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Performance Development
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Trends in Parallel Architecture
and Parallel Programing Strategies (1/2)

Parallelism Points of concern

InfiniBand
Inter—node Memory distribution over ,
via network network Ethernet,
Myr inet
Memory
Number of cores | Programability
. Throughput

Size (GB) (GB/s) MSU:
Large and

[ntra-node | ¢py 0(1) 7 g0od 0(100) 0(10) slow
L1~L3:
Small and

GPU 0(100) 7 0(1) 0(100) fast

Between CPU-GPU : PCle 0(1)




Trends in Parallel Architecture
and Parallel Programing Strategies (2/2)

Parallelism

Paral lel

Points of concern

efficiency Programing Strategy Scalability
mode |
E1 x E2
Inter—node High work ratio
via network E1 MP1 (Local ized mesh) Weak scale
WP1, Appropriate B/F
Thread, & Long vector
Intra—node E2 OpenMP, ne . Strong scale
(Blocking, Padding,
OpencL, Reorder ing)
OpenACC g




Flop/Byte

SpMV with CGSR;:
Flop/Byte = 1/{6*%(1+m/nnz)} = 0.08~0.16

SpMV with BCSR:
Flop/Byte = 1/{4*(1+fill/nnz) + 2/¢c + 2m/nnz*(2+1/r)}
=0.18~0.21

nnz: number of hon—zero components
m: number of columns,

r, c: block size,

fill: number of ‘zero’ s for blocking



Performance Model (1/2)

» The K-computer’s roofline model based on William’s model[1].

» Sustained performance can be predicted w.r.t. applications’
Flop/Byte ratio.

e Peak Performa@

CMDi1L0)Flop/ByteD

EEIX | EEFERET
EITHENRES. <
IWFIATRIEEZERT

32

Tcore 26Hz x sflo

VILI 2GHz % 8core

) ﬂ@_Fi’&S;/ Byte®

Sustained Performance(GFLOPS)

| BREIIAEIDT—Z [1] S. Williams. Auto~tuning

Lﬂ‘;‘ %’E} ﬁE j] -—Ggﬂé ,?i. '|f|:|_ 'ﬁ'é', Se'rfor/:gnorc: on. Mlé/(t)‘iggre Computers.
1 hbﬁiki%) niv. of California, _l .
1/64 1/32 1/16 1/8 1/4 172 2 4

Flop/Byte HEEELT—FEDL



Performance Model (2/2)
SpMV with CSR

B/F =6.25~12.5
SpMV with BCSR:
B/F = 4.76~5.56

Node BW BW
performance (catalog) (STREAM)

128 Gflops 64 GB/s 46.6 GB/s 0.36
FX10 236.5 Gflops 85 GB/s 64 GB/s 0.27
Measured performance by profiler | SpMV with CSR SpMV with CSR
on FX10 29~58"% 22~43%

0 SpMV with BCSR: SpMV with BCSR:
4.2 % 49~76% 3.7~57 %
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’

The “K—computer’

e 10 PFLOPS
e # of CPUs > 80,000
e # of cores > 640,000

* Total memory > 1PB

e Parallelism
* Inter-node (nodenode) : MPI
* Intra-node (core<core) : OpenMP
 Flat MPI is NOT recommended

Hybrid programming is crucial for “K”.
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= CPU%: 8FLIE p mEE 3RTDEEEARIZENZTNSGB/s x 2(MAF.
» 7 64FLE HiHE—Y)

e E—2EE 44 10PFLOPSLL L v RIFEEH:4

PP A= N = L 79 E /§’ft7:/3>/{\JF¢E:
p AEYBRESE: 1IPBLLE(/—FHY16GB) 30TB/s (W% . EHE—4) L E

CPU: 128GFLOPS
(8 Core)

Core

SIMD(4FMA)

16GFL OPS
nlll
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| 6468/s
MEM: 16GB
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Solve b = Az by the Conjugate Gradient (CG) method

+= Ihecmw solve_CG_33 I

brogram fstr main | | with the left preconditioner:

