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AHnHoTauus. B crarbe paccMaTpHBAIOTCS BONPOCHI pa3pabOTKH, Peaju3allii U UCCIIEOBAHMS
aJITOPUTMa 06PATHOTO PACIPOCTPaHEeHUsI ONIMOKHN B IapaurMe yIIpaBeH!s BEIYHUCIEHUSIMHA IIOTOKOM
naHHbIX. [IPUHIUNBL yIIpaBJIeHUs BBIYUCIEHUsAME ToToKoM fanubix (dataflow) cymecrsenno
OTJIMYAIOTCS OT IPUHIMIIOB TPAJULUOHHOIO yIPaBIEHHUs IIOTOKOM KoMans (control-flow), kak u
caMa I[IOTOKOBas ItapaJurMa IIpOrpaMMUPOBAHUsS OTJIMYAeTCsd OT UMIIEPATUBHOM.

IIporpammsl, pazpaboTaHHbIE B IIOTOKOBOI IapajurMe, H3HAYAJIBHO SIBJISIIOTCS M1apaJlyIesIbHBIMU,
TIOCKOJIbKY IapaJsljIesIu3M 3a/a49i U3BJIEKAETCsI aBTOMATHUYECKN U3 MOTOKa JaHHBIX Ha allllapaTHOM
ypoBHe. B craTbe mpecTaBieHO JeTajlbHOE OIMCAHHUE IIOTOKOBOIO aJIrOPUTMa OGpaTHOro
pacnpocTpaHeHusl OMNOKY, peaM30BaHHOIO B IIOTOKOBOW IporpaMMme, IIpeJHasHauYeHHON JJIs
BBINOJIHEHHs Ha IapaJlJIeJIbHOM MOTOKOBOH BeIumMcanTeabHoil cucreme (ITIIBC) «Bypam».

HOTOKOB&H nporpaMma OTJIM4IaeTCsd KOMIIAKTHOCTBIO U YHUBEPCAJIbHOCTBIO KO/Ja, aBTOMaTU4Y€CKN
MacuITabupyeTcs Ha BCIO CUCTEMY U He COJIEP’KUT CCHLIIOK Ha 6ubsmorednble dbYHKIMNA, OCHOBBIBASIChH
HMCKJIIOYUTEIBHO Ha 6a30BBIX apndMETHIECKUX OIEePAIUAX, TAKNX KaK CJIOXKEHNE, yMHOYKEHNE
u cpasHeHune. IIporpaMmma mospossier 06ydaTh MHOIOCJIONHBIN IIEPCENTPOH IIPOU3BOJIBLHOM
pa3MepHOCTH 6€3 MOAUMUKAIINYA U TEPEKOMITHIISIINN IPOrPAMMHOIO KOJa, IIPU 9TOM pa3Mep U
CTPYKTypa IEePCENTPOHA OIPEIEAIOTCH HaYaIbHBIMU JAHHBIMH.

B SKCHepHMeHTaﬂbHOﬁ qJacTu CTaTbU IIPEJACTAaBJICEHblI PE3YyJ/IbTaThl NCCJIEJOBaHUS IIOBEICHUA
TITIBC npu BBINIOJIHEHUH 3aJ(a49U OO0YyYI€HUsl, IPOBEJEH aHAJIN3 BJIUSHUS pa3Mepa 00y4aloIiero
GaT4a Ha O6ILYI0 9)PEKTUBHOCTEH ITOTOKOBOM IIPOTPAMMBI, 8 TaK»Ke TaHbI OIEHKH IIPUMEHEHUs
Pa3JIMYIHBIX METOJOB allllapaTHOTO paclipeieeHusl Bbraucaenuit. Kpome Toro, paccmorpen
norennuan ucrnosabsoBanus IITIBC ais mapase bHOro BBITOJIHEHUS HECKOIBKHUX 3334 00y deHMsT
OZHOBPEMEHHO.

Kntouesble cnoBa u cpasbl: aaropuTm oGPaTHOrO PaCHpPOCTPAHEHUs OMIUOKHU, IapasljieIbHOEe
IporpaMMHpPOBaHUe, IOTOKOBasi MOJEJIb BBIYMUCJIEHUN, IOTOKOBas IapaJurMa IporpaMMHUPOBaHNUs,
napaJijiesibHasi IOTOKOBasi BBIYUC/INTEbHAasl CUCTEMA

Bnarogaproctn: PaGora nposejena B paMKax BBIIIOJIHEHUs rocyAapcTBeHHOro 3aganus HUIT
«KypuaToBckuii mHCTUTYT»

Ons untnposanusa: 3mees . H., Jlesuenko H.H., Kimmos Apk.B. Axszopumm 06-
pammnozo pacnpocmpanenus owubku 6 mnapadusme nomoxa OJdannwvix // Ilporpamm-
HBIE CHCTEMBI: Teopusi W upuioxkenusa. 2026. T. 17. Ne3(72). C. 237-273.
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Beepenne

Crarbst pescTaBiseT coboi JIOrmIeckoe IpojIoszKenne paborst [1], B
KOTOPOIi OBIJI OIUCAH MIPOIECC pa3pabOTKN, PEATU3AIII U UCCIIETOBAHUST
AJICOPUTMA IPIMOrO PACIPOCTPAHEHUs B Iapaaurme motoka ganubix (dataflow).
B pabore 6b1IM CestaHbl BRIBOJABI O KOMITAKTHOCTH U yHUBEPCAJTBHOCTH
IIPOTPAMMHOI0 KO/Ia, & TaKyKe O €CTECTBEHHOM IapaJsiieIn3Me IPOrPDAMMBI,
obecrieunBaeMOM ITOTOKOBOI MOJIEJIBIO BBIYHCICHHUN ¢ TMHAMUYIECKN (hOpMUDYe-
MBIM KOHTEKCTOM. DKCIIEPUMEHTAIbHAS JACTh PAOOTHI IPOJEMOHCTPUPOBAIIA
BBICOKYIO a/IAIITUBHOCTH IIOTOKOBOII IPOrpaMMBbI K 00paboTKe OOJIBIINX 00BEMOB
JIAHHBIX, HEIIPEPBIBHO TIOCTYTAIOIIAX HA BXOJ, CHCTEMBI.

CuteyomuM 9TamnoM B U3y9IeHUN HEHPOCETEBBIX aJITOPUTMOB HA BBIYUCIIN-
TEJIbHBIX CHUCTEMaX C YIPABJEHHEM MOTOKOM JIAHHBIX SIBJISETCS pa3pabOTKa U
HCCJIe/IOBAHNE AJITOPUTMa 0OPATHOIO PACIPOCTPAHEHUST OMIMOKHU B Iapaurme
[IOTOKA JIAHHBIX. B KatTecTBe OCHOBBI JIJIsl PEAJIM3AINN aJTOPUTMa ObLIT
BBIOPAH METOJI CTOXaCTHIECKOrO MPAJIMEHTHOrO CIycKa [2], KOTOpBIi sIBJIsieTcst
byHIAMEHTAIBHBIM 3JIEMEHTOM OOy UeHUsT HEHPOHHBIX CETEit.

DTOT BHIOODP OOYCJIOBJIEH HE TOJBKO €0 IMUPOKOI MOIMYISAPHOCTHIO, HO U
€ro UTePaIMOHHBIM XapaKTEPOM, KOTOPbIil MOTEHINATBLHO MOXKET 3aTPYIHUTD
ABTOMATUYIECKOE (CPEJCTBAMU [IOTOKOBOI MOJIE/IN BHIYMC/ICHUI) BbIABJICHUE
napaJjuiein3Ma B 3ajade. PeryssipHoe 0OHOBJIEHIE BECOBBIX KOI(D(DUITMEHTOB
mpu 06paTHOM IIpoxojie rpada HEHPOHHON CeTH MPEISITCTBYET ONEPeXKAOIIEMY
BBITIOJTHEHUIO TIPSIMOTO [IPOXOJIa 3TOr0 rpada st HOBBIX TeCTOBBIX 00pa3IoB,
9TO GBIJIO OTMEYEHO B YKCIEPHMEHTAIBHON 1acTh paborst [1], Ty1e BbimosHeHNE
AJITOPUTMA TPSIMOTO PACIPOCTPAHEHHUST JIJTsI CJIEJIYIOIEro TeCTOBOro obpasiia
HAYMHAJIOCH JI0 3aBEPIIEHUsI 0OPATHOTO IIPOXO/IA ITPEIBIIYIIETO.

B cBs3u ¢ 3THM, HEOOXOMMO OLPEIEINTD HEIH JanHoi paboTel. Bo-nepBoix,
Ha TEKYIIEM YPOBHE Pa3BUTUsI HEHPOCETEBBIX TEXHOJIOIUII peasn3aliis 6a30B0ro
aJIrOPUTMAa He IPEJICTABISeT IIpaKTHIecKoro narepeca. OHaKo, e u
31291 HAYKU — 9TO BBIPAOOTKA HOBBIX 3HAHUI.

