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I 1 RAENZTEEIC#E

B EfE% ( Direct method )
BAYRDBEEEICEDLC
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18 2% ( Iterative method )
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10 EFlop/s

1 EFlop/s

100 PFlop/s

10 PFlop/s
1 PFlop/s

100 TFlop/s

Performance

10 TFlop/s

1 TFlop/s

100 GFlop/s i

10 GFlop/s

1 GFlop/s

100 MFlop/s

Performance Development

1K times faster in 10 years

2.3M times faster in 30 years
| ‘Kei’ (10 Pflop/s, 2012)

1994 1996
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1998 2000 2002 2004 2006 2008 2010 2012 2014
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http://www.top500.org
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&R (serial) & ifi 5ll(parallel)

B RAMIBLUIR T ILIR S i 51| L 38 TE S

I

A AYH|
DO J=1. N DO J=1,N
A(J+1)=A(J)+B(J) A(J)=B(J)+CJ)
END DO END DO
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Multicore and NUMA (Non-Uniform Memory Access)

’ ' .
» Today s common architecture in consumer and/or
enterprise processors

» Programming model A
v Distributed memory : MPI \

v' Shared memory : Multi-threads
</ NUMA . Hybrid = MPI + Multithreads >
Intensity

» Performance of core & memory, vs. Flop/Byte

%7 BPF



’

The “K—computer’

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

e Total memory > 1PB

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

Hybrid programming is crucial for “K”.
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Database server Application servers

The cloud can
be built using
grid technology

Clients don't
have to know
what is behind

\ :':::::::ii:::;;::_,:;::::"‘ C | i e n ts

7957k
[F—A2+t709 S L3EE(DOSOR)DEICTEMNTILNS,
FYMZIEGIT LTI hHNIE, EALTIREKEMNSTHE
[ZJE <] (Eric Schmidt, Google CEO)
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0.49 Cost@fthingeS1B&oresk
0.417 (-Kfast,parallel)®

precond 33 & ‘}

[—L-L-L-L-L-L-L—L—L-L-L-L-L-L-L-L-

matvec_33 & v

0
20000 & .
1TE =
BEES -
g
60000 i,
Bitir% 80000 §
100000 N 1 2 L N 1 2 1 2
0 20000 40000 60000 80000 100000
column
SEHE S

hecmw precond 33&hecmw _matvec 33X+

HIL—F 2 (ERDI0%0EHDHB)



— @W solve CG 33 | Solve b = Ax by the Conjugate Gradient (CG) method

bbrogram fstr main | | with the left preconditioner:

| — += ﬁ@cmw precond 33

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

| 0-b. by Diagonal block scaling,

.r=b—- Ax

+=  [MPI_WAITALL
+=  [MPI_WAITALL

. do 1iter = 1, MAXIT

+~  [FSTR_SOLVE_LINEAR |

o — |
"o e get nesh | | + |heomw update 3 R\ | or others
+= hecmw21:str| mesh_conv I | I
+- [fstr_init . R )
+ [rstr reap initialize | | | + |hecmw _solve SEND REGV 33 \ | 1. Set & = x;,;: initial guess, and b: rhs vector.
I | | 2. Set MAXIT: maximum number of iterations,
Jlr_ 12 = hecmy_Ntime 0 | - }MPI [SEND \ and TOL: tolerance of convergence.
+= Ifstr linear_static analysisI CG iter. -II‘ WP1_IRECV
|
|

|
I
|+
|
I
I

z=M"r _ JRHE-RIBERAA

3
4
5
6. p=(r,z)
7
8
9

I

|

I +- |solve_LINEQ

| I
I +—  |hecmw_solve 33

| I

I +—  |1.201-274: Block LU
|

I

I

N

+=| |hecmw_InnerProduct_R
I

+- Ihecmw al lreduce R1 I

if (iter .eq. 1) then

b=z

I
I
| | | | | else
| +-  |hecmw_al Ireduce R )
+  |hecmw_solve G 33 | | I 10. B = P/Pl
13 = heom WtineO - +  WPIallREDUCE | 11. p=2z+f0p
I tap s— 12.  endif
CG iter o
3. q— Ap THIRTEILEE
o N — L YA 4. a=p/(pq)
y P/ D,
FrontISTRD 7 QY S Lg1E 15 w—ziop F=r—ag

16.  Compute the scaled residual norm,

53X RIL—F > precond 33&Ematvec 3315, RESID = |[r[|/[[bl|
Iﬂ“'liﬁ*gito)ﬁz‘ﬂ%;k&)éccaiiI:BIJ\T 1; if (RESID .le. TOL) exit do-loop

- PL=p
:l_)l/éhéo 19. enddo 2!