I — +- Ihlcmw precond 33

I_ | 0. Choose the preconditioner M such that M ~ A
4+~ T1 = hecmw Wtime 0 +— Ihecmw matvec 33 | 0-a. by Incomplete LU factorization, M = LU,

| 0-b. by Diagonal block scaling,

+- hecm_get_mesh +~ |heomw_update 3 R\ '\ or others

+= hecmw2fstr| mesh_conv I |

+- |fstr_init ., | o3 ol

+ fstr rcap initialize | — Ihecmw_solve_SEND_Ré(.‘.V_33\ | 1. Set & = Lini- initial guess, and b: rhs vector.
I | 2. Set MAXIT: maximum number of iterations,

|
|
|
|
|
|
CG iter. ==
|
|
|

|
+- T2 = hecmw_Wtime () |+ MPI_ISEND \ and TOL: tolerance of convergence.
| |+ |NPL_IRECV
+= Ifstr linear static analysisI | IMPI_WAITALL 3. r=b-—Ax
| | +-— _ - S ; —_—
|+ [FSTR_SOLVE_LINEAR | |+ MPIWAITALL 4. do iter —’1,11\IAXIT_‘_’_~ o
N [— | 5__z=Mr JHI#E-ZERA
: " TOIve LINEL +- Ihecmw_InnerProduct_R I 6. P = (r7 z)
| +-  |hecmw_solve 33 | | i if (iter .eq. 1) then
I I | | + Ihecmw_allreduce_R1 I ] _ .,
I +- 11.201-274: Block LU | | p
: | lheomw_solve CG. 33 | I += Ihecmw allreduce R I 9. else
+-= ecmw_solve 10 = p
| | | B=p/m
+= T3 = hecmw_Wtime () | S += IMPI al IREDUCE I 11. p=2z+p0p
_ | CG iter. == 12.  endif
:

NN 13 _a=7p THNIRILIR
FrontISTRD 7 A 5 Ltg1E 14 a=p/(p,q)

15. =®4+ap, r=r—aq
16.  Compute the scaled residual norm,

=X RM)L—F > precond 33&matvec 331&. RESID = ||r||/||bl|
IﬂIIIEH*EEEODﬁEEEI?&)éCG%IZZBI/"C 1; if (RESID .le. TOL) exit do-loop

- PprL=p
:I_}I/é;I/L%)o 19. enddo o
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20000
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ﬁﬁ% 80000 P
100000 M L " L N 1 L 1 N
0 20000 40000 60000 80000 100000
column
FETRES

hecmw precond_33&hecmw matvec 333 E AR
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R I SS Research and Development of Innovative Simulation Software

AL ECGEDTILTYX L

compute r%= Db - Ax(® for some initial guess x(9)
for i=1,2,...
solve M zUW M= rG-1 (M: preconditioning matrix) Preconditioning

(i-1)T  (i-1) Dot Product (1)

else

Bii= Pi1/Pis

pil= zG-1 4+ B, . pi-D DAXPY (1)
endif
qil=na p@® MATVEC

end

o= p;y/ (T g®)

r= rG-1 _ o g

check convergence; continue if necessary

Dot Product (2)
DAXPY (2)

DAXPY (3)
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|Front FrontISTRIZHI[T5
ISTR 52D A <LEEHSBN=HSAHIFEMS

s FEMOIAEE
s AIER) YD ZXDIERL —ts4EE () S LI F T
« WIEITHIDOXRE (RIEEVILAN— BEEEYIL/IN—]

0.35% 0.28%

s RIEEVIAN— \1 / /[ o
0.40% 217 —33_
[ | 4$E¥E0)52i2§75\67:;é 0.42%X‘/ i matvec_33_

0.54% __—

(1) BT -ROk)LIE  __GI__printf_fp

o o i update_3 r_

(2) RHRJL-RHRLNFE s\l © soive cg 33

(3) RIKILDhNiE (DAXPY) & _mpn_mul_1
stf_c3_

CON-Ip!1%:::

innerproduct_r_
_lO_vfprintf_internal

__tls_get_addr
‘&: mt ” {Other}
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(4) HTALIE
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- Ayt—T Ny TS5 TF) s HE(EE) AT M
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— FortranX2C73 & D API
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SPMD Programming Style

= Large file handling — Local distributed data

= FE analysis modules just consider local operation
(element matrix assemble)

= Global operation occurs only in linear solver.