CoBpeMeHHBIE alIapATHBIE PEIeHNs, OCHOBAHHbIE Ha KOHIIEIIINA YIPaBJe-
HU$ BBIYUCJICHUSIME ITOTOKOM JIAHHBIX, HO/IPA3/IEISIOTC Ha JIBa OCHOBHBIX
KJIacCa: CIeNUaJN3UpOBAaHHbIE U YHUBepcasbHble. K crennaan3npoBanHbIM
YCKOPHTEJISIM OTHOCATCA Takue paspaborku kak Graphcore [3], SambaNova [4],
Cerebras [5] u Groq [6]. DTu cucrembl XapaKTepu3yoOTCs peaju3amnmeit
[IPUHIAIA IIpeobpa30BaHus HEPOCETEBBIX AJITOPUTMOB B craTudeckuii dataflow
rpad U ero ammapaTHOe JIEKOMIIO3UPOBAHUE HA BHIYMCIUTETHHBIE JIEMEHTHL.

OCHOBHOE IPENMYIIIECTBO JAHHOTO IMTOIXO/IA 3aKII0YAETCS B MOBBIMEHUT
3 HeKTUBHOCTH perenust 3a/1at, CBI3aHHbIX ¢ HefipoHHbIMU ceTsmu. OHako
CTOUT OTMETUTD, ITO 3P DEKTUBHOCTD ITUX CUCTEM B 3HAUUTEJBHON CTEIEHN
3aBHUCHT OT KadeCTBa KOMIWJIATOPA, KOTOPBI ITpeobpa3yeT MporpamMMbl,
ucnob3yoIue crangaptabie oudanoreku PyTorch u TensorFlow, B rpad
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BBIIIOJTHEHU A IIPpOTPaMMbl U OIITUMHU3UPYET JAECKOMIIOSUIIUIO 3TOI'O rpa(ba
Ha BBIMUCJIUTEJIBHBIC Y3JIbI C IEJIbI0 MUHUMU3AIINN IIPOCTOEB, BHISBaAHHBIX
OXKHMJTaHUEM ITOCTYIIJIEHUA BCEX H606XO,HI/IMI>IX JJaHHBIX.

Bosee yauBepcasbHBIM pEIeHIEM SIBJISIETCS YCKOPUTENb MOTOKA JIAHHBIX
kommnanun Maxeler, mocrpoennsiit na 6aze FPGA. DTor yckopuresb Takxke
paboraer ¢ crarnueckum dataflow rpadom, HO, B oTiIHUne OT CIIEIUAIAZUPO-
BaHHBIX yCKOpuTeJeil, rekomnosunus rpada Ha FPGA mozsosisier BRIIOTHATH
boJiee MUPOKUit CIIEKTP 3aad.

Hemocrarkom JlaHHO# peasiu3anny SBJsieTCs BTOPUIHOCTD YCKOPUTEJIsT
10 OTHOIIIEHNIO K OCHOBHOI mporpamme, BoimosHsieMoit Ha XOCT-cucreme.
DTO orpaHUYEeHHE HE MO3BOJIMJIO aBTOPAM CEpUHU pabOT M0 PeaHM3alin
aJIrOPUTMa MHOTOCJIONHOIO IepCenTpoHa Ha yckopuressx Maxeler 7, 8]
peam30BaTh aJrOPUTM OOPATHOTO pacinpocTpanerus omubOku. [To mamemy
MHEHUIO, CJIO)KHOCTH U IPAKTUIECKAs HEBO3MOXKHOCTD PeaJIM3allii 3TOI0
AJrOpUTMa, OBLIH 00YCIOBJIEHBI TPYIHOCTSIME TPOrPAMMUPOBAHUS YCTPOHCTBA
TakuM 06pa3oM, ITOOBI U3MEHEeHUsl B JBUKeHnH 10 rpady (mepcenTpony)
MOIJIM IIPOUCXOIUTH O€3 MpepbiBaHusl PAOOTHI OCHOBHOM IIOC/IEI0BATETLHOMN
nmporpaMmbl u mepernporpamvupoBanus FPGA, aro, B ¢BoIO ouepesp, He
[IO3BOJIMJIO aBTOPAM PEAJM30BaATh OJIHOBPEMEHHYIO PabOTy aJrOPUTMOB
MIPSIMOTO U OOPATHOIO PACIPOCTPAHEHUS.

Bo Bcex ONMCAHHBIX KOMMEPYECKUX DEIICHUAX MCIOJIb3YeTCHd CTATHICCKHIN
dataflow rpad. B pamkax HayIHO-HCCIEI0BATEIBCKON PAOOTHI OT/IE/IEHIS
IpobJIeM IPOEKTUPOBAHUSI B MUKPO3JIEKTPOHUKe [leHTpa 1mepcrekKTUuBHON MUK-
PO3JIEKTpOHNKN HanmoHabHOro HCCiie 0BaTeIbeKoro neHTpa « Kypuarosckuii
HHCTUTYT» pa3pabaTbiBaercs IIOTOKOBAas MOJIE/b BHIUUC/ICHUH ¢ IUHAMUYIECKI
dopMUPYEMBIM KOHTEKCTOM.

KiroueBoe ornuune puramuaeckoro dataflow rpada ot crarmdeckoro
3aKJII0YaeTCA B TOM, YTO CTATHIECKUil rpad OCHOBBIBAETCH Ha MMIIEPATUBHOM
aJICOpUTMe, IPeobpasyeMoM B HEM3MEHsIEMbINl OHOHAIIPABJIEHHBII rpad
[IOCJIEJOBATEILHOCTH 00pabOTKHU JAHHBIX, B TO BPeMs KaK JIUHAMHYECKU
rpad CTPOUTCs B IPOIECCE BLIIOJHEHHS IIPOIPAMMBI Ha OCHOBE YCJIOBUI
B3aMMOJEHCTBHUA MKy JAHHBIMU. BBHYy OTCYyTCTBUSA IPUMEPOB DEAIT3AINN
HeHPOCEeTEBBIX AJIrOPUTMOB Ha cucTeMax ¢ guHammudeckuM dataflow rpadom,
MOXKHO YTBEDKJATh, YTO IIPEJJIOZKEHHBIN B CTaThe aJI'OPUTM OOPATHOIO
pacrIpocTpaHeHns! OMMNOKK B IApaJUrMe MOTOKA JAHHBIX U Pe3yJIbTaThl
9KCIIEPUMEHTOB II0 €r0 HATUBHOMY BBIIIOJIHEHUIO Ha aPXUTEKTyPe HapaJlieiib-
HOM TOTOKOBOI BbraucanTesnbHoit cucrems! (IITIBC) «Bypaws sBisitorcs
VHUKAQJIbHBIMU U HE UMEIOT aHAJIOIOB B POCCHIICKOI U MUPOBOIl Hay4HOI
JIATEpaType.

Bo-Bropeix, urepanunonnas mpupojia CTOXaCTUIECKOTO METOJIa MPU3BaHa
BBIABUTDH OI'PAaHUYEHUs IIOTOKOBOII MO/JIe/ I BBIYMCJICHUN U IPOTECTUPOBATh
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BO3MOKHOCTH allllapaTHOT'O BBIABJIEHUS IapaJjljieju3Ma B, IO CyTH, CTPOTO
OCJIeJIOBATEIbHON 3a1a4e.

B-Tperbux, moaxom K CO3aHUIO MOTOKOBLIX aJrOPUTMOB, IIPEICTABICHHBIN
B JIAHHOM cTaTbe u pabote [1], HaApaB/IeH HA COKPAIEHNE PAa3PbIBa MEXK LY
IIPOrPAMMUPOBAHUEM B I1apa/IUI'Me IIOTOKA KOMAH/ U [1apaJIurMe IIOTOKa
JAHHBIX, & TAKXKEe Ha JEeMOHCTPAINIO0 OTHOCUTEIBLHOM ITPOCTOTHI Pa3paboTKu
[IPOrPaMM B IIEPCIIEKTUBHOII IIOTOKOBO#I ITapa/urMe IporpaMMUIPOBaHUS.

CraTbst IMeET CJIeIYIONLYI0 CTPYKTYPY. B 1epBoii rjiaBe KpaTKO OIUCHI-
BaeTcs MMOTOKOBasi MOJIesIb BeraucseHnii u apxurexkrypa [IIIBC, a rak:ke
MIPUBOJIATCS UX KJIOUYEBbIe OTJINYNAS OT TPAIUIIMOHHON (DOH-HEMAaHOBCKOM
MOJIEJTH BBIYUCJIEHUI 1 apXUTEKTyphl. Bropas riasa COmepKUT AeTaJIbHBIH
pa3b0p MOTOKOBOIO aJropuTMa OOPATHOIO PACIPOCTPAHEHUS OMMOKHA — OT
pa3paboTKu B BHJIE€ TIOTOKOBOTO Ipada JI0 Peasin3alini Ha, A3bIKe BHICOKOT'O
yPOBHs 1 BbIOOpa 3 dekTuBHON DyHKINN pacipegeieHus. T peTbs riasa
BKJIFOUAET aHaJn3 pe3ysabraros mojenupoBanust [ITTBC npu BeimoneHnn
IIPOrpaMMbl OOPATHOT'O PACIIPOCTPAHEHUS OIMUOKNA U OIEHKY [TePCHEKTUBR
npumenenust [IIIBC myst 00ydenus: Heitpocereii.

