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[TosiBIeHME MOITHBIX MHOTOIPOIIECCOPHBIX BBIYUC/IUTEBHBIX CHCTEM BBIIBUraeT Ha MEPBBIA IIJIAH BOIIPOCHI,
CBsI3aHHBIE C pa3paboTKON (peiiMBOPKOB (1IAGJIOHOB), HO3BOJISIIONIMX CO3/ABATH BBICOKOMACIITAOUPYEMBbIE Napasl-
JIeJIbHBIE TIPOrPaMMbl, OPUEHTHPOBAHHBIE HA CHUCTEMBI C pAcClpelesieHHOM maMsaThio. [Ipu 3ToM 0COGEHHO BayKHOM
SIBJISIETCST TIPObIeMa paspabOTKK MoJIesIell mapaJsiieTlbHbIX BBIYUC/IEHU, TIO3BOJISIIONIIX HA PAHHEN CTauu MPOEKTH-
pOBaHMsl TPOrPAMMBbI OLEHUTH €€ MACIITAbUPyeMOCTh. B crarbe mpuBosgaTcs obimue TpeboBaHUs K MOJIEIU BbIYUC-
JICHUH U CTPOMTCH HOBAs BBICOKOYDOBHEBasl MOJEJNb NMapaJuieabHbix Beramcaenuit Bulk Synchronous Farm (BSF),
ABJIAIOMAasics paciupenuem Mozeaun BSP, u ocunoBannas na meroje nporpammupoBanug SPMD u napagurme «Ma-
crep-paboune». Momesan BSF opuenrupoBana Ha BBIYUCIUTEIHHBIE CUCTEMbI ¢ MACCOBBIM MAPAJLIETU3MOM HA PAC-
[PEJIEJICHHON MaMsITH, BKJIIOYAIONIUE B ¢e0d COTHU THICSY IIPOIECCOPHBIX Y3JI0B, U UMEONe IK3a(JIONHbIA yPOBEHD
MIPOU3BOJUTE/ILHOCTH U HA YMCJICHHBIE UTEPAIMOHHbIE METO/IbI C BBICOKOM BPEMEHHOI CJI0KHOCTHIO. Onpeessgercs
apxurektypa BSF-kommbiorepa u onucbiBaerca crpykrypa BSF-nporpammbr. OnmcsiBaercs: hopMasibHasg CTOUMOCT-
Hasi METPUKa, C I[OMOIILIO KOTOPOH IOJIy4aioTCd BEPXHUE OIEHKU MACIITabupyeMoCTu mapajuiejbubix BSF-
MpOTpaMM TIPUMEHHUTEIFHO K BBIYMCIUTEIbHBIM CHCTEMAM C PaCIpeIeJIeHHON maMsThio. TakyKe BBIBOAATCS (Op-
MYJIBI 7151 OlleHKH 9 DEKTUBHOCTH pacnapaJuienBanus BSF-mporpaMM u 1ar0Tcst aHATUTHYIECKUE OIEHKY MACIIITa-
oupyemoctu BSF-npumoxkenuit.

Karouesvie cao6a: napaiieivHoe npozpamMmuposaHue, Mo0eas NAPAALEADHBIT BbUUCAECH U, PPEUMBOPK (Ma-
cmep-pabovues, modeav BSF, epemernan caoorcnocmo, Bulk Synchronous Farm, macwmabupyemocms, MHO20MPO-
UECCOPHBIE CUCTNEMDL € PACTPEIEACHHOT NAMAMBIO.
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BBenenune

Cyneprommbiorep TaihuLight ¢ MaccoBo-iapauiebHON apXUTEKTYPOii, 3AHMMAOIITUH TIep-
Boe Mecro B crucke TOP-500 [1] caMbIx MOIIHBIX CynepkomibioTepoB Mupa (HossOpb 2016),
nmeetr 40 960 mpoIEeCCOPHBIX y3/I0B, KaXKIblil 13 KOTOPBIX BK/IOYaeT B cebs1 260 mIpoIiecCoOpHbIX

anep. O6mas oneparuBHas IaMATbh cucreMbl cocrasisger 1.3 Ilerabaiir, nuxkoBas

*
CraTbsi peKOMEHIOBaHA K IIyOJIMKAIMK TPOTPAMMHBIM KOMUTETOM MeKIyHApOIHONW HAay9IHON KOoH(De-

pennun «Ilapasensubie Borancauresnbable Texnoorunn (I1aBT) 2018».
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MTPOM3BOINTENHHOCTE TIpeBbimaerT 120 meradonc. AHAIN3 IUHAMUKU POCTa MPOU3BOIUTETh-
HOCTHU CyIePKOMIIBIOTEpPOB (puc. 1) moKa3biBaeT, 9To yepe3 8—9 jer camblil MOIIHBINA CyHEPKOM-
ITbIOTEP CTAHOBUTCH PSAJIOBON CUCTEMOIT, M 4TO 4Yepe3 5—6 JieT Mbl MOXKEM OXKHJIATh ITOSBJICHUE
CYyIEPKOMIBIOTEPA ¢ 9K3a(JIOMHBIM YPOBHEM IPOU3BOANTEILHOCTH. 110sIB/IEHIE CTOJIB MOIITHBIX
MHOTOITPOIIECCOPHBIX BBIYUCIUTEHbHBIX CUCTEM BBIIBUTAET HA IEPBbIA ILJIAH BOIPOCHI, CBI3aH-
HbIE ¢ Pa3paboTKoil (hpeiiMBOPKOB (I1aBJIOHOB), TIO3BOJIAIOIIUX CO3ABATH BHICOKOMACIITAOUDY-
eMbl€ MMapaJijejbHbIe IIPOrPAMMbI, OPUEHTUPOBAHHBIE HA CUCTEMBI C PACIIPEICICHHON TaMAThIO.
IIpu sTOM 0COBEHHO BasKHOM SABJIIETCs TpobyieMa paspabOTKU MOJIEJIeH MapaslIeIbHBIX BBHIYKC-
JIEHWH1, TIO3BOJISIIOIIUX Ha PAHHEH CTa U MPOEKTUPOBAHUS MPOIPAMMBI OIEHUTH ee MacIITabu-
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Puc. 1. JluraMuka pocTa IPOU3BOANTEILHOCTH cynepkoMibioTepoB B TOP500

