv( KFSZ,NIFS,NJFS, I

end if
I IOATS name ppohFDMupdate vel
‘call ppohFDM_update_vel (1, NXP, 1, NYP, 1, NZ 'OATg debugrzgp) pdate_

@'Aﬁ s_elec_tsu_b i e_nd_ mm mm o= mm == |Somp parallel do private(i,j,k,ROX,ROY,ROZ)
I I I I DD D N D D DN D e e e

rIOATS ect cub resion start do k = NZ00, NZ01
-C Il Sehigl\jlu r(e:iglcon S ?rl tel (1, NXP, 1, NYP doj = NYOO, NYO1

J| Call ppo R o = NX0D, NXOL

‘ IOATS select sub region end

IOATS install select region end




The Number of AT Candidates (ppOpen-APPL/FDM) /—
|-||-|I_I|-||=l|-| I—II:II_

AT Objects The Number of Candidates

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

update_stress_sponge *Loop Collapses: 3 Kinds
update_vel_sponge *Loop Collapses: 3 Kinds
ppohFDM_pdiffx3_p4 Kernel Names:def update. def_vel
opohFDM_pdiffx3_m4 *Loop Collapses: 3 Kinds

® Total:54 Kinds
® Hybrid
MPI1/OpenMP:

ppohFDM_pdiffy3_p4
. ppohFDM_pdiffy3_m4
. ppohFDM_ pdiffz3_p4
10.ppohFDM_pdiffz3_m4

© 0 N o v AW

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



pROpEn-HAC

Outline VAN

* Background

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

* An Evidence:
Changes from FLOPS to BYTES

 Conclusion



FX10 AND 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.)

Ratios
(FX100/FX10)

Node FLOPS 236.5 GFLOPS 1 TFLOPS 4 79X
(double precision)  (double precision)

Memory 85 GB/S 480 GB/S 5.64x

Bandwidth

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

B/F 0.35 0.48 -



COMPARISON OF EXECUTION TIME
BETWEEN THE FX10 AND THE FX100
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¥Vhole Time (2000 time steps) :FX100

M update_stre
Ss_sponge

A\ L\ S

[Second
200
‘ FX100 W Others
L
180 ‘ NX*NY*NZ =
160 512 X512 x 512 / 8 Node wlo
‘ || || | -
140 Hybrid MP1/OpenMP B passing_stre
‘ FX100: 8 Nodes (256 Threads) -
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Whole Time (2000 time steps) :FX10 vs. FX100

[speedups]
5.00
NX*NY*NZ =
4.50 512 X512 x 512
/ 8 Node
4.00 —
Job allocation:
3.50 1D: mesh
3.00
2.50 \
2.00

1.50
1.00
0.50
0.00

FX10 Best FX100 Best
\/

Non-Tuned Auto-Tuned




Comp. Kernels (2000 time steps) :FX10 vs. FX100
[Speedups]

7.00

NX*NY*NZ =
512 x512 x
512 / 8 Node

6.00 -

Job allocation: N L1 0/ e
1D: mesh With respect to the ratio of

/ theoretical memory bandwidth

5.00 -

4.00
(5.64x), the speedup (6.58x)
3.00 IS nice.
2.00 / /
FX10 Best FX100 Best FX10 Best FX100 Best
“1u B0 B
0.00

Non-Tuned Auto-Tuned




CHANGE B/F RATIOS WITH
THE FX100



Changing B/F ratio by Hardware Viewpoint

* In the FX100, it has a NUMA with two sockets :

— Each socket has:

e 16 cores with 1011 GFLOPS (single) and 505.5
GFLOPS (double)

* 16GB memory with maximum 240 GB/sec

* There are 2 lines to access socket of HMC per core,
which has 15 Gbit per line.

* Up to 8 core, each core can use 2 lines.

—Hence total bandwidths are:

* 30 GB/sec per core (#cores <= 8)
e 240 GB (#core > 8)



Changing B/F ratio by Hardware Viewpoint

* |f we use a double precision computation,
we have the following B/F:
— 16 cores: B/F =240 / 505.5 = 0.47
— 14 cores: B/F =240 / (505.5/16 *14) = 0.543
— 12 cores: B/F =240/ (505.5/16 *12) = 0.633
— 10 cores: B/F =240 / (505.5/16 *10) = 0.760
— From 8 cores to 1 core:

B/F = 240 / (505.5/16*8 ) = 0.950

* Hence we can test B/F from 0.47 to 0.950
by using the FX100.




Experimental Condition

 We choose different computation kernels from
seism_3D in update stress kernels:
— High B/F kernel
* Original Kernel (for vector machine)
e B/F=1.7
— Low B/F kernel

* Variant2 (IF-free, but there is IF-statements inside
loop for process of model boundary. )

* B/F=0.4
e Qur estimation:

— According to hardware B/F increases, the low B/F kernel
is getting faster to the high B/F kernel.