1. MNMoTtokoBas mogens BbIYUCIEHUIA C AuHaMuyeckn hopMmupyemoim
KOHTEKCTOM 1 peanusylolias ee apxuTeKkTypa

KuroueBoe u onpeiessitoniee pa3inine Mex, 1y norokopoii (dataflow)
MOJIEJIbIO BbIYMCJIeHU 1 TpauiumonHoil (control-flow) sakiouaercs B akTuBa-
[[UY BBIUUCJIUTEIbHBIX OlEPAIMi 110 TOTOBHOCTH JaHHBIX [10-12]. Takas
dopMyIUPOBKA MMOIpa3yMeBaeT 0COOYIO OPraHU3aINI0 BEIIUCIUTETHHOTO
IIPOIIECCa, BKJIFOYAIOILYI0 METOIBI XpaHeHUsI 1 00pabOTKM JaHHBIX. B yacTHOCTH,
OHA, TIPE/IIIOJIATAET ITONCK BCEX JAHHBIX, HEOOXOMMMBIX IS BBIIOJHEHUS KOH-
KPETHOT'O BBIYUCJUTE/ILHOIO KBAHTA, M AKTUBAIIMIO ITOI0 KBAHTA TOJIHKO IOCJIE
VCITEIITHOTO HAXOXKJIEHUS BCeX TpeOyeMbIxX maHubiX. s abdexTuBHOTO mMoncka
JIAHHBIX UCITOJIb3YeTCs AIllapaTHAsT ACCOINATUBHAS AMSTh, 00ECIIeINBAIONIA
JocTyl K MHGOPMAIUE 10 COAEPKUMOMY (KOHTEKCTY ), KOTOPBIH OIpe/iessier
HO3UIUIO JAHHOIO B BUPTYAJIBHOM aJ[PECHOM IIPOCTPAHCTBE 33a4u (HaupuMep,
[IPY MHIEKCAIIMU 3JIEMEHTOB MATDUIIDI ).

JlerasibHOE ONMCaHUe TOTOKOBON MOJIE/IN BBIYUCJIEHUH, BKJTIOUAst TIOTOKOBYIO
MOJIEJIB C IMHAMUYIECKH (bOPMUPYEMBIM KOHTEKCTOM, IIPeCTaBiIeHo B [13].
Baxno ormeruTs, uTO muHamuvueckoe OPMUPOBAHNE KOHTEKCTA TTO3BOJISIET
U3MEHSATh KOHTEKCT U, COOTBETCTBEHHO, HAIIpaB/ieHue JBuxkeHns 110 dataflow
rpady B 1porecce BbYHUCIeHUiH. DT0 0becreInBaeT BO3MOKHOCTD IIABHOTO (6e3
[pepbIBaHmii) Mepexo/ia OT BHIIOJHEHHsI aJIlOPUTMA [IPFMOIO PACIPOCTPAHEHUS
K aJropuT™My oOpaTHOTO PAaCIpPOCTPAHEHUs OIMMUOKN U OOPATHO.

OueBniHO, 9TO 0cObasi OPraHU3aIUs BBIMUCIEHUN TPEOYIOTCS COOTBET-
CTBYIOIIUX apXUTEKTYPHBIX perreHuii. OHIM U3 TaKUX PENICHUil sIBIISIeTCs
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APXUTEKTYDa I1apaUIeJIbHON HOTOKOBOM BhruuciuTe buoi cucrempl (IITIBC)
«Bypamy», koTopas peasn3yer MOTOKOBYIO MOJIE/Ih BBIYUCICHAN C JUHAMAICCKH
dopMUPYyEMBIM KOHTEKCTOM.

Apxurekrypa IIIIBC (cMm. pucynok 1) mpesncrasisier coboii Macira-
GUpyeMyI0 CTPYKTYPY, COCTOAIIYIO U3 Ha0Opa BBIUUCIUTENBHBIX MOJIYJIEl,
00bETMHEHHBIX KOMMYHUKAIMOHHOM CETBIO [JIsT TIePeIady COOOIIEHN (TOKEHOR).

BBIYMCJIMTEJBHBIA MOAYJIb

BBIYMCJIUTEJIBHBIA MOAY/Ib

Token Toxen
—— bBJaok Beruncienns xem-gpynKuun

B0k BbIuMcaeHust Xem-pyHKuum

TOKEeH

TOKeH /'

TpuemubIii
Oydep
TOKEHOB

IpuemubIit
Oydep
TOKEHOB

A

( I'o6anbHbBIH KOMMYTATOP TOKEHOB )

VA XOCT
]

Baok BBOAa/BBIBOAA
e

PucyHOK 1. ApxwurekTypa napaJsjesbHOil TOTOKOBOM BBIYHCJIN-
TeJIbHOH cuctembl «Bypan»

TokeH mpencTaBisier co0Oi CTPYKTYPY, BKIFOUAIIYIO JIaHHbIE (OHepaHIbl),
KOHTEKCT ¥ HAOOp MPU3HAKOB. BBIMUCINTENBHBIN MOLYJIb COCTOUT U3 OJIHOTO
WM HECKOJIBKUX mporieccopos conocrasiennii (IIC), kommyraropa nake-
TOB, OJJHOI'O UJIM HECKOJIbKUX UCIIOJHUTENbHBIX yerpoiicrs (UY) u 610K0B
dopmuposanus xam-dyuximii (BXD).

IIporeccop comocraBiieHnit BLIONHSIET (DYHKIMU ACCOIMATHBHON MaMsITH:
XpaHeHHe TOKEHOB, IOUCK MAaPHBIX TOKEHOB 10 KOHTEKCTY U (DOPMUPOBaHUE
makeToB. VICIOIHUTEIbHOE YCTPONCTBO SIBISIETCST IIPOCTBIM BBIYUCIATEIEM,
[IpeTHA3HAYEHHDBIM JIJIsI BBIIIOJIHEHHUS IIPOrPAMMHOTO KOJa, yKa3aTeJb Ha
KOTOPBIiA COJEPIKUTCS B TTakeTe, ChOPMUPOBAHHOM IIPOIECCOPOM COIIOCTABJICHUIA.
VYKazaresb Ha TPOTPAMMHBIN KO/JI, TIPEJICTABJIONINI cOO0t HOMED y3J1a,
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SIBJISIETCSl YACThIO KJII0Ya COIIOCTABJIEHUS, KOTOPBII TaKyKe BKJII0YaeT KOHTEKCT,
[IPUCYTCTBYIOMNI B KaXKI0M TOKeHe. [IporpaMMubIil Koj ipecTaBiisieT coboit
MIOCJIE/IOBATEILHOCTDh KOMAH/T JIjIsT 0OpabOTKM BXOIHBIX JIAHHBIX MTAKeTa 1
dopMUpOBaHUS HOBBIX TOKEHOB.

Biok dpopmupoBanus x31m-hyHKINNE TpeHA3HAYEH I pacduéTa HOMepa,
IIPOIECCOPa CONOCTABJICHNH, B KOTOPBII JTOJ?KEH NOCTYIIUTh KaKJIbIM TOKEH,
¢(hOpPMHUPOBAHHBIN HCHOTHATEIHHBIM YCTPORCTBOM. DTOT PACIET OCYIIECTBIIsI-
€TCsl Ha OCHOBE KJIIOYa TOKEHA, COCTOSIIEro U3 KOHTEKCTa U HOMEDPA I[eJIEBOI0
y371a. Bojee moapobHoe omncaHre Ha3HAYEHUS W JIOTUKH PabOThI OJI0Ka
dopmuposanus xsm-dyHkmit npegcrasieHo B [14]. IloxpobHoe onucanune
[apaJiIesIbHOI TOTOKOBOI BBIYUCIUTEILHON CUCTEMBI B IIEJIOM IIPEICTABICHO
B [15].

[Ipu onmcannu Moje/ M BHIYUCACHUN U aPXUTEKTYPbI TAKXKE CJIELyeT yIr-
TBIBATH CJejytommii aciekT. Crernuduaeckas OpraHu3alis BbIYUCIUTETHHOIO
IIPOIIECCa W YHUKAJIbHASA CTPYKTYPHO-MDYHKIIMOHAJIBbHAST APXUTEKTyPa TPeOyIoT
0co00ro TMOX0a K Pa3spaboTKe MPOrpaMMHOI0 00eCIIeseHns JIJisT YyCTPONCTB
momobuoro Tumna. B pamkax mpoekrta IITIBC «Bypan» 6bu1 pazpaboran
opuruHaJbHbIHA #3bIK BbicOKOro ypoust DFL (DataFlow Language), upeana-
3HAYEHHBIH JJIsI CO3aHUsI IPOrPAMM B MapaJurMe MOTOKa NaHHBIX. [IpuHIIITbI
uporpaMmupoBanus Ha s3bike DFL nonpo6uo uznoxenst B paborax [16-18| u
B [1], rae meranbHO onmcaH NPOIece pa3paboTKU IIOTOKOBON IPOrPaMMBbI,
peam3yoIieil aJropuT™ IpsSMOr0o PACIPOCTPAHEHUS.