B nmanHoit pabore mpemiaraercst HoBas MOJIENb TapaJutesibubix Bbrauciaenuit BSF (Bulk
Synchronous Farm) — 6uouno-cuaxponHasi epMa, OCHOBAHHAsl HA MOJEJSIX «MacTep-pabo-
qney, BSP u SPMD. Mogenr BSF opuenTupoBata Ha BHIYUCIUTEIbHBIE CUCTEMbI C MACCOBBIM
mapaJuIeIM3MOM Ha PaCIpeIeSIEHHON MaMsITH, BKJIOYAOIne B cebsl COTHU THICAY IIPOIECCOP-
HBIX Y3JIOB, U UMEIOIue 3K3adJIONHbII ypoBeHb rpou3BoauTenbuoctu. Momnens BSE Briogaer
B cebst kapkac (skeleton) nyist paspaboTKu nmapaJuiesibHbIX IIPOIPAMM U CTOUMOCTHYIO METPHUKY
JIJIsT OTIEHKM MacITabupyemMocTn npuitoxkenusi. CTaThs UMeeT CJIeIYIONyo CTPYKTYypy. B pas-
nesie 1 maercst KpaTKuil 0030p KOHIENTYAJIbHBIX MOJIEJIEH TapaJlieIlbHBIX BBIUUCJIEHUH, JIesKa-

mux B ocHOBe HOBO Mozenu BSF. B paznene 2 mpuBomsrcss obmine TpebOOBaHUSI K MOJIEH
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Borumcienuii. Pazmen 3 mocesinen onucanuio mogean BSE. B pasnese 4 crpouTcst CTOMMOCTHAS
MeTpHUKa, U JAI0TCs aHAJMTUYIECKUE OIeHKN Macirrabupyemoctu BSFE mpuiioxkenuii, a Takke
HCcCsIelyeTcs Bopoc g @ekTuBHOCTH pachapaJsuieauBanuss BSEF mporpamMm. B saksouenun
CyMMI/IpyIOTCH HOJ'IyLIeHHbIe pe3y.}1bTa.TbI 1 HaMe4daloTCd HallpaBJICHUA ,ZLa.HbHeﬁH_H/IX uccJjieaoBa-

HUMA.
1. Moaenu napaJijieJibHbIX BbIYUCJICHUN

OIHUM U3 TIOMYJISTPHBIX (PPEHMBOPKOB, UCTIOJIB3YEMbBIX B MAPAJIIETHHOM W PACTIPEIETICHHOM
IPOrPaAMMUPOBAHNH, SIBIISIETCST napaduzma «macmep-pabouuey [2—4|. B coorsercrBun ¢ 3roit
MApaUTMON  TIPOIECCOPHBIE Y3JIbI BBIYUCTUTEILHON CUCTEMBI JEIATCS Ha JIBA MHOXKECTBA:
y3JIBI-MacTePa U y3Jb-padodne. 3ajada, peraeMas Ha MHOTOITPOTIECCOPHO cucteme, pasdomsa-
eTcsT Ha He3aBUCHUMbIE TToa3adaqn. Kaxkmas moa3agada, B CBOIO OUepe/ib, pa3dbuBaeTcst Ha TPU
IIOCJIeIOBATEIbHBIE CTAIUN: CTAAUA TPeaoOpabOTKU, CTaIusl BHIYUCICHUN U CTAIus TOCTOOpa-
6orku. Crajum mpeaodpaboOTKN U MOCTOOPAOOTKN BBITTOTHAIOTCS y3/TaMUA-MaCcTepaMu, CTaIAN
BBIYUCJICHU BBIMIOJIHAIOTCA y3jdaMu-pabounmu. B KaxKabiii MOMEHT BpeMeHu JiIo00# mporiec-
COPHBIIt y3eJT MOYKET BBITIOJIHATE TOJBKO OHY cTajuio. [Ipeamomaraercs, 970 KOJTUIECTBO TO/I-
38189 COBMAJIACT C KOJUIECTBOM y3JIOB-PADOYUX M MPEBBLIMIACT KOJIUIECTBO Y3JI0B- MACTEPOB.
Pemtenne 3amaun mpoucxoauT caemyronuMm obpaszom. OdeperHas moi3a1ada HA3HAYAETCST He-
KOTOPOMY y3JIy-MacTepy, KOTOPbLIil BBITTOJIHAET cTaauio rpeaodbpadorku. Ilocsie 3Toro o mochi-
JaeT 3ajanne (mepefaer JaHHbie) y3iay-pabodeMmy, KOTODBI JIOJIZKEH BbIIOJHUTH CTAJIUI0 BbI-
qucaeHu yKasanHoi moazanadu. [loce Toro, kak y3ea-pabounit 3aBepiiui TpedyeMble BbIUHC-
JIEHUSI, OH TIOCBLIAET OTYeT (IIePeIaeT JIAHHBIE) TOMY Y3JIy-MacTepy, OT KOTOPOTrO MOJIy I 3a-
nmanue. Ha 3ToM BBITTOJTHEHME TOA381a91 3aKAHINBAETCS. 3a/1a9a CIUTAETCST BBITIOJTHEHHON TIe-
JIMKOM, KOT'JIa, BBITIOJIHEHBI BCe ee moazagadn. PpeiiMBOpK «MacTep-pabounity OUeHb IacTO UC-
MOJIb3YEeTCH B MAPaJJIeJIbHOM ITPOTPAMMUPOBAHUY TIPU PEAJIU3AIUN PA3TUIHBIX ITPUI0XKEHUI,
OPHMEHTHPOBAHHBIX HA MHOIOIIPOIECCOPHBIE CHCTEMbI C PACHPEIEIeHHO TaMAThIO (CM., HAIPU-
mep, [5-10]). IIpu arom Hanbosee normyisipHa KOHMUIYpaliusi, BKIOYAIOIAs OJHOIO MacTepa 1
MHOKeCcTBO paboumux (puc. 2). OcHOBHON mpobGiaeMoil Momesn «MacTep-pabodues siBISeTCst
HaXO0XKJIEHUE TAKOI'0 PACIIMCAHUS BIYUCIEHUN, IIPU KOTOPOM BPEMsi BBITIOJIHEHUS 3a/1a49u Oy 1eT
MUHAMAJIbHBIM. VI3BecTHO, €TO yKasaHHas mpobjeMa dBJIAETCs B OOmMEM  CiIydae
NP-cnoxwuoii [11]. B onpesenennoii Mepe 3Ty mpobsieMy MOXKHO DPEIIUTb, UCIOIb3Ysi MOJIENb
SPMD.

SPMD (Single Program Multiple Data) 3, 12] — momynsipuasi mapaaurMa napaJiieabHOro
MPOTPAMMHUPOBAHUSI, B COOTBETCTBUN C KOTOPOI BCE TTPOITECCOPHBIE Y3/l BBITIOIHIIOT OJHY U TY
2Ke porpaMmy, HO 00pabaThIBAIOT pa3IndHble JaHHble. Kakune MMEHHO JaHHbIE HEOOXOIUMO
obpabaTbIBaTh TOMY WU WHOMY MIPOIIECCOPHOMY Y3JTy, OTPEMEISETCSI ero YHUKAJLHBIM HOME-
POM, KOTODPBIU SBJIsI€TCH TapaMeTpoM mporpaMmbl. JlaHHBI T0/IX0/ HANOOEE JacTO UCIOJIhb-
gyercst B coderanuu ¢ rexunosorueii MPI (Message Passing Interface) [13|, koropas me-daxro
ABJISIETCs CTAHJAPTOM I MapaJjijIeIbHOIO TPOTPAMMUPOBAHNS HA PACIIPEJICIEHHON TTaMSTH.

Modeav BSP (Bulk-Synchronous Parallelism) 6buta npejoxkena Bammanrom (Valiant)
B pabore [l14]. [JanHas Mojenb IIMPOKO HUCHOJIB3yeTCs HPU paspaboTKe U aHAJIU3e
mapaJiiesIbHBIX aJTOPUTMOB U mporpamMm. BSP-xomnuviomep MpeicTaBiser coboit CucreMy U3 p

POIECCOPOB, MMEIOINX MTPUBATHYIO NAMATDH, U COeIMHEHHBIX CETHIO, TIO3BOJISIONIEN TTepe1aBaTh
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Puc. 2. OpeitmBopK «MacTep-pabodues.