— -> |If B/F ratio is increase in Post Moore’s Era, algorithm
trend changes, like using Low B/F kernel to High B/F
Kernel.



Results in Time (update stress, 100 times)

[Time in seconds]

90 Almost same FLOPS to FX10, |g

80 u High B/Fkernel ®Llowl it B/F is 2.6x increase.

High B/F Kernel:
B/F=1.7

70 | Low B/F Kernel:

B/F=0.4 30*#cores
60 240 GB/sec GB/sec

50 — -
%

20 884.2GFLOPS |8 631.6GFLOPS 379.0GFLOPS
| H — I
1011GFLOPS 757.9GFLOPS 505.3GELOPS 21.36 18.85

20
5.44 621 /.22 862| 1077 4% 9.52
10 5.82 5.83 5.83 5.8 5.83 533 598
o |(mm mm ul ul [l =0 ud |

0.475 0.543 0.633 0.760 0.950 0.950 0.950 0.950 0.950

[B/_F (16 cores) (12 cores) (8 cores) (4 cores) (1 core)
ratios] (14 cores) (10 cores) (6 cores) (2 cores)

42.57




Results in Speedup (update_stress, 100

times)
[Speedup to low B/F ratio kernel]
5 240 GB/sec 30*#cores GB/sec
4.47
GAP 4.34
Low B/F Kernel: High B/F Kernel:
_ B/F=1.7
3 B/F=0.4 2 68
, Almost same FLOPS to FX10,
1.48| but B/F is2.6x increase.
1.06 1.24 . :
093 < =If we obtain relatively 2x B/F
1 increase in FLOPS, high B/F kernel
(Conventional) is faster
0 with factor of 4x.
048 054 063 076 095 095 095 095 0.95

[B/.F (16 cores) (12 cores) (8 cores) (4 cores) (1 core)
ratios] (14 cores) (6 cores) (2 cores)



Outline

* Background

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

* An Evidence:
Changes from FLOPS to BYTES

 Conclusion



AN

Conclusion SEAS

®In Post Moore’s Era, we think that ability of

BYTES is relatively growing with compared to
ability of FLOPS.

®IF so, we need to change paradigm from
FLOPS to BYTES for numerical algorithmes,
in particular, computations inside node.

®The evidence indicates that the best
implementation changes according to
increase of B/F ratios.



Open Source Infrastructure for Development and Execution of Large-Scale Scientific Applications
on Post-Peta-Scale Supercomputers with Automatic Tuning (AT)
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Whole Time (2000 time steps) :FX10 vs. FX100

[Seconds]
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Comp. Kernels (2000 time steps) :FX10 vs. FX100

[Seconds]
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RESULTS OF PERFORMANCE
PROFILING



Profile Results (Tuned)
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(a) FX10 (P32T4) (b) FX100 (P128T2)



Profile Results (Tuned)

(a) FX10 (P32T4)

~ TEBIER TEBIE - EALS
B S | Bagn-p | T -+ P sy | BN . -

4 mo-t : mO-t | RS SidaE STy UTES (20t [iHe33y] 24 |23&492 g .

E ! £ : p REER . p Oz 4 A = (iR r=ED &
RN e P T e MR A R T I A el B N e e b | BERa | syp [BEIIVH AR
AE W] % 5 ‘ 7 14
Thread 0 0.32% 13.78% 6.71% 39.31% 6.71% —9.30% 8.87% 2.48% 9.78% 11.70% 100.00%
Thread 1 0.12% 8.95% 6.28% 37.55% 3.57% 0.10% 1.29% 14.509 0.98% —0.99% 6.45% 0.88% 8.43% 11.10% 100.00%

Thread 2 0.12% 8.96% 6.27% 37.18% 3.56% 0.10% 1.29% 14.879 0.98% —0.85% 6.39% 0.87% 8.37% 11.09% 100.00%
[Thread 3 0.14% 9.09% 6.26% 37.27% 3.57% 0.10% 1.29% 14.46" 0.98% —0.66% 6.39% 0.87% 8.37% 11.09% 100.00%

(b) FX100 (P128T2)
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IThread 0 10.01% 3.26% 19.42% 5.79% 7.26% 0.34% 8.86%  100.00%
Thread 1 8.68% 1.40% 12.99% 4.15% 2.28% 4.47% 0.36° 6.02¢ 0.07% 0.92% 27.93% —0.19% 3.75% 4.26% 8.32% 100.00%

o : FX10:L22X%4: 4.8~ 5.0E+9

FX10: F8/MmO0—kFvyia
7Ot R1EE:37~39% N
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Profile Results (Tuned)
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PARAMETER DISTRIBUTION



Parameter Distribution (update_stress_select)
. Parameter Value 8 Nodes
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