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[ NaBHasA XapaKTepucTtnuka cCoBpeMEHHOIo
napannenbHOro YACreHHoro anropnTma

MacwTtabupyemocTb

A 4

KpuBaga yckopeHus
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YcKkopeHue

a(K) =

KonunyecTtBo
NPOLIECCOPHLIX Y3I0B

tq

Lk

Bpems pelieHus
3agaydun Ha 1 yane

S

Bpemsa pelueHus
3agaydun Ha K ysnax
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ANropuTM ABNAEeTCA XOPOLLO
MacLUTabupyembiM, eCrn:

KpuBasa yckopeHunsa onuska
K MTMHENHOW

C NONOXUTENbHOWU
Npon3BOAHOU
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dyHOaaMeHTanbHble aKToOpPbl, BINAIOLINE
Ha MmacwTabnpyemMmoctb anroputma

1. IHdpopmaLMOHHaa CTpYyKTypa anroputma
2. 3akoH AMmgana

3. Pasmep 3agaun
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MHdopMaLMOoHHaa CTPpyKTypa anropmutmMma

B

a) BonbLon pecypc b) CpenHuii pecypc c¢) Pecypc napannenuama

napanserimama napanserimnama OTCYyTCTBYET 2145



3akoH AmMaana

t1- BpEMS peeHns
3agayum Ha 1 yane

T
(1-09)t4

K

tK=5t1+

0 - gons nocrnegoBaTesibHbIX
BblYUCIEHUN

Speedup

K — KonnyecTtBo
NPOLIECCOPHbIX Y3r10B

1
(1—9)
K

a(K) =

0)

Amdahl's Law

Parallel portion
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MacwtabupyemocTb 3aBUCUT OT

pasmMepa 3agaydun n
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B
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f(200) £(300) £(400)
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Linkn nccnengoBaHus
MacLUTabupyemMocTn anropmtma

4 ) 4 ) 4
Paspaborka KogupoBaHue TecTupoBaHue
anroputma P P
\_ J \_ J \_
a (yckopeHue) 7 \ 7 ~\
50
or KpuBasi BblyncnuTtenbHble
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100 200
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Kiax — rPaHvua

MacluTabupyemoctu anroputma
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yXenaHume

OueHUTb rpaHnuy
MacLuTabupyemMocTn anropmtma
0O HanucaHusa nporpammvbl BE3
BbIYUCITUTESbHbBIX 3KCMEPUMEHTOB
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Mopenb napannernbHbIX BbluyncrieHnn BSF
(Bulk-Synchronous Farm)

 OOnacTb NPUMeHeHus:

— MHoronpoLieccopHble CUCTEMBI C pacnpeneneHHon
NamMsaTbio

— [MTapannenbHble ntepaunoHHbIe anropuTMbl C
BbICOKOW BbIYUCITUTENBbHOW CIOXXHOCTbLIO

* [lo3BonAeT npeanckKkasarThb:
— YCKOp€eHue napannenbHoro anropnutma

— rpaHMyy mMmacwtTabupyemMocTu napannesribHoOro

anroputma (yHukanbHoe kadyectso mogenu BSF)
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OrpaHn4eHunst Ha anropuTm

1. PacnapannennBaHMe No cXxeme
MacTtep/paboune

2. AnroputM OoJSmKeH ObITb NMPeacTaBrieH B
BMUOe onepaunmn Hag crnmckamm c

Mcnonb3oBaHMeEM MYHKLMW BbICLLEro nopsaaka
Map/Reduce
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BSF-komnbtoTep

CoeauHuTenbHas ceTb

MacTtep

Pabdounin 1

Pabounn 2

[lpoueccopHble y3nbl

Pabounn K
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[lpeacTtaBneHne anroputma B Buae
onepaunmn Hag crnmckamm

Cnncok — ynopsigoMeHHas
COBOKYIMHOCTb 3JIEMEHTOB C
NOBTOPEHUAMMN

MynbTUMHOXECTBO —
Heynopsago4YeHHaa COBOKYMHOCTb
9J/IEMEHTOB C NOBTOPEHNAMMU

MHoOXecTBO
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OyHKUMA BbiCcLlero nopagka Map

Cnucok A -

Map

Map(F,A) =B

Fla,)

Fla,)

F(a)

> Cnucok B
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OrpaHI/ILIeHI/Ie NMPUMEHNMOCTU AJ14
MHO>XECTB

BSF-mopgenbs HE npumeHnma ons MHOXeCTB B
cnyJvae, korga yHkuna Map nopoxpgaet
oyonukaTobl

17145



OyHKUMA BbicLlero nopagka Reduce

Cnucok B +

b,
‘ Reduce s =b;Db,D - Db

bl AccounaTtmBHasi 6MHapHas onepauus

/

Reduce(®,B) = s
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LLlabnoH nocnegoBaTesibHOMo
BSF-anroputma

