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« BEEMR(FELCGER/NMNIRER)
— FLOP: (number of) Floating point Operations
ZONEDHOZF/NARER
ex) for(i=0; i<100; i++) a[i] = b[i] * ¢ + d[i];
= 200FLOP

— FLOPS: Floating point Operations Per Second
1R IEN0ZES/ NI RBEELE 5
ex) LORBEZ2uF CUIE LZI5E = 100 MFLOPS

- BIETEREE

— B/s (Byte/sec):
1TREHEDCEELETEEZTAHYE
ex) Infiniband 4xQDRMDIE/E— D1k EE=4 GB/s
bps (bit per second) TRRSNBIEELHD
YATLICEST, 63 LE 1Byte=8bit TIEL\CENHIDTEE
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— TR E1T3ED=FRETIT T, BEREDE R, FEDR LFS
WABANIYDIDHS
« parallel processing v.s. concurrent processing
— B RERE (AMFE) SNEEOEI BT ERIFREITITECE
=concurrent processing(ifi T ALEE)
— o EEEYEMNICERETT]
=parallel processing(ifi 51| L)
 ESNIE(ICHINBUY -
— CPU, memory, disk, networkZ ., &b SEtE )Y —AN i 5{LICE
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Moore's Law
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TOP500 List (Jun. 2019)
http://www.top500.org @

PERFORMANCE DEVELOPMENT

10 Eroess
Sum of #1~#500

1 EROPSS
100 prLo?ss
10 prLOPSS

1 LRSS

100 Trioess

193 199 1995 19% 1997 1998 1999 2000 2001 2000 2003 2006 2005 2006 2007 2008 2009 2000 2011 2012 2013 2016 2015 2016 2007 2018 2009
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TOP500 list on Jun. 2019

Architecture MFLOPS/W

1 Summit, ORNL 3'1‘3?)” MLl (g0 USA 148,600.0 200,794.9 14718

2 Sierra, LLNL 3'1“05;)” (IBM, GPU USA 94,640.0 125,712.0 12724
TaihuLight, MPP (Sunway, i

3 NSew T China 93,014.6 125,435.9 6051
Tianhe-2A

4 (MilkyWay-2a), Cluster (NUDT,CPU+ 0 0 61,444.5 100,678.7 3325

Matrix2000)

NSCG

5 Frontera, TACC Cluster (DELL, CPU) USA 23,516.4 38.746 ?27??

6 Piz Daint, CSCS I\PII1P0F(’))(Cray, XC50: GPU gw'tze”a“ 21.230.0 27.154.3 8905
Trinity, NNSA/ _

7 LABNLSNL  MPP (Cray, XC40: MIC) USA 20,158.7 41,461.2 2660

8 ABCI, AIST 3'1‘:)?)‘” (Fujitsu, GPU . an 19,880.0 32,576.6 12054
SuperMUC-NG,

9 Leibniz- Cluster (Lenovo, Xeon) Germany 19,476.6 26,873.9 ?2??
Rechenzentrum

10 Lassen, LLNL S:“o%t)er('BM’ GPU USA 18,200.0 23,047.2 272
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— 120EEZ D E|
(451) domain decomposition : Bz ZE B FE1E CTYIN 7 (T, KERDAL
a5 TOCAET S

— 120N EZ7E

(451) parameter search: RIU7OT S LE L HDER DA NINGA—AT
EITLHEHEZ RS> 129 bOINIA=3F1 D2OTOLATITL., #N
zBEE-HEITSIOCATES
« WHETFEDNANS

— EP (embarrassingly parallel) : it 51| {£h' B BA%G £ D (parameter
search3¥) | ifi 5| AL IE B {37 fR) D FR T EDMREESN CTLYS

— data parallel: LLEXF R DT —H%& 5 & (domain decompositionZ)

— pipeline: RN EEDF DRI {EEZ M S|V —AICEINET

- r;aster/worker:Mﬂ?”*%?’ﬂtld)?’—)b’ﬂﬁﬁéﬂwq—jJ—(CJILﬁik%JU
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T =535 OB

 domain decomposition
- ZRIC—HRBEHAERIZMLTHEN. C

Ne@E 3P THEIL, 2

1 ﬁlj ka_

— EPHITGAIE(ICEB 358 HIN., — %
AOIC [ B m F Tal o b Dinteractionh

WEICZIEHZENZ

— 151 :
for(t=0; t < T; t++){

for(i=1; i < N-1; i++)
ali] = b[i-1] + 2*b[i] + b[i+1];

for(i=0; i < N; i++)

b[i] = alil;