TlonyxupHbIiMEu JIUHUAME 0003HAYEHBI TIOTOKHU BBIYUC/IEHUN,

TOHKUMMU JIMHAMMA CO CTPpEJKaMM — IIOTOKU JaHHBIX

MaKeThl JaHHBIX (DUKCHPOBAHHOI'O PasMepa OT OHOTrO IIporeccopa apyromy. g coemmHuTE H-
HOIl CeTU BBOJATCS CJCIAYIONINE XAaPAKTEPUCTUKHU: ¢ — BPEMsd, HEOOXOJMMOE JJid Tepeaadn
110 CEeTH OJHOTO Imakera; I, — BpeMsi, HeOOXOAMMOe IJIsi MHUIINAIN3AINNA IePeIadn JTaHHBIX OT
OJTHOTO IIPOIIECCOPA JAPYTOMY.

BSP-npoepamma cOCTOUT U3 p MOTOKOB KOMAHI, KAXKJbIi M3 KOTOPBLIX HA3HAYAETCS OT-
JIeJTbHOMY IIPOIECCOPY, W IEJUTCS Ha CYnepuiazi, KOTOPbIE BBIMOJIHSIIOTCS MOCIEI0BATEIHHO
OTHOCHTEJILHO APYT apyra. Kakaplii cynepuiae, B CBOIO 09epeib, BKJIIOYAET B cebs CJIeIyOIue
YeThIpe II0CJIE[0BATEIBbHBIX Iara: 1) BBIUUCJIEHUs HA KaXKJIOM IIPOIECCOpPe C UCIOJIb30BAHUEM
TOJIBKO JIOKAJIbHBIX JAHHBIX; 2) rI06abHAs OapbepHAasi CHHXPOHU3AIMS; 3) ePEChLTKA JTAHHBIX
oT J11060r0 Tporeccopa JIOObIM APYTUM mporeccopaM; 4) riobaibHast 6apbepHas CHHXPOHHU3a-
mus. [lepenanabie maHHBIE CTAHOBATCS HOCTYIHBIMH ISl MCIIOJIB30BAHUS TOJBKO IIOCTE Daph-
epHoii cuaxpoHuzanuu. Ilpumep BSP-niporpaMMbl IPpUBEJIEH Ha, PUC. 3.

Cmoumocmnasn Pynkyus B Momenu BSP crpoutcst ciemyromum obpasom [15]. Ilycrs
BSP-tiporpamma coctouT u3 S cymepiiaros. Ilycrs w; — MakcHMaJIbHOE BpeMsi, 3aTpadeHHOe
KayKJIbIM ITPOIECCOPOM Ha JIOKAJIbHBIE BBITUCJICHUS, h; — MAaKCHUMAJIbHOE KOJUIECTBO MAKETOB,
[TOCJIAHHBIX WJIA ITOJy9YeHHBIX KarKIbIM IIPOIECCOPOM, Ha ¢TOM cymepmiare. Torma oOimee

BpeMd {,, 3aTpavuuBaeMoe CUCTEMOl Ha BBLINOJHEHUE (-TOrO CyIepHiara, BEIMUCIAeTcs 110 (hop-
MyJie

t, = w,+gh+1L.
Bpema T sBbimiosiHeHUsT BCeil TPOrPaMMBbl OIIPEESIETCA 10 popMyJIe

T = W+Hg+LS, (1)

S S
P,U,eW:Zwi I/IH:gZhZ-.
i=1 i=1
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Puc. 3. BSP-nporpamma u3 JIByX CyIEpIIaroB Ha IMECTH MPOIECCOPAX.

Kupubivu tuHASIME 0003HAYEHBI JIOKAJbHBIE BBIYUCIEHMUSI,

TOHKHMU JIMHAMMA CO CTPpeEJIKaMH — II€PEChbLIKa JaHHBIX

s Toro, 9TOOBI OOJIErYUTH MPOTPAMMUCTAM HUCIIOJIb30BAHUE TON WM WHONH MOJEIN Ia-
paJUIeJIbHBIX BBIYUCIEHUN HA TPAKTUKE, IPUMEHSAIOTC npozpammhvie Kapraco, [16]. Ommum
u3 HanboJiee MOy JISIPHBIX sBJIsieTcst hepmephuiti kaprac (farm skeleton), peasmusyromuii ppeiim-
BOPK «Mactep-pabouney [17]. Takoii kapkac npejcrasiser coboil TPOrpaMMHYIO CTPYKTYDY,
[TOJTHOCTBIO Peau3yIIyi0 (QpeiiMBOPK «MacTep-paboduey, OJHAKO BMECTO 3(PPEKTUBHOIO
KOJIa, M PEANbHBIX JAHHBIX OHA COJEPXKUT 3arJIyIIKH, KOTOPbIE JOJKHBI ObITH 3aMEHEHBI 110

OTIPeJIeJICHHBIM TIPaBUJIaM Ha (PPArMEeHThI KO/Ia, Peau3yIoIiue MejIeByIo 3a1a9y.

2. TpeboBaHUsT K MOAEJIU TMapaJljIeJIbHbIX BBIYUCJIEHUU

Mopenb mapaJuielbHbIX BBIYUCJIEHUI B OOIIEM CJIydae JIOJIZKHA BKJIIOYATb B ceOs CIIeTyIo-
e YeThIpe KOMIIOHEHTA, HEKOTOPbIE U3 KOTOPBIX B OMPEIEJCHHBIX CJIYy4YasdX MOTYT ObITh TPU-

BHAJIBHBI [18].

1.  ApzumexmypHuili KOMNOHEHM, OMMCHIBAEMbIH KaK MOMEYEHHDBIN rpad, y37abl KOTOPOTO CO-
OTBETCTBYIOT MOJYJIsIM C Pa3JIMIHON (PYHKIIMOHAJIBHOCTHIO, & IYyIM — MEXKMOJLYIbHBIM

COeIMHEHUM Il TIePeIavn JTAHHBIX.
2. Cneyudurauyuorrolll KOMNOHEHM, OTIPEIEISIONINA, YTO eCTh KOPPEKTHAS IIPOrpaMMa.

3.  Komnonenwm svinoanerus, OPEIedoninii, Kak B3auMOIEHCTBYIOT MeXK Ty COOO apXuTeK-
TypHBbIE MOJIYJIU ITPU BBITIOJIHEHUU KOPPEKTHOI MpOrpaMMBbl.

4.  Cmoumocmmoili KOMNOHEHM, ONPEIEJAOMNi OnHy uin 0ojiee CTOMMOCTHBIX MeTPUK
JJTsT OIIEHKW BPEMEHU BBITIOJTHEHUS KOPPEKTHOHN IIPOrpaMMBbI.

B Ka4decTBe HaI/I6OJIee BasKHBIX CBOMCTB MOOe/In HapaﬂﬂeﬂbeIX BBIYUCJICHUN O6I)I‘{HO BbI-

Jiesistior caeytomue [19]:

—  IOsabuaumu, olpejesionias JerKoCTb OIUCAHUA AJCOPUTMa U aHAJU3a €r0 CTOUMOCTHU
cpecTBaMu MOZe I (MOJIENb JOJKHA ObITH JIEMKOH B UCHOJIb30BAHWN ).