- CYETYMK UTEPALMM
- CMMCOK UCXOAHbIX 3/1EMEHTOB AaHHbIX
- HaYanbHOE NpUdbANKEHME

- MapamMeTpm30BaHHaA PyHKLUMA
- CMMCOK Pe3ybTUPYHOLINX 3NEMEHTOB
- accolmMaTMBHaA onepaums
- [-Toe NnpubanxkeHme

Ac Al
0 +(©
Input (A4, x©) 0
[ =0 gBE [B]
MO
B = MClP(Fx(i),A) <-—-----tToooooo :
s := Reduce(®, B) |
x(i-l—l) = Compute(x(l)’s), :I
i==1i+1 |
if StopCond(x™,x"Y) goto9 |
goto3 - J
Output(x®);
0. stop
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Cxema pacnapannenmBaHus
BSF-anroputma

[Reduce (D,S) ]

A = Al H# ..o H AK [Reduce‘(IG’B,Bl)] [Redu;\é(GB,BK)]

A A
B, By
A A
| Map(F, 40 | [ Map(E, 40 |

A A
Ay Ay
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LLlabnoH napannenbHOoro anroputma B
moaenu BSF

LWar MacTep Pabouuu j (j=1,...,K)
1. | i:=0; Input(x®) Input(4;)
2. | SendToAllWorkers(x®) RecvFromMaster(x®)
3. B; == Map(F o, 4;)
4. Sj = Reduce(GB, Bj)
9. | RecvFromAllWorkers(sy, ..., Sk) SendToMaster(s;)
6. | s:= Reduce(®,|[sq,...,Sk])
7. | D = Compute(x®, s)
8. |i==i+1
9. | exit := StopCond(x+D,x®)
10. | SendToAllWorkers(exit) RecvFromMaster(exit)
11. | if not exit goto 2 if not exit goto 2
12. Output(x(i))
13. | stop stop
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CToMMOCTHasA MeTpuka
moaenun BSF

K  —KoJIM4ecTBO pabOUYMX MPOLIECCOPHBIX Y3JI0B

[ — JIJTUHA CIIMCKOB A U B

L — JJATEHTHOCTH (BpPEMSI HOCHUIKH COOOIIECHUS JJIMHOM B 1
OalT)

t, — BpeMsl, KOTOPOE TPATUT MacTep Ha MEPEChUIKY TEKYILETO

npUOIMKEeHUS padodeMy U Ha MOJIyYSeHHE OT HETO
Reduce-cBepTKH ¢ yueTOM JIaTEHTHOCTHU

tvap — BPEMSI BBIONTHEHHS QyHKIMK Map Asist BCero cnucka 4
{ ps. — BPEMS BBINOJHEHUS QYHKIMU Reduce N7s BCEro Crucka B

t,  —BpeMs Ha 0OpabOTKY pe3ysIbTaTOB UTEPAIUH
BBIUMCIICHUE CICIYIOIMETro NPUOIHMKCHUS

t — BpeMsl BBINIOJIHEHUS oniepauu D: t; = try./(l — 1)
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YckopeHue B mogenu BSF

Bpems pelueHus
3apaqu
1 macTepom u
1 pabouunm

KonunyecTtBo

Bpemsa pelueHus
3agjayu
1 macTtepom u
K pabounmu

pabo4nx
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OueHka BpemeHn T,

T, = ty + tc + tyap T trdc
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OueHka BpemeHun Ty

Ty = (K — Dty +t,+ (log,(K) + 1)t +

A
( Pabounn 2

(K - 1)ta

’@ log(K)t,

tMap"‘(l_K)ta

£®

£ ®

£®

\

~ K



YckopeHue ana moaenu BSF

tp + lc + tymap + trdc

apsr(K) =
tmap + (L — K)t
(K — Dty +t, + (logy(K) + D, + 2 §< )
CBOVICTBa- pachuk coyHKUMM a(K) = ;K.\H
apsp(1) =1 K
apsr(K) > 0 Ry
1; K) = — MOHOTOHHO yOblBaeT Ha [1; +o
tCO:nr;laO aBSF( ) log,(K)+1 y [ T )
A
( \

tMa'p + tRrac + t'p
trac = (L — 1t, 26/45



[ paHnLa macTabnpyemocTu

IpaHunua
MacwTabupyemocTu
BSF-anroputma

/

KMax — H

2\

1

BSF-anroputma

ogHoMmy paboyvemy

Bpewms nocbinkm coobueHns

Bpems BbinosiHeHUs
dyHKuum Map

[lnnHa cnucka

2 v
I IMap
ta

Bpewms
BbINOSIHEHUA D
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AnropuTtm Jacobi gna
npnonmxeHHoro pewenns CITIAY