2. Paspabortka anroputma obpaTHOro pacnpocTpaHeHusi B NOTOKOBOW
napagurme n ero peann3aunsa Ha NOTOKOBOM sA3blKke BbICOKOro
YPOBHSI

B pab6ore [1] 6bLI HCIIOJIB30BAH CJIEILYIONIMIA TIOAXOJ JIJIsi OIUCAHUS
aJIropuTMa MPsIMOIO pacCIpPOCTpaHeHUsi. B Hayajie OblLIa IIpeCTaB/IeHa
dopMmysta pacdera U BBIOJHEHA €€ JIEKOMITO3UIUS Ha 3JIeMEHTAPHBIE OIEPAIHN.
3areM 3TH onepaiyy ObLIM 0TOOParKEHbI B IOTOKOBOI IIapaJurMe, U COCTABJIEHO
rpaduIecKoe IpeJCTaB/IeHne TOTOKOBOrO ajropuTMa. 1oy deH bl TOTOKOBBII
rpad ObLT TPAHCIUPOBAH B MPOrpaMMHBII Ko Ha a3bike DFL u cocTtaBien
IICEBIOKOT It (POPMUPOBaHMS HAYAIbHBIX JIAHHBIX, COIVIACOBAHHBINA C KOJIOM
IpOrpaMMbl. AHAJIOTHYHBIN MOX0/ Oy€T MPUMEHEH JIJisl OIUCAHUST AJITOPUTMA
00paTHOrO PACIPOCTPAHEHUs OIIUOKM.

Asropur™ 06paTHOrO PACHPOCTPAHEHUS ONMMOKH 3aKJII0YAETCST B KOPPEKTH-
POBKe KaKJIOI'o BeCOBOIo KoadduineHnTa HeiipoHHON cern. [IpuBenernas HizKe
dopmysa OMUCHIBAET KOPPEKIIUIO BECOBOIO KOI(MDMUIIMEHTA C UCIOTH30BAHUEM
MEeTO/1a TAKETHOTO I'PAIMEHTHOTO CITYCKA.
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q
(1) W =Wt 4 L3
k=1

st = (Z wh Hf—l) ©BE, e

L — wnpekc cios,

J — WHIEKC HeitpoHa B cjoe L,

1 — uHJeKC HelipoHa B ciioe (L — 1), OH 2Ke MHJIEKC BXOja B HEHpOHe j cios L

7L — KOJIMYEeCTBO HEHPOHOB B cjioe L

W — BeCOBOH KO3I(PDUIMEHT ¢-r0 BXOja j-TO HeitpoHa B cyoe L,

B — xoadpdunment cMenienust j-ro HeiipoHa B cioe L,

S — B3BelIeHHAs CyMMa BXOJHBIX CUTHAJIOB HelpoHa j ciost L,

f — dyHKIMA akTEBAIMU B3BENIEHHON CYMMBbI BXOJHBIX CUTHAJIOB HEHPOHA, j
cyost L,

' — npouspomHas or GyHKIUM aKTUBAIUU s HeifpoHa j ciios L,

H — pesynbrar GyHKIMM akTUBaIUMU HepoHA j cjios L,

S — ommbKa Heitpona j ciaost L,

W — ommbKa BECOBOTO KO3 (DUIMEHTA,

b — unyekc Garya (nakera),

k — 1OpAIKOBBII HOMEpP TecTOBOrO 00pasia B Garue (nakere),

¢ — KOJIMYECTBO TECTOBLIX 00PA3IoB B 0MHOM barde (makere),

. — KO3 DUIUEHT CKOPOCTU 00y IEHUS,

L
W — ommbka Becoporo xoaddunuenrta wj; k-ro obpasna b-ro bar4a,
" L
W — Becosoit koaddunnent wj; b-ro barua.

Heranbupiii anaau3 dbopmyiinl (1) BbIABIAET YeThIPe KJIIOUEBBIX TAIla
BBIYNCICHHI: aJITOPUTM IIPSIMOTO PACIPOCTPAHEHNSI, pACUeT OIUOKN HefpoHa,
pacder omubKu BECOBOIO KO3 uImeHTa n 0OHOBJIEHIE BECOBOIO KO (MUIIUEH-
Ta. Kak/1b1it U3 9TarnoB BRIYUCIEHUH, B CBOIO OYEPEb, JIEJIUTCS Ha TTPOCTHIE
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olrepanuu CJIOXKEHHsA U YMHO2KeHU A, 1 JIOIIOJIHAETCA pacdeTaMnu (l)yHKL[I/II/I
AKTUBAIMHU U TPOU3BOIHON (DYHKIINN AKTHUBAIINM.

B Tpajgmmonnoil mapaaurme mporpaMMUPOBAHUS 381898 PEIaeTCst
IIOCPEJICTBOM CHCTEMBI BJIOXKEHHBIX NUKJIOB. [lapasiesm3m 3a1aqu orpannaex
AJITOPATMHUIECKON UTEPAIMOHHON 3aBUCUMOCTBIO MEXKJLY dTAlaMi 00PaTHOrO
U TIPsIMOTO pacupocTpanenust 1o rpady. O6HOBIeHNE 3HAYEHN BECOBBIX
KO3 DUIMEHTOB HAYNHAECTCS ¢ HEHPOHOB MOCJIEIHETO CJIOHA, U BBIYUC/ICHUE
IIPSIMOT'O PACIPOCTPAHEHUSI C HOBBIMU 3HAYEHUSIMA BO3MOXKHO TOJIBKO IO
3aBEPIIEHUH STala 00PATHOTO PACIPOCTPAHEHNUSI, IIPU PACUETE HOBBIX 3HAYEHUI
BECOBBIX KO3 (DUIMEHTOB i HEHPOHOB MEPBOT'O IIPOMEXKYTOTHOTO CJIOS.

st perienust po6JyieMbl OTPAHUYEHHOTO MTaPaJIeIN3Ma IPUMEHIEeTCs
MEeTO/I, TAKETHOrO OOHOBJIEHUsT BECOBBIX KO3 duimeHToB. B paMkax 3Toro
MeTO0/Ia BeCh HabOp TECTOBBIX 0OPA3IOB JeJIMTCs Ha 0aT4H, [IPEeCTaB/ISIFOIINE
Cc000IT TTOIMHOYKECTBA TECTOBBIX MPUMEPOB. JIjIsT KarXKI0ro jieMenTa 6arda
BBITIOJIHSIETCS TTOJIHBIA [IMKJI TIPSIMOT0 U O0OPaTHOTO PACHPOCTPAHEHUS, &
OOHOBJIEHIE BECOBBIX KOI(MDMUITMEHTOB OCYIECTBIISETCA HA OCHOBE PE3YIHTATOB
BBIYHUCJICHUN BCEX JIEMEHTOB 0aTda. DTO MO3BOJISIET MAPAJIICIBHO BBIIOIHATH
3aja4y 0OpaTHOIO PacIpPOCTPAHEHHSs OMIMOKHU JIJisi BCEX JIEMEHTOB BHYTPHU
oJIHOTO OaTya.

Tepmun «baT4s, UCIOIB3YEMBIA B 3amaHON TPOMUILHON JInTEepaType st
0003HaYEHNs TT0IMHOKECTBA TECTOBBIX 00PA3IOB, B OTEYECTBEHHOI JIUTEPATYPE
TPAJUIIMOHHO EPEBOINTCS Kak «makeT». OIHAKO, B KOHTEKCTE OIMCAHUS
IIOTOKOBOIT MoJiesin BbruncjeHuit u apxurektypsl [IIIBC, TepMun «axer»
0003HAYAET CTPYKTYPY MAHHBIX, COCTABJICHHYIO U3 COMOCTABJIEHHBIX TOKEHOB,
KOTOpasl IepelaeTcst JJisl BBIYUCIEHUs] HA WUCIOJHUTEILHOE YCTPOMCTBO.
Iloatomy masee g obo3HaueHnsT HAOOPA, TOAMHOYKECTBA, UJIH TAKETA TECTOBBIX
00pasroB Oy/IeT MPUMEHSIThCA TEPMUH «0aTd».

Tlepexomsa k¥ peaausanuu 331241 0OPATHOTO PACITIPOCTPAHEHUS B TIOTO-
KOBOH ITapajurMe mporpaMMUPOBAHUS CJIELYET OTMETUTH, ITO MEXAHU3M
ABTOMATHYECKOI'O U3BJIEUEHUs SIBHOIO U HESBHOIO IAPAJIIEIN3MA, 3aJI02KEHHBII
B IOTOKOBYIO MO/I€/Ib BBIYUCJIEHUI, HE CIIOCOOEH MOJHOCTHIO YCTPAHUTH
UTEPAIMOHHY IO 3aBUCUMOCTh, CBSI3aHHYIO ¢ OOHOBJIEHHEM BECOB TIOCJIE KAXKIOM
urepanyu. B ¢Bsi3u ¢ 3TUM, B KA4eCTBe OCHOBBI JIJIs PA3pabOTKU IIOTOKOBOTO
AJITOpPUTMa OBLT BEIOPAH METO/] TAKETHOIO OOHOBJICHHsT BECOBBIX KOdMDduUImeH-
TOB, IIPA KOTOPOM OOHOBJIEHWS BECOB IIPOU3BOMSITCS OJMH Pa3 mocje o6paboTku
barda.