—  Adexeammnocmv, BbIparKaloascs B COOTBETCTBUU PEATbHOIO BPEMEHH BBLIIIOJHEHUs IPO-
I'paMM H1 BpeMeHHOI';I CTOMMOCTH, HOqueHHOIU/I aHaJINTUYECKN C IIOMOIIBIO CTOMMOCTHDBIX
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MeTpHK MOojesin (IporpamMma, MMEION[asi MEHBIIIYI0 BPEMEHHYI0 CTOUMOCTH, JIOJIZKHA BbI-
HOJIHSATHCs ObICTpEE).

—  IHopmupyemocmsb, XxapaKTepHU3yolas MUPOTY KJIACCA IEJIEeBBIX TIaT(OPM, st KOTOPbIX
MOJIE/Ib OKA3bIBAETCS TPUMEHUMOIA.

3. Moaenr BSF

Modeav napasnesvrox evuucaenuts BSE (Bulk Synchronous Farm) — 6.404Ho-cunTpom-
HaA pepma OPUEHTUPOBAHA HA MHOTOITPOIIECCOPHBIE CUCTEMBI ¢ KJIACTEPHOM ApXUTEKTYpOil u
apxurektypoit MPP. BSF-xomnwviomep npeactapiser coboit MHOKECTBO OJTHOPOJIHBIX TIPOTIEC-
COPHBIX Y3JIOB C MIPUBATHOM MAMATHIO, CO6IMHEHHBIX CETHIO, TTO3BOJISIONIEH MTepeIaBaTh TAHHBIE
OT OJTHOTO TIPOIIECCOPHOTO y3J1a ipyromy. Cpeu MpoIecCOPHBIX Y3I0B BBIJAEISIETCS OIMH, Ha3bl-
BaeMbIil Y3.a0M-Mmacmepom (mam Kpatko macmepom). Ocrasmbabie K y370B HA3BIBAIOTCS Y3-
Aamu-paboyumuy (mmu mpocto pabowumu). B BSF kommborepe mosken ObITH 110 KpaiiHeil Mepe
oJMH y3es Macrtep W ojuH pabounmii (K >1). Cxemarnuyno apxurekrypa BSF-kommnbiorepa

n30bpazkeHa Ha puc. 4.

[ Coeuunrenbaasl CceThb ]

M Wil - | Wk

Puc. 4. BSF-KOMITBIOTED.
M — macrep; W1, ..., Wk — paboune

BSF xommbroTep paboraer 1o cxeme SPMD. BSF-npozpamma cOCTOUT U3 MOC/IEI0BATE b
HOCTH CYnepwiazo8 W TJ0DAJBHBIX OapbepHBIX CHHXPOHU3AIINMA, BBIIOJIHSIEMBIX MACTEPOM
u Bcemu pabounmu. KaxKiaplii cymepimar JejJuTcsl Ha CEKIMH JIBYX THUIIOB: CEKUULU MGCMePa,
BBITIOJTHSIEMbBIE TOJIBKO MAaCTEPOM, U CeKUUl pado1e20, BBITOJIHsIEMbIE TOJIBKO pabounmu. OTHO-
CUTEJIbHBIN MOPSIIOK CEKINi MacTepa u pabodyero B paMKax cylepiiara He cyiiecTBeHeH. /laH-
Hble, 00pabaTbiBaeMble KOHKPETHBIM Y3JIOM-PabOUIUM, ONPEIESISIIOTCS €r0 HOMEPOM, SIBJISIIO-
IAMCH apaMeTPOM Cpebl UCIIOJHEHU .

BSF nporpamma BrItOUaeT B cebsi Cyeyolye mocjaeoBaTeabHble pasdesv, (puc. 5):

—  UHUUAJIN3AIULI;
—  UTEepalMOHHBIN IIPOIECC;
—  3aBeplIIleHHE.

Hrunyuasusayus pecrapisgeT coboit cyrepiar, B Xo/ie KOTOPOro MacTep u paboune cau-
TBHIBAIOT WM TE€HEPUPYIOT MCXOJHbIE JaHHble. VHUITMAM3aIus 3aBepiiaeTcs 6apbepHOil CHH-
XpoHuzaimeit. Imepauyuonsiti npoyecc COCTOUT B MHOTOKPATHOM TTOBTOPEHUU MEAG UMEPAUU-
OMMO020 NPOUECCE IO TEX TOP, MOKA HE BBIMIOJHEHO YCJIOBUE 3aBEPIIEHUS, TPOBEPIEMOE MacCTe-
pom. B paznerne 3agepwerue oCymecTBASETCsT BBIBOJ, WJIM COXPAHEHUE PE3YJILTATOB U 3aBEPIIe-
HUE MTPOr'PAMMBI.

Teno umepayuor020 NPoyecca BKIOYAET B cebs CIIEIYIONUE CYIIepIIar:

1) mepenada pabodnM 3aJaHUN OT MacTepa;

2) BblHOJIHEHNE 33JaHUA (paboanMn);

3) mepenada MacTepy pe3yJabTATOB OT pabounX;

4) 0bpaboTKa MOJIyYEeHHBIX PE3yJIbTATOB MACTEPOM.

Ha mepBomMm cymepimiare macrep pacchliiaeT BCeM pabounM OJIMHAKOBBIE 3aiaHus. Ha BropoMm
cyImepirare MpOUCXO/IUT BbITIOJTHEHNE [TOJIyYeHHOIO 3a1anus pabounmu (MacTep IMpu 9TOM IIPO-
crauBaer). Bece paboume BBITIOHSIOT OJIMH U TOT K€ MPOIPAMMHBIN KO, HO 06pabaThIBAIOT
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Cexyuu macmepa