Ax = b

A1 ° Qin
A= ( = : ) x=(xq,....,x,) b= (bq,..,by)

An1  * Qnn

S O (. RV
C = : : Cij = < a; ’

Ch1 " Cnn . 0V =1

d = (le ""dn) di — bi/aii
xFtD) = Cx () 4 ¢
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OyHKUMa gna Map

E.(j) = (cljxj, ...,cnjxj) = X;

j — HOmMep cTonbua matpuubl C
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Anroputm Jacobi-MR Hap cnuckamu

1. Input(C,d); k :== 0; x(9 := ¢

2. |g%, ..., 9" =Map(F ), (1, ...,n])
3. g = Reduce(+,|g%, .., g"|)

4, x**D) =g+ d;k=k+1

5. if [|[x® — x*-D||* < £ go to 7

6. goto?2
7. Output(x™)); stop
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AnropuTtm Jacobi gna
npnonmxeHHoro pewenns CITIAY

K]acobi = 0 (\m)
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npnonmxeHHoro pewenns CITIAY

Speedup

25

Anropmntm Jacobl ans

4047 80
Number of worker nodes

(a) n = 1500

n’J}R —J—Test ]
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J- ‘ 1]
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Owunbka ansa anropntm Jacobl

n 1500 5000 10000 16000
Kpsr 47 64 112 150
Kiest 40 60 120 160

Error  0.15  0.06 0.07 0.06

|Ktest _ KBSF'
max(Kiest) Kpsr)

Error =
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3agayda n-ten

Kyax = 0 (ﬁ)
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Speedup
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Owwunbka ona sagadum n-ten

n 300 600 900 12000

Kpsr 69 141 210 279.1
Kiest 60 140 200 2380

Error  0.13 0.01 0.05 3.6E-4

|Ktest _ KBSF'
max(Kiest) Kpsr)

Error =
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[TapannenbHbin BSF-kapkac
(C++ & MPI)

100% aBTOMaTU4YECKOE pacnapannenmBaHme
[Toooepikka noTokoB paboT

[Moooepxka OpenMP

MHKpeMeHTHasa KoMnuMnsauns

icxoaHble Koabl + AOKYMeHTauns
https://github.com/leonid-sokolinsky/BSF-skeleton
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https://github.com/leonid-sokolinsky/BSF-skeleton

B yem otnnumne BSF ot MapReduce?

* TexHonorna MapReduce opueHTUpoBaHa Ha
00paboTKy AaHHbIX (OOMEHbI C BHELLHUMN
YCTPOMUCTBaAMW U NMEPECHINIKN NO CETH
npesanupyoT Hag BblYNCNEHNSAMN)

 Mopgenb BSF opuneHTUpoBaHa Ha anropnutmMbl C
BbICOKOW BbIYNCNNTENBHOW CITIOXXHOCTbIO
(BblYMCNEHNS NpeBanNMpYOT Hag obMeHamu ¢
BHELLUHMUMMW YCTPOMNCTBaAMUN U NEpPECHhINKaMmM no
ceTn)
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MoxxHO nn agantupoBaTb Mogenb BSF ans
KOHJourypauumm, B KOTOPOU NPUCYTCTBYIOT ABa
nnun bonee yana-macrepa?

HeT!
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MoxxHO nu ncnonb3oBaTtb BSF anga
anroputmMma, roe ectb Map, Ho HeT Reduce?

 [1a!

« BapuaHTt anropntma Akobu 6e3 Reduce:
https://github.com/leonid-sokolinsky/BSF-
Jacobi-Map
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https://github.com/leonid-sokolinsky/BSF-Jacobi-Map

Mo>kHO N1 ncnonb3oBaTtb BSF ang cnucka
M3 OOQHOro anemeHTa?

 [1a!

* ['eHepaToOp cnyyanHbiX 3agayv NMHENHOro
nporpaMMmMpoBaHUS:
https://github.com/leonid-sokolinsky/BSF-
LPP-Generator
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MoxxHO nu ncnonb3oBaTtb BSF anga
HenTepauuoHHOro anropntma’?

 [1a!

 Banngatop pelueHnn 3agay NMHENUHOTO
nporpaMMmnpoBaHUS:
https.//github.com/leonid-sokolinsky/BSF-
LPP-Validator
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CyuwecTtByeT nu npumep BSF-npunnoxeHus
C UCNOJIb30BaHMEM NOTOKOB paboT?

 [1a!