IIpencraBiennnrit Ha pucyHKax 2—4 MOTOKOBBIN aJTOPUTM HNAKETHOTO
IPa/IMEHTHOrO CIIyCKa COCTOUT U3 JEBATH IIPOrPAMMHBIX y3JI0B U UCIIOJIb-
zyer anmapatabie Bo3Mokaoctu I[IIIBC «Bypam», Bririogas: anmaparaoe
CYMMUPOBAHIE BEIeCTBEHHBIX 3HAYEHUIT B IIPOIIECCOPE COIOCTaBJIEHUT 6e3
3aJIeWCTBOBAHUSI UCIIOJTHUTEILHOTO YCTPOMCTBA. AJITOPUTM OJ/IepKUBAET
JIOOYI0 CTPYKTYPY MHOTOCJIOHOTO HMEPCENTPOHA, pa3Mep KOTOPOTO OrPaHIYeH
Pa3pPsAIHOCTHIO UCIOJIb3YEMbBIX II0JIENl KOHTEKCTA.
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module BackPropagation;

type F1 = {d: byte, b: byte, n: byte, L: byte, j: byte, i: byte};

const a = 0.01;

node FrwD(w, h : double) : F1; dgrouped;
begin

send <fsum> w*h to FrwF.x {d,b,n,L,0,3j};
end;

node FrwF (x : double) : F1;
var RelLU, dRelLU : double;
begin
if x<@ then RelLU:=0; dRelLU:=0;
else RelLU:=x; dRelU:=1;
end;

if n=0 then send RelLU to ErrY.y {d,b,0,L, 0,i};
else send RelLU to FrwD.h {d,b,0,L+1,0,i} <<n>>;
send RelLU to BkwW.h {d,b,0,L+1,i,0} <<n>>;
end;

send dRelLU to BkwE.dh {d,b,0,L,0,i};
end;

node ErrY(y, t : double) : F1;
begin

send <start> t-y to SumE {d,b,n,L,0,i};
end;

node BkwE(e, dh : double) : F1;
begin
send c*dh to BkwW.e {
if L>2 then send c*dh to ErrW.e {
end;

,[i1,L,[@]1,0} <<n>>;

d,b
d,b

il,L,
, 0, L, 0, i} <<n>>; end;

node ErrW(w, e : double) : F1; dgrouped;
begin

send <fsum> e*w to SumE.e {d,b,0,L-1,0,7};
end;

node SumE(e : double) : F1;
begin

send e to BkwE.e {d,b,[n],L,0,1};
end;

node BkwW(h, e : double) : F1; dgrouped;
begin

send <fsum> h*e to SumW.dw {0,b,0,L,n,j};
end;

node SumW(dw: double) : F1;
begin

send dw to NewW.dw;
end;

node NewW(w, dw : double) : F1;
var nw : double;
begin

nw:=w+dw*a/d;

if b=0 then send nw to host;
else send nw to FruD.w {[@],b-1,[n],L,[j],1i} <<d>>;
send nw to ErrW.w {[@],b-1, 0, L,[1],j} <<d>>;
send nw to NewW.w {[d],b-1,[n],L, j, i};
end;
end;

endmod.

PucyHok 3. mporpamMmubIit KO aJropuT™Ma 0OpPATHONO PAaCHpPOCTPaHeHus OomuOKy Ha si3bike DFL
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/7
/7
/7
/7
//
//
//
1/
1/

D
E
s
N

L[1..N+1]

X[1..D][1..
T[1..D][1..
W[2..N][1..
B[2..N][1..

L[1]]

L[N]
L[1]][1..L[1-1]]
L[B1]

//BxoAHble HOaHHble
for d:=1 to X.size do

for i:=1 to X[d].size do

send X[d][i] to FrwD.h {d,(D-d) div S,0,2,0,i} <<L[2]>>;
send X[d][i] to BkwW.h {d,(D-d) div S,0,2,i,0} <<L[2]>>;

//UeneBble 3HayveHuA
for d:=1 to T.size do
for j:=1 to L[N] do send T[d][j] to ErrY.t {d,[@],[L[N-1]],N,0,7};

//BecoBble KO3GOULIMEHTbI
for 1:=2 to L.size-1 do

for j:=1 to L[1] do
for i:=1 to L[1-1] do

send W[1][j][i] to FrwD.w {[@],D/S+1,[L[1+1]],1,[j],1i} <<S>>;
send W[1][j][i] to NewW.w {[S],D/S+1,[L[1+1]],1, J, i};
send W[1][j][i] to ErrW.w {[@],D/S+1, O, 1,[i],3} <<S>>;

//KoapdpuumeHTsl cmelleHna u duHanu3auua annapaTHOrO CyMMMpOBaHUA
for d:=1 to D do

for 1:=2 to L.size-1 do
for j:=1 to L[1] do

send <fsum> B[1][j] to FrwF {d,[0],[0],1,0,j} <<L[1-1]>>;

for 1:=2 to L.size-2 do
for j:=1 to L[1] do

send <fsum> @ to SumE {d,[@],[L[1-1]],1,0,7} <<L[1+1]>>;
for e:=1 to E do

for 1:=2 to L.size-2 do
for j:=1 to L[1] do
for i:=1 to L[1-1] do

send <fsum> @ to SumW {0,E-e,0,1,j,i} <<S>>;

KonMYecTBO 06pasuoB

KONM4YecTBO nakeToB obyyveHusa (4ucno batyei)

pasmep nakeTa oby4veHus (pasmep 6aTya)

KONMYeCTBO CNoeB (BK/WYAA BXOAHOE U BbIXOAHOE)
MaccuB HeiipoHoB no cnoam. L[N+1] Bcerpa paBHO O.
MaTpuLa BXOAHbIX AaHHbIX BCeX 06pasLoB

MacCUB LeNeBbIX 3HaYeHuit AnAa Kaxgoro o6pasua
MaTpuua BecoBbiX KodpdpuumeHToB [cnoi][Heiipon][Bx0Aa]
mMaTpuua KospPUUMeHTOB cMeleHua [cnoii][HeipoH]

PucyHOK 4. mnceBmokom (bopMuUpOBaHUST HAYAIBHBIX JTAHHBIX
aJropuTMa oO6paTHOIO PACIPOCTPAHEHUS OMINOKHI

2.1. T'pachmueckoe npegcrasneHve anropuTma

I'pacuueckoe mpecrasienue (PUCYHOK 2) — 310 ocobasi popMa BU3yaIn3a-
[, TIPeIHA3HAYEHHAs JJIs YIIPOIIEHHOTO (DOPMUPOBAHUSI M MIPEJCTABICHUS
aJITOPUTMA.

IIpaBuma u popMbI cocTaBIEHHST TOTOKOBOTO T'pada COOTBETCTBYIOT
TeM, KOTOPbIEe ObLIN OIMMCAHBI JIJI AJITOPUTMA IPSMOTO PACIPOCTPAHEHUST
B pabore [1].
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Bxodnvie u evizoduvie danrvie 0603HAYAIOTCS B BAAE 3aKPAIICHHBIX KBaJ-
PaTOB C yKa3aHUeM Ha3BaHU:d B LEHTPaJbHON Jactu (kBagparsl W, X B,
Y,tu0).

IIpozpammmsie Y340 TPEJICTABISIOTCS B BUJIE 3aKPAIEHHBIX OKPYKHOCTEH ¢
yKa3aHueM Ha3BaHUsl y3ja B leHTpasbHoil yactu (FrwD, BkwW u apyrue).

Cneyuasvroe GyHKyuY , peaJn30BaHHbIE B IIPOIECCOPE COTIOCTABJIEHUIA,
0603HATAIOTCsT GETBIME KPYTAMHU € IyHKTHPHBIMA TPAHUIAME (<«+» CHMBO-
JII3UPYeT aniapaTHOe CyMMHDOBaHME 3a/[aHHOIO YHCJIA JAHHBIX ).

Koncmanmaol, IpeIcTaBIsiioTes B BUJE KBAIPATOB € IYHKTUPHBIMYI IPAHUIAMA
¥ UMEHAMU B IEHTPAJILHON 9acTu ((¢) U COEUHSIOTCS Iy HKTUPHBIMU
JIMHUSIMU C TIPOTPAMMHBIMU y3JIAMU, UCIIOJIL3YIONNMU UX 3HAYUCHUSA B
pacteTrax.

Homoxu danHbir MexKILy J1eMeHTaMI 0TOOPAZKAIOTCS ¢ [OMOIIBIO JIMHUI CO
CTPpeJIKaMU, Ha KOTOPBIX yKa3aHbl KOHTEKCT U KPAaTHOCTH TOKEHOB.

Konmexcm mokena npescraBjier HabOpoM MoJiell ¢ 3HAYEHUSIMU, 0003HAIEH-
HBIMI B KJIETOYKAX CO CIJIOITHOW I'PAHUIEN HA JTMHUU CBSI3U.