ST 77
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domain decomposition (§t &) 6

"/

1 |
b[5] b[6] ib[7] b[8] b[9]

XXX X

a[|5] a[6] :a[7] a[g] a[9|]

5 5L B G DB, B

for(t=0; t < T; t++){
for(i=1; i < N-1; i++)
ali] = b[i-1] + 2*b[i] + b[i+1]; // BEFEFICEFHD
for(i=0; i < N; i++)
b[i] = ali]; /] BERICEELL
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T2V F

« —EOUENFNERTELEE. FAT-YDONE(C)Y -
AZEINET, 2Rz 5 (AN
o NTRMVALEDH
for(i=0; i < N; i++){
ali]=b[i] * c[i] + s * d]i];

}
al[i]lsE &t
/ EEAH
cli|ziE R
SEHRAH
b[i] & 2 / d[i]&&E #: ~—
Fcdr 1A e IAH s(AA7-)
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master/workerZ! if 5] AL IE @

e 12MmasterSOLAEIEEDworker 7O AN BN masterh' % DIk 31
BALIEDI F—)U 152D (A IE $>>worker$k)

« masterld 7=l BT AEHREZEDH L., £workerlC12FT 2523
« workerlZ5ZoNTZAEZITL. 8 T LienigE ZzmasterliR U, ROAULIE
HENYTTEDLD

master:: worker::

// give a job to each worker while(1){

while(1){ // receive a job from master
Il receive worker’s result I/ process the job
// give a job to the worker // send the result to master

} }
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master/worker (#5 %)

s BICRMNEBOESHERD., BRI EDEHULIMEGSICEZ
o ZMIBIFEKRMICEPTHIVLELHD

job&EINHT

job pool (EP)
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it FIALIBICH 13 IS S

L FFOCAIRONDERZRER NS, BHREXHBTIVNENHD
BRMBTEREHLEDG VLIEHBEINESND
{51) domain decompositionMFI THIERER R DT —RS R
JE1E (communication)h' 5| EFR T EE M READFE
— BIEEDELDICHNS IEKEFRE :
BRMBTIIFEELG A=)V FES|ERECT
— F5&0TE (A#:synchronization) [CL&>TEUSMEDEF
B R A% (load imbalance) [C&>TA LS., EEALGFERR ., £70FAN
DAEHI D TAL AN DT —AFETELE
R HWIBEATIEHICE ., BIEERIBADA -y Faex/NNRICE
WNEDHDIHENHD
(it 51| ALERSH FR D B ST TR IB)
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SR (CHITEHBIEDHEIA R @

. IEEIJLEE7 FTOTFvDFRIICHKTF
— DEATURT-FFDFv:
%\7’Dt7\(5tEL\(:Eﬂﬁ:E@(:-F’—’ﬂ’és‘E?@(%%1%) L&D
=message passing (send, receive, ...)
— HBEARVERT7—FTDFv:
%7’!:!”27\( B ITEIAEINDT—ADFRHAESTHRIELED
=shared memory access (write read, ...)

« BENIAF
— message passing D5 & . BEATVRERLHRYII—D LTEDLIIBAIEICL
BINEE
=>HEEGEE I (WEBMNISGERERICOS IOty RIE0&E) FIEIA R, D
AT LERDBIEHREC T 251V FHNE
— shared memory accessMIF&E . BIERTRILEAT)OMEMLAE (T L
LETOAEIN SO Jb‘h\‘”*Eﬁﬁﬁ(u%%at(iﬁﬂb@t\)h\ig

- LWIhoigEt. ELICHEN\—FIOI7DMEREICERSINS
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EEDRENESLEFE LN NCENLITLIERECS
¥FICOAT LIRIE (TOty 8 O KN REICHEU I EBLMEE N KER
MIREETS D
= i 51| AL Dscalability (FE5EME)
A 5 ALER(C LB T REM EZIE LCRIE T S A YOI E
i 51 EE (degree of parallelism) D€ &
— FIREDF O BN (M FIL IR RES A EN D LHEHN (L FHEE
L)
— YATLOEOIFIE : VAT LOIEFIYY— 25 (—HERICE IOy )
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170EYY TCERITULLERDORHEZT1ET B,
p70t vy TRITULRORREZT(p)ET 5,

S(p)=T1/T(p)
s(p)El 7Oty & #pE DRER L (EMES, s(p)hM1 UL L THNIEEREN
i s oV rutiit e P A 07