Cexuyuu pabouezo

NNunnmaimsanms

NMunnmanuszanus pa-

Cynepwazu

Nunnmanmzanms

MacTepa b6ouero

BapbepHast CHHXPOHU3AIMA

- = Hauauo UTEepanoOHHOI'0 IIpolecca

Ilocbuika samanmsa | [Tomyduenue 3amanns
Ilepenaua 3amanust

pabounm OT MacTepa

Broimosinenn
OLCEUC Broinosinenne 3amanus

3aIaHHs

Urepanuonubiii mporecc [Monyuenne

pal pon Ilochuika pedyJibTa-
pe3yJIbTaToB Ilepenaya pesysbraToB
TOB MacTepy

oT pabounx

BapbepHast cuHXpOHU3aMsa

O6paborka

ST Ob6paboTKa pe3yIbTaToB

e =i e

Koner; urepanioHHOro mpomecca

BeiBog, 3apepienne

Pe3yIbTaTOB pabouero

3aBepiienue
3apepienne

Macrepa

Puc. 5. Crpykrypa BSF-iporpamMmbr

pa3MUYHbIE JTAHHBIE, 4JIpeca KOTOPBIX OMPEJIEISIIOTCS TI0 HOoMepy pabodero. ITo 03HAYAET, UTO
Bce paboume TPaTAT HA BBIYUCJEHUS OJHO U TO Ke BpeMsi. HUKakmx IepechuioK JaHHBIX
TPU BBITIOJTHEHUN 33/aHUsT HE TPOUCXOIUT. ITO SIBJITETCS BaXKHBIM CBOMCTBOM Mojeau BSF.
Ha tpernem cymepinare Bce pabodne mepechbLIaloT MacTepy MOJydeHHble pe3yabTaThl. CyMmmap-
HBIIE 00bEM PE3yJIbTATOB SIBJISETCS aTPUOYTOM 33/IaYi U HE 3aBUCUT OT KOJMIECTBA PAbOIUX.
[Tocste 3Toro mpoucxoauT ryiobasibHas OapbepHas CHMHXpoHM3aIus. B xome deTBepToro cymnep-
mara MacTep MPOU3BOIUT OOPabOTKY M aHAJU3 IOJYYEHHBIX pe3yJsibraroB. Pabodue B 3TO
BpeMs mpocTanBaioT. Bpemsi 06paboTKy MacTepoM Pe3yJibTaToB, MOJIYIeHHBIX OT PabOYInX, SB-
JIAETCS TIAPAMETPOM 3a/laYu U He 3aBUCUT OT KOJU4YecTBa paboumx. Kciaum mocse obpaboTKu
Pe3yJIbTATOB yCJOBUE 3aBEPIIEHUs] OKA3bIBAETCs UCTUHHDBIM, TO TPOUCXOJIUT BBIXOJ, U3 UTEPa-
IIMOHHOT'O TIPOIIECCA, B IPOTUBHOM CJIyYae OCYIIECTBIISETCS IIePexXo] Ha IIEPBBIi CyIepInar ure-
parmoHHoro mpoiecca. Ha geTBepToM cymepiiare mporuCXOIUT BbIBOJ, UJIU COXPAHEHUE PE3YJib-
TATOB MW 3aBepiieHme paboTbl MacTepa u pabounx. ['padudeckass wuaOCcTpanus padOThHI
BSF-nporpamMbl npuseiesa Ha puc. 6.

Obaacmuvro npumenerus momesn BSEF aBisgrorcst macwmabupyemoie HTEPAIMOHHbBIE TUC-
JIGHHBIE METO/IbI, MMEIOIIHNE BBICOKYIO BBIYUCIUTEIBbHYIO CJIOYKHOCTH WTEPAINN TMPU OTHOCH-
TEJILHO HEBBICOKON cTomMocTH KoMmMmyHHKaruit. [log macwmabupyemvim umepayuortoum me-
mMoJdoM TIOHUMAETCST METOJT, HOITYyCKAIOMNi pa3bueHne nTepaiun Ha moA3a/1a4u, He TpeOyToIme
obmeHoB janHbIME. [IprMep Takoro mMeTosa MOXKHO HaiiTu B pabore [20].

4. UccaeapoBanme macinrabupyemoctu BSF-nporpamm

OCHOBHOIT XapaKTePUCTUKON MACIITAOMPYEMOCTH SIBJISETCA YCKOPEHHUE, BBITUCIAEMOE KaK
OTHOIIIEHUE BPEMEHU BBITIOJIHEHUS TIPOrPaMMbl Ha OJIHOM ITPOIIECCOPHOM Y3Jie KO BPEMEHU BbI-
nosiHeHnd Ha K y3max. B gamnoMm pasjesne MBI TPOBEJIEM AHAJUTUYECKOE MCCJIEIOBAHUE MAC-
mrabupyemoctr Mozesu BSF. [ 3Toro HaM IOHAI00UTCA OIEHKA BPEMEHHBIX 3aTPaT Ha BbI-
noJsiHernne BSF-mporpaMMbl. Mbl mpemoJiaraeM, 9T0 BpeMeHHbIE 3aTPAThl Ha MHUAIINAJII3AIIIIO
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MW We W Wi Ws

> HUmepavyus 1

BapbepHaﬂ CUHXPOHU3AINA

> Hmepayus 2

Bapnepras cunxpoHU3aIUsI

Puc. 6. Namocrpanus paborsr BSF-mporpamMbl

¢ oguum Mactepom M u naTbio pabounmu Wi,..., W,

(}KI/IprIMI/I JIMHUSAMEI 0003HAYEHDI JOKAJIbHDIE BBIYIMCJICHUA,
TOHKHMU JIMHAMHA CO CTPpEJIKaMU — IIE€PEChblJIKa JaHHbIX,

[YHKTUPHBIMU JIMHUSIME — TPAHUIIBI OJJHON UTEPAIHN)

u 3aBepienne BSF-porpaMMbl IPeHEOPEKUMO MAJIBI IO CPABHEHUIO C 3aTPATAMY HAa, BBITIOJI-
HEHIE UTEePAInOHHOrOo mporecca. CTOMMOCTD UTEPAIMOHHOIO MPOIECCa Oy IaeTCsl KaK CyMMa
CTOMMOCTEH OTJebHBIX wuTeparuii. [losToMy g OIeHKM BpeMeHW BbIMmoHeHus BSF-
IPOTPaMMBbI HaM JIOCTATOYHO IMOJYYUTh OIEHKY BPEMEHHON CTOMMOCTHU OJIHOW MUTEpAaIlNu.

PaccvoTpum cHagasia KOHMDUTYPAIUIO BEIYUCIUTETBHON CUCTEMBI B COCTaBe MAacTePa U OJ1-

Horo pabouero. IlycTs ¢, — Bpems, HeOOXOMMMOE [T TIOCHLLIKY 3aJanus pabouemy (6e3 yuera
JIATEHTHOCTH); f — BpPeMs, HEOOXOIMMOe [isl Tlepeladn Pe3yIbTaTa MacTepy OT pabodero
(6e3 yuera JIATEHTHOCTH); t, — Bpems 006paboOTKM MacTepOM pe3yJIbTaTOB, MOJIYIEHHBIX OT
pabodero; L — 3aTparThl HA MHUIMATM3AIMIO ONEPAIMH TIepeadn COOOIIeHus (JIATEHTHOCTD );

t, — BPeMs BBIIOTHEHUA 33JaHUdA Opuraoi us omgHoro pabodero. Obmee spema 7] BbITOTHe-

HUS UTEPAIAY OJHUM MACTEPOM U OPUTaION U3 OHOr0 pabOIero MOXKET ObITh BBIYMCJIEHO CJIe-

JYIOIAM 00pa30M:
Ty=t +t,+L+t, +t +1L, 2
9TO PaBHOCHUJILHO

T =2L+t +t +t,+t,. ®)
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Tenepnb paccMOTPUM KOHGPUIYPAITUAIO BHIYUCIUTEILHON CHCTEMBI B COCTaBe OHOIO MacTepa
u K paboumx. Bee paboure mojiydaroT OT MacTepa OIHO M TO »Ke COOOIIEeHHe, MOITOMY O0IIee
BpeMs IepeJadn coodIIenuii or MacTepa pabounm cocrasur K(L + t;). Bece paboune BbIIOI-

HAI0T OJWMH W TOT K€ KOJ Hal CBO€Il 9aCThIO JAaHHDBIX, IIO3TOMY BPEMA BLIIOJIHEHUA BCEX BbI-

qucyiennit K pabouuMu B paMKax OJHON mTepanuu OyJer paBHO / K . Cymmapubiit o6bem

PEe3yJIbTATOB, BBIYUC/ICHHBIX PADOUMMU, SBJISETCS apaMeTpPOM 33Ja4du W He 3aBucAT OoT K |

o3TOMY OOIIee Bpems nepejadn coodmienuii Mmacrepy oT pabouux cocrasut K - L + t . Bpems
00paboTKM MacTepOM Pe3yJIbTATOB, IMOJYUYEHHBIX OT PabOUYMX, TAKXKe SIBJIAETCS IMapaMeTpOM
3aJlauu U He 3aBUCUT OT KOoJmu4yecTBa pabounx. Takum obpasom, obmiee BpeMs T} BbIIOJHEHUS
UTEepaI B CUCTEME C OJHUM MacTepoM u K paboyuMu MOXKeT ObITh BBIYUCJIEHO CJIEIYIONTUM
obpa3oM:

Ty = K@L+1)+1, +1, +1,/K. (4)
13 dhopmya (3) u (4) momyuaem ciieyiontyto (popMyIry Jjisi yCKOPEHUs @

2L+t +t +t +t
a(K) = =+ = . (5)
Te KQL+t)+t, +1, +1,/K

CpazkeM BeJIMYUHBI ¢, 1 1, 9€Pe3 HOBYIO MEPEMEHHYIO ¥ CJCAYIOIIUM ypPaBHCHUEM:

v =1g(t,/t). (6)
Torma
t, =107"t, . (7)
Ioncrapnss 3nadenue ¢, u3 ypasHenus (7) B ypasaenue (5), IOy IHM

T 2L+107"t, +t +t +t
i w r D w (8)
TK

oK) = .
KQL+107"t,) +t, +1t, +1,/K

Wccnemyem, Kak 1jist HEKOTOPO (PUKCUPOBAHHOMN 33,1891 BBITJIAAAT I'PADUKNA 3aBUCUMOCTHU
yckopeHus or yucja pabouux. [IycTs nmeercs HekoTOpas 3aja4a C PEIIeHneM B IIPOCTPAHCTBE

n
R". IIpeamnosoxum, 4TO

n=10" t,=n*=10" ¢t =t =n=10", L=05. (9)

P I
[MoxcraBnss ykazauuble 3HaUeHus B GopmMyty (8), mosrydaem

1410777 +20" +10% 108" +2+10°
(14102 )K +20* +102 /K 105K +2+10° / K

a(K) = (10)
Ha puc. 7 npuBejieHbl KpUBbIE YCKOPEHUs a, BbIaucaseMble 10 dbopmydie (10) miisi pasindaHbix
3HAYEHUN Imapamerpa v.

I'panunamu MacirTabupyeMocTy B KaKJIOM CJIydae SBJIAIOTCS TOYKM MaKCUMyMOB KPUBBIX
YCKODPEHMs, TO €CTh — 3TO TOYKH, I'JIe TPOU3BO/IHAS yCKOPEHU paBHa HyJIfo. s onpenenennsa

TaKUX TOYECK BbIYUCJINM IPOU3BOAHYIO 10 K JJIA ycxKopenusd, BbBIIUCJIAEMOI'O

o dhopmyiie (5):
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2
2L+t +t +t +t )t /K —2L—t
a'(K) = L+t 4t +1) + 1)/ 23 (11)

(K@L+ 1)+t +1, +1,/K)

CoorBercrBenHo, Jyist 3aga4nu (9), npoguddepenuuposas (10), mosydaem

107" 424 10° )(10° / K? —10°7")

a'(K) ~ ( (12)

(107K +2+10° / K)2

[Tpumeps! rpaduKoOB IPOM3BOHBIX YCKOPEHUsI a’ , BbIUnC/sieMbIX 110 dhopmyste (12), upu-

BeJIeHbl Ha PHUC. 8.
a

150
/

v=35

100

0 100 200 300 400 500
Puc. 7. Kpusble yckopenus s Puc. 8. Kpusbie mpou3BoaHON yCKOpEHUs
sasaun (9) npu pasaMYHBIX v Jutst 3a1a9u (9) Upu pasiIndHbIX U

st TOro, 9To6bl BHIYMCIUTE HyJIM pou3BoHO#M (11), HaiigeM KOpHU ypaBHEHUs

2
2+t +t +t +t )t /K —2L—1t
( s T » w)(w/ s) —0. (13)

2
(KQL+t)+1t, +t, +1,/K)
[omemus o6e wacrm ypasmenus (13) ma (2L +1t +1t + t, + t,), M YMHOXHUB uX

2
HA, (K(QL +t)+t +t, + tw/K) , TIOJTY IFM

K —2L—t =0, (14)
9TO PaBHOCHUJIBHO
K? 1
A _ , 15
t 2L+t (15)

TO €CThb

t
K= |—v. (16)
2L + ¢,

Takum 06paszoM, TPAHUILI MACIITAOMPYEeMOCTH BSF-mporpamMMbl OMpeaesaeTcs Caeayo-
UM HEPABEHCTBOM:
t

K<, |—v—, (17)
2L+t
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rae K — xomudaecTBo y3/10B-pabo4nx; t,, — BpeMsi BBIIOJHEHUS BCEX BBIYNCIEHNIT B PAMKAXH-
Tepanun OpuUrajoil u3 ojHOro pabodero; f, — BpeMs, HEOOXOIUMOE Jisl HOCBLIKH 33/ aHUA
osHOMy pabodeMy; L — 3aTparhl HA MHUIMAJIAZAIMIO OTlEpAIy Hepeaadn coobienus. [Ipu-

MedYaTe/IbHO TO, YTO I'PAHMIIBI MacIITabupyeMocTu BSF-porpaMMbl He 3aBUCAT OT 3aTpPaT Ha
[IEPECBLIKY PE3yJIbTaTOB OT PabOYMX MACTEPY U OT BpeMeHH 00pabOTKM ITUX PE3YJIHTATOB
Ha y3ie-macrepe. OmHaKO0, Kak OyIeT MOKa3aHO HUXKe, 9T IapaMeTPhbl OKa3bIBAIOT CYIIECTBEH-
HOe BjusiHre Ha 3(OEKTUBHOCTD PaCIaAPAJIIC/IUBAHUA.

IIponemoncTpupyeM, KaK IOJIyUeHHAs OIEHKA MOXKET IMPUMEHAThCd Ha npakTuke. Ilycrsb
numeeTcsi HekoTopas BSF-nporpamma, jijisi KOTOPOii napamerp n (pasMepHOCTb 3a/1a49h) XapaK-
Tepu3yeT 00 beM UCXOTHBIX JTAaHHBIX. [IpeImomoKuM, 9To 3aTPaThl HA MMOCHLUIKY 33/IaHUs OTHOMY

paboueMy COCTABIIAIOT O(n) , & CyMMapHag BpeMeHHad CTOMMOCTb BBIYNCJICHUN, BBITIOJTHAECMBIX

pabounmu, passa O(n®). Torma no dopmymne (17) nomyuaem K SJO(TL?’)/ O(n), To ecthb

K < O(n). 310 o3nauaeT, 4To BepXHsAsA TPAHMIA MACIITAONDPYEMOCTH IIPOIPAMMEI OyIeT PACTH

IIPOIIOPLUOHAJIBHO POCTY Pa3MEpPHOCTH 3aJad4u, U, CJeI0BaTeJbHO, Mbl MOXKEM XapaKTepHU30-
BaTh TAKYyIO IPOrPAMMY KaK TOPOWO MACULMAOUPYEMYIO.
IIpenmnosiozkum Temepb, 9YTO BPEMEHHAsd CTOMMOCTH ITOCBLIKH 33JIaHUSA OJIHOMY pabodyeMy

no-npezkaemy cocrapiager O(n), a cyMMapHas BpeMEHHAsS CTOMMOCTH BBIYHCICHMH, BLITOJHS-
e€MbIX pabOYnMU, PABHA 0(%2) Toraa no dopmyate (17) nonyaaem K < ./O(nQ)/ O(n), 1o ectn