3Hauerus noaset KOHMEKCMa, 3aKJIIOYEHHbIE B KBAJPATHBIE CKOOKH, YKa-
3BIBAIOT HA TO, YTO ITH I10JIs 3AMACKAPOBAHBI U HE YIUTHIBAIOTCS IPU
COTIOCTABJIEHUH TOKEHOB.

3nauenue KpamHocmy mokeHa yKa3bIBaeTCs ClipaBa OT KOHTEKCTa B OT-
JIEJIBHOM KBAJ[paTe ¢ MyHKTUPHOI rpaHuIeil (TakyKe MCIOIb3yeTCs JIIsT
YKa3aHUsl YUCIIA CJAraeMbIX allllapaTHOIO CyMMHUPOBAHUSI).

IIpencraBiennpiit Ha pUCyHKe 2 MOTOKOBBIH rpad oTobparkaer cjeryrontuit
AJICOPUTM BBIYUCJIEHUI:

Hepewiii sman anrzopumma (UPIMOE PACIPOCTPAHEHUE).
IIpousBoaurca Buruuciaenne H ]L (1) ayist KasKJI0ro HEHPOHA B KAXKJIOM CJIOe
HEAPOHHOI CEeTH, OTHOCAIIEECS K KAKJOMy OTJIEJBHOMY TECTOBOMY 00pasIty
B paMKax TeKyIIero darda.

« TToroku jmanabx W (Becosble KoadbduimenTsr) 1 X (3HAYEHHUs TECTOBBIX
00pasIoB) NOCTYIAIOT HA y3€ej1 FruD, rje BBIIOJHIETCH UX yMHOXKEHHUE.

« Pesysbrar yMHOXKEHMS niepeaercsi Ha y3esl FrwF mocpeicTBoM ore-
PAIY alapaTHOrO CyMMUPOBAHUS, IPEJICTABJIEHHOIO Y3JI0M «—+»,
JIOTIOJIHUTEIbHBIM apIyMEHTOM KOTOPOTO sIBJISIETCsI TIOTOK JAHHBIX B (KO-
sdbduImenT cMeleHnsi B 3HAYEHNH ONIEPAH/IA U KOJIUYECTBO CJIAraeMbIX
AInapaTHOro CyMMHUPOBAHNUS, YKA3AHHOE B O3UIUN KPATHOCTH).

« Pesynbrar ciioxkeHnst yKa3aHHOTO KOJIMYECTBA IPOU3BEIEHNI 1 KO-
dbunpenTa CMeIeHnsT THUIUMUPYET aKTUBAIMIO y3Ja FruF, KoTopbIit
BBIIIOJIHSIET BBIYHCJIeHNE (DYHKINN aKTUBALUH, e¢ [IPOU3BOJHOMN, & TaKKe
IIPOBEPKY YCJIOBHUIi 3aBePIIEHHs [IEPBOIO STalla AJTOPUTMA.
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« Pesynbrar Berancienns GyHKINNA AKTUBAITUN TIEPEJIACTCS B KAUECTBE
BTOPOrO0 MHOXKHTeNs B y3es FrwD s oceIyIonero B3anMoIeiicTBr
C BeCOBBIME KO3(MDUIMEeHTaMU Ha BXOJAaX HEHPOHOB CJIE/LYIOIIEr0 CJIO.

Bmopoti sman asazopumma BKJIIOYAET BBITUCIEHUE OMUOKYN HEfpOHa F;
(1) g KaxKJI0ro HEHPOHA B KAXKIOM CJIOE, OTHOCAIIUXCH K KAXKIIOMY
OT/IEJIbHOMY TE€CTOBOMY OOpasIly B Ipejiesiax TeKyiiero barda. Pactuer
OCYIIECTBJISIETCS TIyTEM YMHOXKEHUsI TIPOM3BOTHON (DYHKIMKM aKTHBAIINN HA,
B3BEIIIEHHYO CYMMY ONIAOOK.

» Pegysbrar BelYncieHns pou3BoaHoil Gyukimyu akruBauu (y3esa FrwF)
epejaeTcd B KadecTBe IIEpBOro apryMenTa y3iy BkwE.

« B kadecrBe BrOpOoro aprymenta y3,y BkwE mepenaercst au6o ommbKa
BBIXOJIHOT'O HEHPOHA, MO0 B3BEIIEHHAsT CyMMa, OIMUOOK, Oy 9€HHAS OT
BXOJIOB HEHPOHOB CJIEMLYIONIErO CJIOs (3/1eCh U JaJjiee MOJL «CJICLYIONIM >
[OHUMAETCSL CJI0H ¢ GOJIBIIMM MOPSIIKOBBIM HOMEPOM ).

« OmmbKka BBIXOIHOTO CJIOs BhIaucisiercs B yaiae ErrY. Ha mepsorit Bxoz
yana ErrY mocrynaer moTok JaHHbIX ¢ (1ieJieBble 3HAUEHHs), a Ha BTODOIl
BXOJ— JlaHHbIe U3 y3ja FrwF (3Hadenus DYyHKINM aKTUBAIUU JIJIs1
HEIPOHOB HoCJeHero ¢Jiost). B y3zise ErrY Boraucisiercsa GyHKIus
OIUOKM, B OMUCHIBAEMON pean3alini aJropuTMa BbIOpaHa (OyHKITHS
Pa3HOCTU MeXKJy IIeJIeBbIM U BBIXOJHBIM 3HAUEHUIMU.

« B3Bemennas cymma ommbOOK OT BXOIOB HEPOHOB CJIEIYIONIETO CJIOS
BBIUMCJIACTCA IIyTEeM allllapaTHOIO CYMMUPOBAHUA JAHHBIX, IOCTYIAIO-
mux u3 y3na ErrW. B y3ie ErrW BoIOHSIETCA Onepariust yMHOXKEHUST
ommbKU HeHpoHa cJeyromero ¢jios (aybaupyemoit u3 ysia BkwE) Ha
3HAYEHUE COOTBETCTBYIONIEro BecoBoro koadduimenta (HOTOK JAHHBIX
W). TonoaHUTENbHBIM apIyMEHTOM JJIsl AllllapATHOTO CyMMUPOBa-
HUs ABJISETCs OTOK HYJIeBbIX 3HAYEHUH, 3aa01uii (B KPATHOCTH )
KOJINYECTBO CJIAraeMbIX.

» 3HaueHre OMUOKU BBIXOIHOIO CJIOSI UJIM B3BEIIEHHOM CYMMBI ITOCTYIIAeT
Ha IPOMEXKYTOYHBIN y3esa SumE, KOTOpEBIA neperaeT HMOJIydYeHHBI MOTOK
JIAHHBIX Ha BTOPOI BXO/J y3Jia BkwE.

B yzyne BRwE mpom3BOAUTCS ONEpaIius YMHOYKEHUS MTPOU3BOIHOMN
dbyHKIME akTUBannu Ha OmuOKY. Pesynbrar onepanun m1ybmpyercs:
HAIPABJIAETCS Ha BTOPOil BXOJ y3Jsia BkwW 11t pacdeTa ommbKN BECOBOTO
koaddunmerTa u Ha y3ea ErrW s ciieayrommeil nrepaiyuy BoIYACIeHUi
BTOPOr'O ITAlla.

Ha mpemvem smane anzopumma TPOU3BOINTCS BLIUNCICHNE OIMHOKH Be-
COBOTO KO DUIIIEHTA, Efi (1) JUI KaKJIOT'O BXOJIa B KaXKJIOM HEHpPOHE B
KazKJI0OM CJIOE€, OTHOCANIUXCA K KazKJI0OMY OT/ICJIbHOMY TE€CTOBOMY 06pa3uy B
TEeKyHIeM 6aqu. BI)ILII/IC.HGHI/IG OCYIIECTBJIAECTCA IIyTEeM YMHOXKEHUSA 3HaAYCHUA
Hefipona (KOTOpoe HpecTaBsieT coboii pesybrar GyHKINA AKTUBAIUE) HA
BEJIMYINHY ONMOKU HEHPOHA.
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- Ha Bxox y3na BkwW mocTymaroT JBa MIOTOKA JTAHHLIX: OJWH C Y3714
FrwF npecraBisionuit codoit 1ybupoBaHue pe3yJIbTaTa BIYUCICHUS
QYHKIINN aKTUBAIIN, U BTOPOit ¢ y37a BKWE, comep:karmuii mH(MOPMAIIIIO
00 ormubke HeWpoHa.

« B y3e BkwW ocyIecTBsieTcst pacder OommmuOKKM BecoBOro KoaddurimenTta
IOCPEICTBOM YMHOXKEHUS 3HAUYCHUsT (PYHKIINN AKTUBAIIUA HEHPOHA
MPEJIBIIYIIEro CJI0si Ha BEJIUYUHY OIMOKN HEHPOHA TEKYIIEro CJIOsi.