PRI 5 E

BB PRI A D 5 E|

- BB R D T —2E A TYIZE|Y BT, K4 A
DETEZEIHIZEHET 5,

- — R ICER N EE C ED T EIXTEERICITIRIL TIF L, 1T
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BRI EITITAINIMLIEZRTI 5. EREETOTIANINLIEER
CHERIZEDHEIIC, B REETEIET 5.
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PRI EIY —IL
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[ Overlapped Area [ Shared Surface
/ \ ® Internal Nodes / \ ® Non-shared Nodes
O External Nodes O Shared Nodes

A O N, '

(a) Node-based (b) Element-based
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Aytg— Ny 7477')0)*”

- Ayt—T Ny TS5 TF) 0 HE(ET) AT
TrRyrcIT—0%4 LT, T—Q’EL,VJE~ JAtANiEE
ORI EDFHIEH., Z1TOTA4TT)E

— FortranX2C75 & D API

- EXRTOTSLhoa—)LT BRI ETHHETE A A FE

- MPI  TMPLIZEICIREZIE T, TORERTH S mpichlXFEAED
A—H—D 7Oty S LI=E DN EFIN TS, BN ALSIET
BHIZIXEFENEFNDT —FTIFvICRBIESN-MPINEZEIh TS,

- MPIEZEEF AT DEAT) . HE - DEATIDEDR
%O)nJrﬁ*ﬂz/ZTAkzlbL\’C%JﬂL\bhéo

I.




kS 8

374y

MPLINIT MPID 2 &)

MPI_COMM SIZE a2 —A3DiAbLEITF

MPI_ COMM_RANK O3I2 =4 —3RNOTORDERHE

MPI_FINALIZE MPID#R T

MPI BARRIER £ 70t AN EE

MPI WAITALL 2SIk Yy IDIGE::

MPI BCAST 1DDEETHSETARRIZAYE—UFZEETS
MPI_ ALLREDUCE TRTOTACRANMLAYE—UFZEL, TNH6D

Mt ERREALTOERITEET S
MPI. SEND, MPLRECYV  1x170vF% 245 @IE GEE. 21E)
MPLISEND, MPILIRECV 13%13ETOvF S EIE GEE . 21E). MPLWAIT

EHIZAHWS

MPID Y 7R—b9 S8 EED 51



PE#1 PE#0

21 22 23 24 25
O ./ O O O
17 18 19
160 O O O 020
1| iz J1a |
11@ Q O O 015
7 7\ 8 7\ 9 Ve
6@ Q O O 010
@ Q O O O
1 2 3 4 5
PE#3 PE#2

(@) 4FEIEAD 7 E

15 6 7
O——O0—~0
PE#0
O——0O0—0—=0
14 J13 4 |5
—OCO—"0——=0
10 |1 2 3

(b) PEA#OMMRFEFT S 1EER
(BRIEPEEDA—/N\—5vTHY)

FrontISTRIZE 1T AHERERET—FD FHIE 7 E5)



Local Data Structure

Node-based Partitioning
Internal nodes - elements - external nodes

PE#1 PE#O
21 22 23 24 25
O O O O 0)
17 18 19
160 O O @) ©20
12 13 14
1@ @® O O Q15
7 7\ 8 7\ 9 Ve
6@ Q O O 010
@ @ O O O
1 2 3 4 5
PE#3 PE#2

[
)
\/
)
./

)
./
0O

O O O
5 @ @ O 9
6
3@ Q@ O 8 8 @ O O O6e6
4 4 5
@ @ O @ O O O
1 2 7 7 1 2 3
PE#3 PE#2



Local Data Structure : PE#O

Internal nodes - elements - external nodes

PE#1
4 5 6 12 15 6 7
O O —O0 O— Partitioned nodes themselves
PE#O internal nodes
10 O —O 11| O——0O—
2 3 14 13 4 5 . ”
—— Elements which include “internal nodes
0—0— ..{:(a_%)f# Provide data locality in order to carry
7 8 9 10 1 21 |3 out element-by-element operation in
T 5 each partition
11 10 12 () O
O O 8 11 12
10 . .
Nodes included in the elements
5 Qo

12
? external nodes

i Numbering : internal -> external
3

Internal nodes which are “external nodes”

for other partitions
PE#3 PE#2 boundary nodes

Communication table provides boundary~external node relationship



ZRr  FrontISTR V44/hecmw1/src/solver/solver 33

T714IL4 hecmw_solver CG_33.f90
HIJIIL—F 4 hecmw solve CG 33
(1 Z2FE->TWARYIX. ZEXTOTSLERL)