BREMICEs(p)=p. (pENTOLYY IR ALLER. pfEDREMMFONT)

s(p)=ph'iE18

= linear speed-up NTEHT 5 (MErED BEERE M)
pDIENNICHE L \saturation
s(p) T3 (ZLDEE)
7oty E#p
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— EERLZERs(p)IplEKFETIDTHEEELTAHME
— [s(p)=ph BB &LV EICE B U, ERICIEENDENSOLZER TELE
[$haER 1 ELTEZD

— e(p)=s(p)p
e(p)lFplcF LT ., 1GAWNIEBREBH GEEF1LLT)

e(p)

e(p)=1h'1E%E
= linear speed-up

N\ CNTHEH

(ZhFEMET LY

pDIEMNIZHE L saturation
ERIE 240 1=))

Oty E#p
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ldeal speed-up vs Super-linear @

o EEMLERN-TICHNT
_ #%:100% RO (ideal
speed-up)
— F :#8#2Mm L (linear speed-up)
- R BEZHIONMIRYINHSE  s(p)
& (—f%8Y)
— 7 BEERZ (super linear)

« T3t superlinear H'#2&3H ?
HEAKBICidealFzlElinearCh i FIWIR(IZH VT
JObyoE8# p MEZATELIENEST
SEROBBYA AN —EZEE IOV DN HBTEB A AN ELVE

JO0tyHE#p

5
EICF vyt TWI: 2T -0 F vy 0a(CIRES) TOEyY B2
DEREN RIEIC[R £

FERMC1TOLYT DGR ZREETEHE p FLLLEDMREICTES
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— BRI ENZTERTIELKDERDELNETRESIDTIIRZL, —EfD
JESIREDICLH> TR RSN |
o WMHIMIBICHITETLE—ILODEE
— BRUWEB(CHIFTEDEITERTIN U F|ANIER]GEER 7 ToL I 5 AL IEAR A RER
2 CERNIBDFH ATHE) TshoBERTE
I =T +1T
— TpEBRCDOWT, pED7OLYH CEEBMWZHSHEN TESETEE, p7OYY
R ABDOESTERT(p) &
I'(p)=T,+T,/p
— JObtvEHpEEREKICTEE
T(p)=T,

— OB
e(p)=s(p)/p= /T, +T,/p)/p=T,+T)/(T,*p+T,)=0

p—)OO
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Scalable’i 578

ER., EAVBREIBEICE T TsIFTFEEL. M FMEICHTBscalabilitylCI3 R 5
%3

[REREAH] | TEEAE 5] (T EEERD ?

>TshEFE TERCHNTpORELGREIREEREETNIELL
>scalable(#ERIEDHS) HE

KIRERE 2 M ETE D Z<{N'scalableis [l 8

212U, Tsh BB RIEZTEE VAT LR E(P)ICISUTHEXRLENLIFED
WHNE

ERBE LT, ZNH VAT LIRIEICES U Tscale LTS EIDE RiBHB 7=
HDFTLLA MO E

=l 51| L IR DFIEE (granularity)
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Scalability: Strong vs Weak S

"/

o WHIATLDIRETKRECTIE. FREEDTM/ XA &EIEZ
M ?
- 2RORRBETAAEEDDLY . YATLDAE S EZ LT3
=> FTOtYHICEINH ToNdRArEMEE L /NS
= BEFOA—NAYFEHEXHICKETES
= Strong Scaling
— 7Ry EHENOMEEEEENLT . YATLDMF|EE LTS
=> 2AROBBEYAZANTOEyTE 8IS UT(EFILT) KRETES
> BEFOF-NA\YRIHERMICFE) —F
= Weak Scaling
» strong scaling (& weak scaling [CEEAREMCEE UL
— strong scaling = — 7 78 Z L VMR fECH (time-to-solution)
— weak scaling = —ERFRE TLNMNC KRR BB Z#E<D (scalable)
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it 51| L3R DAL EE (granularity) =

 /

A H IR RE IR T SEB IR RERSBBEERZADA —NAYF

— BRLEB(ICEEh-T=RHBRMNFE

— EHICLDERLEESLTUOVEBOFSRMA R4

—a?éﬁlaai BEVRLELE UG VIKRIEERNIEZTITO>CTSDEZEH
TI

S>COBFEINRMNIEDIENZENSF ()

B1E - REAZ 07 VLI 5 )48 xF 80 5F (i

- COFANEN=THRIEDNFEL] (coarse grain)

— COESHEV=>THRIEL DL (fine grain)