« Pesynbrar Borauc/ieHuns ommudKNn BeCOBOTO KO3 DUIMEHTa Tepe1aeTcs Ha
y3eJ1 SumW mocpeCTBOM aNlapaTHOro cCyMMupoBanus. JIONOTHITETHHBIM
apryMeHTOM JIJIsl alllapaTHOTO CYMMHUPOBAHUS SIBJISETCS TOTOK HYJIEBBIX
3HAYEHUIT, 3aa01Iuii (B KPATHOCTH) KOJIMIECTBO CJIAraeMbIX, DABHOE
YUCJIy TECTOBBIX 00Pa3IoB B Oarde.

Yemeepmuili a3man aazopumma BKIOYAET B ceOS OOHOBJIEHINE BECOBOTO
koabdurmenta WOHL (1) a1s Kask10r0 BXOA B KarK/I0M HefipoHe KayK 10r0
ciost. Pacger HOBOTO BECOBOTO KO3 DUIIHEHTA OCYIIECTBIISIETCST TIOCPEICTBOM
KOPPEKTUPOBKHU TEKYIIIEro 3HAYEHUsI HA YCPETHEHHYIO OIMUOKY 9TOTO
BecoBOro KoadduIimenTa, pacCInTAHHYIO 110 OTIEJBHOCTU JIJIsT KaXKI0r0
TECTOBOTO 00pa3Ia B TEKyIneM baTde.

e Pegysbrar ammaparHoro cyMMUpPOBAHUs OMIUOOK, PACCIUTAHHDBIX JIJIsI
KaKJIOr0 TECTOBOrO 00pasiia B TeKyIeM 0arde, HHUIUUPYET aKTHBAIIIO
IIPOMEZKYTOYHOI'0O y3Jja SumW, KOTOPBIi IepechbliaeT II0TOK JAHHBIX Ha
BTOPOI BXOJ, y3i1a NewW.

« Ha nepsbiii Bxoj y3/a NewW [oCTymamT akTyajibHbIE 3HAYEHHS] BECOBBIX
K03 durimenTos.

« HoBoe 3nauenme BecoBoro K03 uImeHTa onpeIeasercs: IyTeM MOJIM-
duKauy TEKYIIEro 3HAYEeHNUs] HA BeJIMYNHY, PABHYIO [IPOU3BEIEHUIO
YCPEeIHEHHOI OmMMrOKN Ha KOIMPUITNEHT 00yIEHUST (.

« Pesynbprar KOppeKImn mepegaeTcs Ha COOTBETCTBYIONIUE BXOJIbI Y3JI0B
FrwD, ErrW u NewW, 9TO OOHOBJISIET TIOTOK JIAHHBIX HA 3TH y3JIbI HOBHIMU
snavenuamu. [Ipu 9TOM, B mporecce B3anMOIeCTBUS TPEIBLILY TITIX
KO3 DUIMEHTOB ¢ COOTBETCTBYIOIMIMMU JTAHHBIMU IIPOUCXOIUT ITOCTE-
IIEHHOE CHU2KEHUE WX KPATHOCTHU, YTO IPUBOIUT K YJIAJIEHUIO STUX
K03 GUIMEHTOB HENOCPEICTBEHHO Iepe/i OOHOBJICHNEM 3HAYEHUIT. DTO
[IPEIOTBPAIAET HAKOILIEHNE «MYCOPHBIX» JAHHBIX B IIAMSITH.

e IToroBbIM pe3ysIbTATOM YETBEPTOIO ITAIA U BCETO AJTOPUTMA SIBJIfA-
ercsa nepeqpada Ha XOCT-Mammay oOHOBIEHHBIX 3HAYMEHUIT BECOBBIX
KO3 DUITNEHTOB, PACCIUTAHHBIX JIJIs TIOCJIEIHEIO OATUA.

AJsiroput™ MOXKeT OBITH OIKMCAH CJIEIYIOIIUM 00Pa30M: JJIsI KazKI0r0
TeCcTOBOro 06pasia (MOTOK JAaHHBIX X ) BBIIOJHIETCS IPOIELYPa IPIMOrO
pacupocrpanenus (y3isl FrwD u FrwF), pe3y/braroM KOTODPOIl SBJIseTCs IIOTOK
JIAHHBIX Y. DTOT pe3ysIbTaT CPABHUBAETCS C II€JeBbIM 3HAUEHUEM (ITOTOK
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JIAHHBIX ) T€CTOBOro 06pasIa, 1nocje 4ero y3es ErrY BblYuc/sieT OMUOKY
BBIXOJIHOT'O CJIOHI.

OmmbKa 3areM 1OC/Ie0BATEIBHO PACIIPOCTPAHSIETCST B 00PATHOM HAIPaB-
JIEHUU OT IIOCJIEIHETO K IIEPBOMY IIPOMEKyTOdYHOMY cjoio. [Iporecc obpaTHOro
PACIIPOCTPAHEHUS OIMIMOKY JJIsi KAYKI0I'0 TECTOBOIO 00pa3a OCyIIeCTBISIeTCsI
LO3TAIIHO, TJe JJIsl KasKJIOr0 CJIOs PACCUUTBIBAIOTCH OmuOKu Heiiponos (BKwE,
ErrW, ErrY u SumE) u omubku BecoBbix Ko3dgdurmentos (BkwW). O6HOBICHIE
KaxKJ0ro BecoBoro koddduimenta (y3es NewW) BBIIOJIHIETCH HE3ABUCUMO U
cymmupyercs (y3esr SumW) Ha OCHOBe OMIMOOK JIAHHOTO BECa, PACCUUTAHHBIX
JI7ISI KaKI0T0 TECTOBOTO 00Opasiia B TEKyIeM obpadaThiBaeMOM OaTde.

Bazkupim acmekToM JII060TO TOTOKOBOTO aJTOPUTMA SIBJISIETCS YIIPABJICHUE
KOHTEKCTOM (hOPMUPYEMBIX M MOCTYIAKNIINX JAaHHBIX. B padore [1] moguepku-
BaETCs 3HAYNMOCTD M CJIOXKHOCTH Pa3pabOTKHU CTPYKTYPHI KOHTEKCTa, KOTOPA,
OJTHAKO, MOYKET OBITh YIIPOIIEHa ITPU MCIOIb30BAHNN (POPMYJT B KAIeCTBE
OCHOBBI 7151 (POPMUPOBAHUS KOHTEKCTA.

Ananuz dhopmyssl (1) ykaspiBaeT Ha HEOOXOAUMOCTb BKJIOUEHHs B KOH-
TEKCT CJIEAYIOMUX IoJieit: L i npaenTuduKanu CJiosi HeiipoHa, j st
UIeHTUDUKAIINT HEHPOHa, § I UAeHTUPUKAIINN BXOAa HeHpoHa, b miis
naeHTUUKAIIN OaT4da U d 11T WIeHTH(OUKAIINA TeCTOBOro obpasma. Kpome
TOI'0, MEXaHU3M «CKBO3HOI» Ilepeady 3HAYEHUH, UCIIOJIb3YEeMbIil B aJlrOpUTMe
MIPSIMOTO PACIIPOCTPAHEHMN S, TAKXKe IPUMEHSIETCsI Ha PA3JIMIHBIX ITAIAX
aJITOpUTMa OOPATHOTO PACIIPOCTPAHEHUs OMMUOKM, ITO TpedyeT a00aBIeHMs
B KOHTEKCT OTJEIBHOTO MOJIs JJIsi MACKUPOBAHUS U TI€PEIadl 3aKOIMPOBAHHBIX
3HAYEHUIT IO TEIEBBIX Y3JI0B.

Nroroserit hopmar KOHTEKCTA, IPUMEHUMBLI KO BCEM TOKEHAM 33/(a4H,
KaK HAYAJIBHBIM, TaK U (DOPMHUPYEMBIM B IIPOIECCE BBITOJHEHHST TPOIPAMMBI,
BKJIIOUaeT 1ecTb nojeii: d (uumekc recroBoro obpasua), b (uniexc 6arya),
n (moJie JUIsi «CKBO3HOI» mepejadn JaHHbIX), L (MHIEKC ciost), j (MHIeKe
HellpoHa) u ¢ (HOMep BXOJA).

2.2. OnuncaHne NporpaMMHOro Koga anropuTtmMa Ha si3blKe BbICOKOrO
YPOBHSI

Ha pucynke 3 mpejicTaB/ieH TpOrpaMMHBII KOJT aJropuT™Ma 06paTHOTO
pacmpocTpaHeHus OIMUOKU, PeaIn30BAHHBIN Ha si3bIKe BHICOKOrO ypoBHsi DFL.

Crpykrypa koma Ha si3bike DFL BrIO9aeT OJIOK OIMCAaHUS TUIIOB U
KOHCTAHT, & TaKXKe CIIMCOK HE3aBHCHUMBIX IIPOrPAMMHBIX y3JI0B. Kakibrit
IIPOrPAMMHBIN y3€JI COCTOUT U3 3aTr0JIOBKA U ITOCJIEIOBATEIHHOCTH KOMAHT,
06paboTKU JIAHHBIX (ApPIyMEHTOB y3Jjia, KOHCTAHT ¥ JINTEPAJIOB) M KOHTEKCTA,
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KOMAH/I 11epexo/ia (BHYTPU y3JIa) U CHENUuaIbHOM KOMaH bl (hOPMUPOBAHUS
TOKEHOB, IIPeTHA3HAYCHHON /1Jist (POPMUPOBAHUSA U [ePeIadn JTAHHBIX B JIPYTOi
y3eJI.