K <\O(n). Dro o3mauaer, 910 BepXHfs I'DAHHUIQA MACIITAOMPYEMOCTH IIPOIPAMMBI Oy IeT

pacTu Kak KOPEeHb KBaJPATHBIA OT pa3MepHOCTH 3ajaun. Takyro mporpamMmy Mbl MOXKEM Xa-
PaKTEepU30BaTh KAK 02PAHUYEHHO Macwumabupyemyro. B 3akiodernne paccMOTpUM CJIydail, Ko-
rJia B paMKax OJHOW UTEPAIUU CyMMapHas BPEMEHHAas CTOMMOCTD OCBLIKY 33/ [aHis Pab0OdeMy

IPOIIOPIIMOHAJIbHA CyMMAPHON BPEMEHHOW CTOMMOCTH BBIYUCJIEHU, BBIMOJTHAEMbIX PAOOIMMHU,
u pasaa O(n). B arom ciyuae u3 dopmyaer (17) momyuaem K < /O(n)/ O(n). 910 o3HAUACT,

YTO BEPXHss FPAHUIR MACIITAOUPYEMOCTH IIPOrPAMMBI OTPAHUYIEHA, HEKOTOPOU KOHCTAHTOM, HE
3aBUCAIIEN OT pa3MEpPHOCTH 3aJadd. Takyi mporpaMMy MBI MOXKEM XapaKTepPHU30BATH KaK
NAOLO MACWMAOUPYEMYIO.

Takum 06pa3oM, MBI MOXKEM CJIeJIaTh BBIBOI, 9T0 BSF-mporpamma Oyaer o0Jagarh X0po-
el MacImTabupyeMOCThIO, €CJIM BPEMEHHbBIE 3aTPaThl Ha, MOCBLIKY 33IaHUA OISHOMY pabodeMy
Oy Iy T IPOIOPIMOHAIBbHEI KyOUIeCKOMY KOPHIO OT CyMMapHBIX BPEMEHHBIX 3aTpaT Ha PeIleHne
387291 pabOINMIU.

OuenuM Tenepb 3 derTuBHOCTH € pacnapasutesuBanus BSEF-nporpammvsbl. Mcnomnb3ys (3)
u (4), nmeem

T 2L +t, +t, +1t, +1,

e(K):K-lT =

K KLt K(t, +) b,

2L + t, L, +1,

KL +t) + K(t, +1.)+1, K*QL+1t)+K({, +1,)+t,
t

w

+ .
K*(2L +t,) + K(t, +1t)+t,
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B mpeamnonoxenun K > 1 numeem

2L +t, 0
K*QL +t) + K(t, + 1) + 1,
n
t, +t, 0

K*QL +t) + K(t, +t,) +1,
Otcronia ciemyeT, 4To
t

w

2
K*QL+t) + K(t, +t,) + 1,

(AR

g K >> 1. Iojenus uuciuresb n 3HaMEHATEb Ha 1, , TOJIydaeM UTOTOBYIO (hOopMyLy

1
L+ (K2@L+ 1) + K(t, +1,)) /1,

(AR

(18)

Ioncrasisia 3nadenwe ¢, u3 ypasHenus (7), MOXKHO IHOJYYUTb CJIEIyIONHil BapuanT Hop-

MmyJiel (18):
e R 1 . (19)
L+ (KL +107"t,) + K(t, +1,))/1,
[Moacuuraem o dopmyiie (19) acpdexrusHOCTh pacnapasieanBanus 3aaa4qu (9):
e L (20)

~ 1+ (K2(1 + 101277]) 192K . 104 )/1012 .

Ha puc. 9 npusenenst rpadbuku addexkruBHOCTH pacnapasuieuBanus 3aga4an (9) mist pas-

JIMYHBIX 3HAYEHWI v, IIOCTPOEHHbIE ¢ UCoJb30BaHueM dopmydbl (20). YkasaHnuble rpadukn

[IOKa3bIBAOT, YTO BEJIMINHA U = lg(tw / ts) OKa3bIBAET CYIIIECTBEHHOE BJIMAHUE HA dPDEKTUB-

HOCTH paclapaJsuiejnBanus. em 6oiibllle COOTHOLIEHUE b, / t,, Tem Bblue 3GdEKTUBHOCTD

pacrapaJijieITuBaHusl.

Cymma f, +1, Tak:Ke OKa3blBaeT CyHIECTBEHHOE BiMsHUE Ha 3(D(heKTUBHOCTL pacrapaJiie-
JIMBAHHUSI. DTO MOXKHO YBUIETH Ha puc. 10, rme npusemeHbl rpaduku 3H@PEKTUBHOCTH Paciia-
pasutenuBanus 331291 (9) IPU PA3IMYHBIX 3HAYEHUSAX CyMMBbI . 11, yKa3aHHBIX Ha KPUBDIX.
[Tapamerp ¢, B 9TOoM ciaydae wuMeeT (QUKCHPDOBAHHOE 3HAYEHHE i BCeX I'PadUKOB:

_ —v _ —5 12 7 _ 11
t, =107"¢, =107 -10 = 10". Moxno Bujers, 4TO UpH I + t, =2-10" sddexruBHOCTD

pacnapaJuienBanusg Ha 20 IPOIecCOpHBIX y31ax He npesbiaer 20%, Ipu 9TOM, KaK HOKA3bI-
BaeT pUC. 7, BEPXHsA TPAHUIA MACHITabMpyeMocTn BSF-mporpaMMbl ¢ TAKUMHI TTapaMeTpaMn

aexxuT B paiione 300 mpoIeccoOpHbIX y3JI0B.
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K
1} 100 200 300 400 500 0 50 100 150 200
Puc. 9. 9ddekTuBHOCTL pacnapaJienBa- Puc. 10. Buusiaue t, va 3¢pdekTuBHOCTD
Hus 3372491 (9) IpU PA3IMIHBIX v pacapasLIe IMBAHNS (U = 5)
3aKJIroueHue

B pabore ommcana HOBasi MoJiesib mapaJsutesibhbix Bbrauciaenuit BSE (Bulk Synchronous
Farm) — 6s0uno-cunxponnas (pepma, OpHEHTHPOBAHHAS HA BBIYUCIUTEIBHBIE CUCTEMBI C MaC-
COBBIM ITapaJIJIEIU3MOM, BKJIIOUAIOIIHE B Ce0sI COTHU THICSY ITPOIECCOPHBIX y3JI0B U UMEFOIIHe
9K3adJIONHBIN YPOBEHDb MPOU3BOIUTEIBHOCTH. BSF-KOMIIBIOTEp TPEICTABIIIET COOON MHOZKE-
CTBO O/THOPOJHBIX ITPOIECCOPHBIX y3JI0B C HpI/IBaTHOﬁ IaMATbIO, COEIMHEHHbIX CE€TbIO, IIO3BOJIA-
folmeil mepeaBaTh JaHHBIE OT OJTHOTO IPOIECCOPHOTO y3ia jpyromy. Cpean mpoTecCOpHBIX
Y3JI0B BBIJIEJISIETCS OJIWH, Has3blBaeMblil MacTepoM. Ocrasnbable K y3/I10B HA3bIBAIOTCS PAOOIMMU.
BSF-kommbiorep pabotaer 1o cxeme SPMD. Omucana crpyktypa BSF-mporpammebr. [TocTpoena
CTOMMOCTHAsI METPHUKA, JIJIS OIEHKM BPEMEHU BBINOJIHeHUs BSF-nporpammMbl. Ha ocHoBe mpe-
JIOYKEHHON CTOMMOCTHOW METPUKHU TTOJIYYeHA OIEHKA JJIs BEPXHEH TPAHUIBI MACIIITAOMPYEMOCTH
BSF-uporpamm. /larHast OIeHKa MO3BOJISIET CIEJIATH BBIBOJ, 9T0 BSF-tiporpamma 6y ier obJjia-
JIaTh XOPOITei MacIITabupyeMOCThIO, €CJT BpEMEHHBIE 3aTPATHI Ha MOCBIIKY 3a/IaHusT pabodeMy
Oy Iy T IPOIOPIMOHAIBbHBI KyOUIeCKOMY KOPHIO OT CyMMapHBIX BPEMEHHBIX 3aTpaT Ha PeIleHne
3ajiaqn pabounmu. Takzke 1mojrydeHbl (POPMYJIbI JJisi OlEeHKN 3(MHEKTUBHOCTU pacapasiesv-
Banust BSF-mporpaMm.