Local Data Structure

Node-based Partitioning
Internal nodes - elements - external nodes

PE#1 PE#0O
21 22 23 24 25
O O O o @)
17 18 19
160 O O O ©20
17 13 14
1@ o O O Q15
7 ) 8 7\ 9 e
6@ @Q O O 010
@ @ O O O
1 2 3 4 5
PE#3 PE#2

[EEN
)
./
)
./

)
./
0O

O O O
5 @ o O 9
6
3@ Q O 8 8 @ O O O6
4 4 5
@ @ O (] O O O
1 2 7 7 1 2 3
PE#3 PE#2



GE{EFRAD

do neib=1 NEIBPE P PESL
istart=INDEX_EXPORT(neib-1)
inum=INDEX_EXPORT(neib)-istart

do k=istart+1, istarttinum

WS(k)=X(NOD_EXPORT(K)) EET—FDWSADIBHK
end do

call MPLISEND(WS(istart+1), inum, *-*) 1E{E

end do

<CRAEERHD

do neib=1 NEIBPE P PEZL

istart=INDEX_ IMPORT(neib—1)
inum=INDEX IMPORT(neib)—-istart

call MPLIRECV(WR(istart+1), inum, --*)
end do

call MPIL. WAITALL (NEIBPETOT, ---)
do neib=1,NEIBPE b= 1EPEZK
istart=INDEX_ IMPORT(neib—1)
inum=INDEX IMPORT(neib)—-istart
do k=istart+1, istart+inum

X(NOD _IMPORT(k))=WR(k)

end do

end do

K
aufr

3

Il

ET—FDX~DIEHHK
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- {ARXIETATS LR TEMNTEOAVMTOLSICE
MWNBD AN ILEFIZA T3 EiEE T HEIC
EOT. ZDIRTRXDEREINS LTS,
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SUBROUTINE DAXPY(Z,A.X,Y)
INTEGER 1
DOUBLE PRECISION Z(1000), A, X(1000), Y

ISOMP PARALLEL DO SHARED(Z, A, X, Y) PRIVATE()

DO I=1, 1000
ZOD=AxXD+Y
END DO
RETURN
END
OpenMP ) 2 b 5]

ISOMP TIRE S XM 0penMPDIERX, DOIL—T MR E|SNIEEHD
ALYRIZE->TRIBFETINS,



[hecmw_solve_CG_33 |  Solve b= Az by the Conjugate Gradient (CG) method
| with the left preconditioner:

—Fecnm_precondjz
(. Choose the preconditioner M such that M ~ A
[hecow_matvec_33 4 (-a. by Incomplete LU factorization, M = LU,
| O-b. by Diagonal block scaling,
+- |hecw_update 3 R\ or others
056 I \
063 . += Ihecm'_solve_SEND_xCV_"; 1. Set T =T initial guess, and bf rhs vector
i A\ 2. Set MAXIT: maximum number of iterations
1 cG |+ [WPI_ISEND and TOL: tolerance of convergence.
141 oo |+ [WPT_IRECV .
iterations = 3. r=b— Ax
| = [MPI_WAITALL = » >
| [ IIPL“MTALL 4. doiter = 1, ]\'Ii\}\'ﬂ
1] 5. z=M"s
;— [l;ecm_lnnerProduct_R | 6. p=(r.z)
7 if (iter .eq. 1) the
| | + |hecrw_allreduce R1 | : I (feer£0...1) ¥hen
| I 8. p==z
| +- |hecww_allreduce R | 9. else
I l 10. 3= p/m
| G + |WP1_al IREDUCE | 11. p=2z+78p
| — 12, endif
CG iterations r
15. x=x+ap, r=r-—-aq
16.  Compute the scaled residual norm,
. RESID = ||r}|/||bl|
Acknowledgements: '
g ) ) ) ] 17.  if (RESID .le. TOL) exit do-loop
Research Organization for Information Science and 18 pisp
Technology, RIKEN AICS o 2. enddo



row

Simple cyclic

Example ‘hinge’

ISomp do schedule(static,1)
do i=1,N

Simple block cyclic

ISomp do schedule(static,100)
do i=1,N

\\
)

o - : S
e~ e = 2t -y
g o U T e e - -

AT AT T BRSPS TR TN TE | AL
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Distribute non—zeros among threads

 Density of non—zero :

threadNum = omp_get_thread _num()
do i= startPos(threadNum), endPos(threadNum)
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Tuning parameters were selected
empirically for a ‘hinge’ example.
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