J714ILA hecmw solver las_33.f90
HIJ)IL—F 4 hecmw matvec 33



T FrontISTR V44/hecmw1/src/solver/communication

J714IL4 hecmw _common_f.f90
HIIL—F % hecmw update 3 R

J714)L 4% hecmw solver SR 33.f90
HIJI)IL—F 4 hecmw solve _send recv 33

( hecmw_solve_.CG_33 KYTRE(7IJVRHAFEREIZIZR F74LY)
TlL. B EE B TOREENITTHNTLNS)
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GEEERS

do neib=1,NEIBPE
istart=INDEX_EXPORT(neib—1)
inum=INDEX_EXPORT(neib)-istart
do k=istart+1, istart+inum
WS(k)=X(NOD_EXPORT(k))

end do

call MPLISEND(WS(istart+1), inum, ---

end do

<E{SERI>

do neib=1 ,NEIBPE
istart=INDEX_IMPORT(neib—1)
inum=INDEX_IMPORT(neib)-istart

call MPLIRECV(WR(istart+1), inum, -

end do

call MPI. WAITALL (NEIBPETOT, --*)

do neib=1,NEIBPE
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

B PEZL

Pz PEZR

3
i

[ tEPER

ZET—HDXANDIBHK
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1 5|{E 35 7R X

- D=0 xTF) T R0T =37 )T D=HDIETX
(TALIT42)ETAT S LDPRIZHEAT S,

CIC, EXBAERYDMSHNEGTER AT L, L7 - EIAE
) /—FRIEFEERE R

- {BRXIITAT S LR TENMNT EIAAMTOLIIZE
MNBMN, AV NS ILEEIZA T a v EEET A &I
FOT. ZTDERXMNEIRINSKLIIZHES,

- IR—RE T« (AT HRTE. BBHEME) ZZ BEL TR X EH
—{EL1=3R#& HOpenMP, OpenCL, OpenACCn7Zi &

- ROMLTAEYHDIHEE . RIRLARINLEEIZET
HETELIETIXDBEAIZE>TITHNS,
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SUBROUTINE DAXPY(Z,A XY)
INTEGER 1
DOUBLE PRECISION Z(1000), A, X(1000), Y

I$OMP PARALLEL DO SHARED(Z, A, X, Y) PRIVATE(I)

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

ISOMP TIRE S H0penMPDIERX, DOIL—T R ESNIEHD
ALYRIZE>TRIBEETSN S,



matvec_33MDO0penMPIE  (TEx 1 cOTOYSIVHH)

NMUDZEE i DIL—TEE i ITOVTERINDSE - KX ADKRFEFERIEL,
i DIL—TH0penMPTALYRIMEF{L T B EATTRE,

AN IIVA T3 Kfast,openmp TAINILT B,

52 2 & + hecMATHAL (9% j~6) #X3
(PES)

57 2 p v enddo
(PRE)

7 i-2)= i

I L YOH2=W mSIVIZEADH

75 1 p enddo

76 1SOMF END DO

17 1SOMP END PARALLEL

MElDH —T H 1$OMP PARALLEL DEFAULT (NONE) PRIVATE (i, X1.X2,X3. YV1,YVZ. YV3, JS. JE. J.in) &
ALYRHEF{E &A= S0P SHARED (hecMAT, X.Y)
32 1$OMP DO
33 ; &= T reanr TMUDIL—T
i L MEXOAD | mEIxEBROH.
37 11lp YVI= hecMATD (9%i-8) #X1 + hecMATXD (9%i~7) X2 &
8 1 & + hecHATYD (9%i-6) #X3
() )
% 2 p v do J= JS. JE REIDIL—T
47 2 p v in = hecMA b “.(J)
@ 2 op v Ki- RFIXIEBROH,
(dhBg)
51 2 p v YVi= YV1 + hecHMATRAL (9% j-8)#X1 + hecMATYAL (9xj-T7) #X2 &

14



(T TOTayszo54H)

hingeS1: Execution Time of matvec_33

(1 node)
180
160 -
140 -
120 -
100 -
e EHIEEES3.4% W HIEE4.6%
60 - - Xl & matvec_33
3. sfﬁﬁ;izﬂ: ZU' lE=8as
20 44.0 7. 1f“E§)$1I:
i &%
0 - T 1 pi. : 1
base code openmpdo  openmp staticl/~ openmp | >8mp do schedule(static,100)
1 core 8 cores 8 cores static100 aELN
(kfast) (kfast,openmp) (kfast,openmp) 8 cores
L(kfast,openmp)
R—2Ra3—F PA=P N | YAV 0578 TavoY40)v o578
EITEEMIT7. 158 %,

EREDEBHEHEPATIHNS, 2
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Flop/Byte

SpMV with CSR:
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 nhon—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.

Sustained Performance(GFLOPS)

128

32

16

) ﬂ@F’f'&B/ Byte®D

Tcore 26Hzx sflo

ZDiA0)Flop/Byted)
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Performance Model (2/2)
SpMV with CSR

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

Node 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%

, SpMV with BCSR: | | SpMV with BCSR:
4.2 % 49~76 % 3.7~5.7 %
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