— (. BRBREZRIEDIEVATLOMES ER LITHE. i 5 LIED I
EHN<E5

= strong scaling H'& UL VEx KDIEEH
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domain decompositionD45|
... Db[5] ib[G] b[7] 1b[8] b[]
e N 0
. al5] {al6] al7] ial8] a[9)

|
« FJORAR2RASTDERENE
« BEEIJOCAICHL2RSDT—3&ED. 2RTDT-3EXZ(TERS

. BIOLAREASOERENIE
. BEIOLAICHL2ESDT—A%ED . 2E D DF— %S D
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b5 IR e E AT R EE S

YATLI B EE E(FBE .. FNICE U THEERBEERETNIEEHES
TIFFICHEDL (weak scaling)

FLEOBLZ(EHEFMHBEOBOT, £H7TVT—0avllB VTN Zitd R
EEFZITTHNRE

> Z L BIEDATZCETEFBEE T A IADE

VATLMFEE LITRIGE .. EICES B EZEAIL, VY —ADEZ)
FAISCEEZIDCENEFLL

HERER MLRYDDERERXEGERNBELRIADA—NAYE, TEHEL
EOMAEL

PI)T—0ay BARNARERMICHAE THSAIREEN HBH . Th(E7)LTY
ALOEIE., 7OY5I00 0T RETHIG LB ITNIE L
*%J’E’éi(f%ﬁ':&)(& HREEBIRE) IV RELTLEILOIBESE
FENDE

=>YATLDBIE - BEAEREB AN END->TLED
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SRNIVARENEUSZE

— A& RHdomainlixt 3359 E|

— parameter search(CHLVCE < DILIE £ Hparameterll{K7FT 356
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« domain decompositionTCld. EREZE Rz N7 (B3
ERZ12070CAICEALIANSD) THENERE

- MEZERNMHEREE. COAETEAERNIVANENS

_ENDB

» BIREZERIOMINEELRL. 3
BALINEN KBTI O L E
STERVBEMAETEBIENHIDTETE !
EMETIBSAIaEEEHD
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« MD (Molecular Dynamics)Z D315
— nRTZEME LICPEOKRIFHHD. FiFREH cut-off: 4%
DHEEEARAZYIAL—Y3VTE
— DAV ADLIBRIZohERT Y IvIL TR .
. BEBE(CIG UCRAICHE/NT HRTUIvIL .
(HFPRF)ZHFOITH. HDEETHZERE >
BH(Ccut-of FENFETS N (“ "\.
o« T&xt# |DinteractionTlEE V. & T
EIARERIAT B7ZHICT — 531 (& . ¢
&) BB Zcut-off F ERNDHLF (2HFD27
Tyt R R LELY |
BT BHF

— ZEfE%#domain decompositionL. 7O AIC
ZNNH ToNTZER 7222 (cell) ADFHLF =

HRETD
=celltt1 Azxcut-off FZFLLE(CTNIL . fERE
cellz2 1 H>7OALDHBEIEITNILLLY

(cell mapping method)
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cut-offf-fEMD (#t &) @

o FFFMORFENDHDIEERICEDFFREIE HEARED
(J%EJJ?‘%G)‘Q ARDOLIIHFE celllCEF #Z(\cell
Al EETED BB ‘
. CellﬁLL'Cjtﬁ']?’[ltl(:?‘yt"‘/’j'?'étﬁﬁ}\' e [V
IVANEENS o . *
« BRIN\SVATZERDICIE. TOLARNDHLFE A L
(cellZ Tl 23 —(CTEIVLENHS o
¢ ﬁ;f '.. ..o"
— 1) WF Bl DB EITR L. TORACEIN ST . .1
bcelBz—ERFREIEICERAETS
— 2) cell ENTOP A INENCZ MEE . cellz LT
block CTOTAICYYTHET . cycliclcvvT$3 %ﬁiﬁf{@

— 3) cellvyEV &5 MFEATHEERETD
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ut-off{<tEMD ($5 ) @

k1)

cellt 7O ADEINZ TEER T ACIREDT - IEBREICHE LG HINIET
LIy, F2. celllfDBIE X B HET HEIRLTG L (FEER IR o

73i52)

cyclichE|CIN LM AR TN BEZICTED, 72U, BitEcellh'fEE 70
TRACIYTSINGBLBILH., BIEEHNRTES,

73ik3)

celi ZEE TRz BEHFIOLANECICWS N E, BEIT—TIL (FFET
OCADBEZREE) 5IE(CL TR, IOBIEHEREL R<B S,

=REMB ARG

E&(&fg)ﬁﬁp&(*ﬁ%@lﬁlioga RE v BB ) Ik ET D18, — i
2(3730)

Wing ARIFENELTNSIHEE . BEIA N BEEICLTERA/NIVA
ZROMIENHHHE LN
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