s Bammaanum TeOpeTUIECKUX PE3YJIbTATOB, MOJYYEHHBIX B 9TON CTaThe, ObLIA BBIOJ-
HeHa BSF-peasmzanus anropurma NSLP [11], ucnosb3yemMoro Jijisi pemieHns: HeCcTaluoHaAPHbBIX
CBEPXOOJIBITIX 33189 JIMHEHHOTO TPOrPAMMIPOBAHUS HA KJIACTEPHBIX BBIYUCIUTETHHBIX CUCTE-
Max. Peasmzanys BbIIoJIHAIACH Ha ga3bike C++ ¢ ucnosbsopanueM oubaunoreku MPI. Tekcro
BSF-peamuzanuu amroputma NSLP c¢BobogHO mocTymHBI B cetw VHTepHeT mO ajpecy:
https://github.com /leonid-sokolinsky / BSF-NSLP. C ucnonp3oBauunem BSF-peanusanuu aaro-
purma NSLP ua BeraucsmrensaoM kiacrepe «Toprano FOYpI'Ys» [21] Gbuin npoBeeHbl Bbi-
IUCTUTESIbHBIE SKCIIEPUMEHTBI TI0 UCCEIOBAHIIO MACIITAONDYyeMOCTH U 3DMOEKTUBHOCTH ITOM
mapaJiIeIbHOM mporpaMMbl. Pe3yibTaThl cpaBHEHUsT JAHHBIX, TIOJTYYEHHBIX AHAJTUTHIECKH C TTO-
MOTIIHIO CTOMMOCTHOM METPUKU Momean BSF, ¢ TAHHBIMU, TOJYIEHHBIMUA B PE3YJIbTATE BBIUUC-
JIMTEJIbHBIX 9KCIEPUMEHTOB, IPUBEJEHBI B cTaThe [22]. DTu pe3yabraTsl HOKA3BIBAIOT, YTO MO-
neiab BSF 103BOJISET ¢ BBICOKOIM TOYHOCTBIO IIPEICKA3bIBATH BEPXHIOK I'PAHUILY MACIITabUpy-
emoctu BSF-peammsaruu ajropurma NSLP.

B pa6ore [23] 6bu1 mocTpoen smyssitop BSF-uporpamm, mozesupytomuii pabory BSF-

MpPOTPAMMBI HA PEATbHON KJIACTEPHON BBIYUCIUTENLHON CHCTEME. IMYJITOP PEATU30BaH
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ua a3pike C++ ¢ menoanzoBanuem 6ubanorekn MPI. B amyngarope 3amatorcess 9ucaoBbie 3Ha-
JeHUs apaMeTpoB Mojeaun BSF, mpuBeieHHbIE B pa3jese 4. DMYJIITOP 3aIlyCKaeTCsl Ha peaJib-
HO KJIACTEPHOM BBIYUCIUTEIHLHON cucTeMe n mMUTHPYeT paboTy BSF-mporpaMMbl, mepechiiast
MEXKJIy MaTepoM U pabOuMMU COODIEHUsT ONPEIETeHHON JJIMHBI, U CUMYJIAPYST BBIUUCIATE b
HYI0 pabOTy COOTBETCTBYIOIIMMU IIUKJIAMU OKUJIAHNS. Bblanc/jmTebHbIe SKCIEPUMEHTBI, TPO-
BeJleHHBbIe Ha cymnepkommborepe FHOYpL'Y ¢ wucnosb3oBanmeMm sMmyJisitopa  BSFE-mporpamm,
TaKKe T0Ka3aJIi XOPOIlee COOTBETCTBUE TOKAa3aTe el MaciTabupyeMOCTH, MOy YEeHHbBIX TeO-
PETUYICCKU U dKCII€EPpUMEHTAJIbHO.
B pamkax gaspHERIINX UCC/IEIOBAHUN TIJIAHUPYETCS PEIIATh CJIEYIONNe 3a A u:
1) paspaborarb dpopmasusMm s onucanusi BSF-porpaMm ¢ ucmnosib3oBanueM (byHKIUN BbIC-
I1ero NOpAaaKa;
2) BBINOJIHUTL NPOEKTHPOBAHUE U DPEATU3AIMIO KapKaca Jisi  ObICTPOH  pa3paboTKu
BSF-uporpamm na 6a3e MPI (B Buze 6ubimnoreku Ha sizpike C++);
3) [pOBECTH BBIYMCIUTEIbHBIE SKCIIEPUMEHTHI Ha KJIACTEPHON BBIYUCIUTETHHON CHCTEME C UC-

IIOJIB30BaHMEM U3BECTHBIX UTEPAIIMOHHBIX METOJ/I0B IJId IIOATBEP2KACHUA a/ICKBATHOCTH MO-

nenu BSF.

Hcenedosarnue evinoarero npu gunancosoti noddeporcke PODU 6 pamxrar HayuHoz20 npo-
exma N 17-07-00352 a, IIpasumeavcmea PD 6 coomsemcemeuu ¢ Ilocmanosaenuem N 211 om
16.03.2013 2. (coeaawenue N 02.403.21.0011) v Munucmepcmsa obpasosanus u Hayku P®
(20cydapcmeennoe 3adanue 2.7905.2017/8.9).
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The emergence of powerful multiprocessor computing systems brings to the fore issues related to the develop-
ment of frameworks (templates) that allow creating high-scalable parallel programs oriented to systems with dis-
tributed memory. In this case, the most important problem is the development of parallel computing models that
allow us to assess its scalability at an early stage of the program design. General requirements for computational
models are described and a new high-level parallel computing model called BSF is derived, which is an extension of
the BSP model, and is based on the SPMD programming method and the «master-workers» framework. The
BSF-model is oriented to computational systems with massive parallelism on distributed memory, including hun-
dreds of thousands of processor nodes, and having an exaflop level of performance and numerical iterative methods
with high time complexity. The BSF-computer architecture is defined, and the structure of the BSF-program is
described. The formal cost metric, which provides parallel BSF-programs scalability upper bounds in context of
distributed memory computing systems, is described. Also, formula for BSF-programs parallel efficiency are derived.
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