 PewaTtenb 3agady nMHENHOIO
nporpaMmmMmnpoBaHmns anekc-MeTooM:
https://github.com/leonid-sokolinsky/Apex-
method
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OcHoBHasa nybnukaumna no moaenu
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Bulk synchronous farm

This paper examines a novel parallel computation model called bulk synchronous farm (BSF) that
focuses on estimating the scalability of compute-intensive iterative algorithms aimed at cluster
computing systems. The main advantage of the proposed model is that it allows to estimate the
scalability of a parallel algorithm before its implementation. Another important feature of the BSF
model is the representation of problem data in the form of lists that greatly simplifies the logic of
building applications. In the BSF model, a computer is a set of processor nodes connected by a network
and organized according to the master/slave paradigm. A cost metric of the BSF model is presented
This cost metric requires the algorithm to be represented in the form of operations on lists. This allows
us to derive an equation that predicts the scalability boundary of a parallel program: the maximum
number of processor nodes after which the speedup begins to decrease. The paper includes examples
of applying the BSF model to designing and analyzing parallel numerical algorithms. The large-scale
computational experiments conducted on a cluster computing system confirm the adequacy of the
analytical estimations obtained using the BSF model.

©2020 Elsevier Inc. All rights reserved.

1. Introduction

Currently, we are entering the era of exascale computers op-
erating at a speed of 10 to the 18th power (10'®) flops [11]. The
recent TOP500 list (November 2020) [36] shows that more than
90% of the most powerful supercomputers have the cluster archi-
tecture. The design of numerical algorithms for such computing
clusters requires new approaches to achieve the high efficiency of
parallelization. It is important to evaluate the scalability of a par-
allel algorithm at an early stage of its development. Scalability has
been widely used in practice to describe how system sizes and
problem sizes influence the performance of parallel computers
and algorithms [40]. The main measure for evaluating the scala-
bility of a parallel algorithm on a cluster computing system is the
speedup a, which is defined as the ratio of the algorithm execution
time T on one processor node to the algorithm execution time Tg
on K processor nodes:

aK)= —. (1)

It is well known that for a given computing cluster architecture

and a fixed-size problem, the speedup of a parallel algorithm

does not continue to increase with an increase in the number of

processor nodes, but it tends toward saturation and culminates
E-mail address: leonid.sokolinsky®@susu.ru.

hitps://doi.org/ 10.1016/;jpdc.2020.12.009
0743-7315/© 2020 Elsevier Inc. All rights reserved.

in a peak at a certain system size after which the speedup begins
to decrease. Let us define the scalability boundary of the parallel
algorithm as the number of processor nodes Kpya at which the
speedup peak is reached for the given problem size on the target
cluster computing system. To detect the scalability boundary
of a parallel algorithm, we have the following two possibili-
ties. First, we can conduct a series of large-scale computational
experiments on the target cluster system to plot the speedup
curve and visually determine the scalability boundary. However,
it takes time and effort to build a compilable and executable
implementation of the parallel algorithm in some programming
language. Moreover, we need to obtain access to a sufficiently
large cluster computing system for a sufficiently long time. The
second possibility is to use a suitable parallel computation model
that can predict the execution time of the algorithm for the target
cluster computing system.

The computational model is a simplified and abstract descrip-
tion of a computer. A computer architect, algorithm designer and
program developer can use such a model as a basis to assess
their work, including the suitability of one computer architecture
to various applications, the computation complexity of an algo-
rithm and the potential performance of one program on various
computers, etc. A good computational model can simplify the
complicated work of the architect, algorithm designer and pro-
gram developer while mapping their work effectively onto real
computers [42]. Thus, such a computational model is sometimes
also called a “bridging model” [38]. An universal bridging model
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Cnacnoo 3a BHUMaHue!

Bonpocbi?

icxogHble Kogbl + AOKYMeHTauunga
https://qgithub.com/leonid-sokolinsky/BSF-skeleton
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1
log, (K)+1

[‘padomnk dyHKUMKM a(K) =

1 61 121 181 241

Number of worker nodes
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[lepeBO Moaenen napannenbHbIX
BblYNCNEHUN

Mopenu napannesribHbIX BbIYUCIIEHUN

PRAM BSP LogP CGM PRO BSF
1979 1990 1993 1996 2002 2018
QRQW PRAM E-BSP LogQ LogGP LogPQ PlogP LogGPS LoGPG LoGPC HLogGP
1998 1996 1997 1997 1997 2000 2001 2001 2001 2006
BSPRAM BSP* LogfP
1998 1998 2006
PRAM-NUMA HBSP log, P
2011 2000 2007
HCGM mlog, P
2000 2009
D-BSP LogGPH
2001 2010
OBSP* mHLogGP
2004 2012
Multi-BSP HLog,GP
2011 2015
MBSP
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Mopgenu BelMMCNEHUN — MOCThLI MeXay
anropuTMamMmmn KomnbloTepamm
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