Onnoit u3 3aza4 paborsl [1] 6bLTa JeMOHCTPAIUS IPOIECCA PEAIU3AIIN
moTokoBoro ajropurma Ha sizbike DFL. B pabore oObsicHsAIaCH JTOTUKa
npuMeHeHus anmapaTabix BodMmoxkHocTeil [ITIBC u pasauyubix THUIOB B3a-
UMOJICHICTBUSA TOKEHOB, UTO MO3BOJISIET YIPOCTUTH ITPOTPAMMHEBIN KON, 1
ONITMMU3UPOBATH €0 BBIMIOJHEHNE. DTU BO3MOXKHOCTU TaKKe UCIOJIb30BAJIUCH
IIPYU peain3aliui aJrOPUTMa 0OPATHOTO PACIPOCTPAHEHUS OIIHOKH.

AnmapartHoe cyMMUpOBaHUE JIAHHBIX B IIPOIECCOPE COMOCTABJIEHUI TIpUMe-
HSIETCSI JIJIsi HAKOILJIEHWs IIPOU3BEJIEHUI Ha BXO/le HEWpPOHA, JIJIsi HAKOILJIEHUSI
MIpOU3BEIEHNUT 7SI pacteTa OMMUOKN HeffpoHna u st cbopa ommbOK BECOBOTO
k03 durmenTa (pacCINTAHHBIX JJTsl 33 JAHHOTO IHCJIA TECTOBBIX 00PA3IOB)
C TIEJIBIO OIIPEJIEJIEHIS HOBOIO 3HAYEHUS ITOTO BECOBOrO KO3 duUIneHTa npu
00paboTKe TECTOBBIX 00PA3IoB B ciaeayiomieM barve. [Ipusnak dgrouped
(«IBOMHOI MPYIIIOBOI» ) IIPOIPAMMHOIO y3JIa Peajii3yeT CXeMy B3auMoiedcTBus
JIByX TOKEHOB [0 IPABUJIY «KaXKJblil ¢ KaXKJbiM» (IIPU COIIOCTABJICHUU JBYX
TOKEHOB (POPMUPYETCsl TOJIBKO OJIMH MAKET) U UCHOJB3YETCS JJIsl BEIYUCJICHUSI
TOJIBKO OJ[HOTO IIPOU3BEICHUs JJisl Iaphl apIyMEHTOB Ha y3jax FrwD (Beca u
3HaYeHusl HelipoHOB), ErrW (Beca n ommbKu HeHpOHOB) U BkwW (3HaUeHUs n
OMmMOKN HEHPOHOB).

Baxxnoit gacThio peamu3anuu TPOrPaMMHOTO KOJa SIBJISIETCS COTJIACOBAH-
HOCTh (POPMATOB KOHTEKCTa U UMEH ITPOTPAMMHBIX y3JIOB ¢ HAYAJILHBIMU
JAHHBIMH, [ICEBIOKOJ (DOPMUPOBAHUS KOTOPBIX IIPEJICTABJIEH Ha PUCYHKE 4.
IIpu onucanuu mporpaMMHOTO KOJ@ /Jisl TIOTOKOB HAYAJIbHBIX JIAHHBIX, HAIIPAB-
JIEHHBIX HA BXOJIbI y3JIOB, B YIVIOBBIX CKOOKAaX yKa3bIBA€TCs HOMED CTPOKHU Ha
pucyHKe 4, T7e 3aKOJINPOBaHa JIOTUKA ITIOCTPOEHUS ITOTO MTOTOKA JAHHBIX.

Dran npsimoro pacnpocrpaneHusi. Onucanue IpOrpaMMHBIX y3J10B
FrwD u FrwF uIeHTHYIHO ONMCAHUIO aJITOPUTMa, TPSIMOTO PACIIPOCTPAHEHUS. VY 3€7T
FrwD BbImosHsIET omepannio yMHOKEHNST BECOBBIX KO3 (DUIMEHTOB Ha, TAHHBIE
TECTOBBIX 00pAa3IoB 1 3HavYeHUs HeiipoHoB. OH mMeeT IBa BEIeCTBEHHBIX
aprymenTa w u h ¢ koHTekcToM dopmara F1l, onpenesleHHbBIM B HadaJje
KO/Ia IIPOTPaMMBI IIOCJIE€ KJIFOUEBOTO CJIOBA type. ¥Y3es 00JiagaerT Tpu3HAKOM
«JIBOVHON I'PYIIIOBOM».

Koz yzna FrwD cocTouT U3 eMHCTBEHHON KOMAaHIbI, (DOPMUPYOIIEit
TOKeH. B 310l KOMaHjie pe3y/IbTaT YMHOXKEHUsI BXOJHBIX apI'yMeHTOB w U h
nepegaeTcda Ha BXOJ y3Ja FrwF nocpeacTsoM alapaTHOrO CyMMUPOBAHUA
(upuznak £ sum). Kourekct remepupyeMoro TokeHa UICHTUYUEH KOHTEKCTY
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IMaKeTa, aKTHUBUPOBABIIETO TTPOTPAMMHBIN y3€eJ1, 38 UCK/IIOUeHUEM OOHYICHUS
[I0JI j U IIepEeHOCa 3HAYEHUs] NWHIEKCA HepOHa B MOJIe {. DTO U3MEHEHHE
OCYIIIECTBJISETCH JIJIsl ONTUMUBAIINY PACIIPEJIeIeHUs BBIYNCIEHNIT, KOTOPhIE
IIPOBOJISITCA 110 TIoJisiM L i 4.

Axrusarus y3ima FruD Ha HaYaJbHON CTAIUN 00ECIIEYNBAETCS TOCPEICTBOM
B3aUMOJIEHCTBUS BECOBBIX KOI(DMUIIMEHTOB U TECTOBBIX JAHHBIX, OTHOCSIIIXCS
KO BTOPOMY (IIEPBOMY IIPOMEXKYTOUHOMY ) cJior0. Ko jyist renepanuu HaqalbHBIX
3HaYEHUN BeCOBBIX K03dbduimenToB npuseieH B <4>. B dopmupyemom Toxene
sIBHO YKAa3bIBAIOTCS WHJIEKCHI OaT4a, CJIOsA U BXOJIa HEepPOHA.

Howmep TecroBoro o6pasna oOHYJISIETCSI U MACKUPYETCs JIJIsl 00eCIe e s
IPYIIIOBOTO B3aUMOJIEHCTBYS CO BCEMU TECTOBBIMU O0OPa3IaMU YKA3aAHHOIO
barua. Hnekc HeifipoHa TakyKe OOHYJISIETCS M MACKUPYETCH I 0DeCIeIeHust
B3aMMOJIECTBUAA HA YKA3AHHBIX BXOJAX BCEX HEHPOHOB 3aJAHHOIO CJIOS.
PesepBroe nosie n MaCKUpyeTCss M UCHOJB3YETCS JJIsi «CKBO3HON» Iepeiadn
3HAYEHUS IUCJIa HEHPOHOB B CJeytomieM cjoe. Kparnocrs (hopMupyemMoro
TOKEHa, yCTAHABJINUBAETCS PABHOI pa3dMepy 6arda, 4TO rapaHTUPYET ero
V/IAJIEHHE TI0CTIe B3aUMOJEHCTBUSI ¢ COOTBETCTBYIONIMMU JAHHBIMUA BCEX
TECTOBBIX 00OPAa3IOB B barde.

Kon mst reneparium TecToBBIX JaHHBIX TpuBeseH B <1>. B dopmupyemom
KOHTEKCTE $BHO YKA3bIBAIOTCH MHIEKCHI TECTOBOTO 00pa3ia u 0arda, WHIEKC
CJIOS1 YCTAHABJIUBAETCS PABHBIM 2, & MOPSIKOBBIM HOMED JTAHHOTO U3 MACCUBa
TECTOBBIX JIAHHBIX YKa3bIBAETCS B IOJIE ¢, IIOCKOJIBKY JIJIT HEHPOHOB BTOPOTO
CJI0sl 9TOT HOMEP OTHOCHUTCS K IpeplayiieMy (mepsomy) cior. KparHocrs
TECTOBBIX JAHHBIX yCTaHABJINBAETCA PABHOH YHMC/Iy HEPOHOB BO BTOPOM CJIO€.

Takum obpazoMm, B <4> peajusyercs HGOPMUPOBAHNE BCEX BECOBBIX
K03 DUIUEHTOB JIJIsT B3AUMOJIEHCTBIS C JIAHHBIME BCEX HEHPOHOB, MOJTYIEHHbI-
MU B TIporecce 06paboTKN BCEX TECTOBBIX 0O6pa3IoB HAYAIBHOTO Oarda, a
B <1> peanuzyercs hbOPMUPOBAHUE JIAHHBIX BCEX TECTOBBIX 0OPA3IOB J1JIsl
B3AMMOJIEHCTBHSA C BECOBBIME KOI(MDMUIMEHTAMI, OTHOCAIIAMECS K HEAPOHAM
BTOPOTO CJIOS.

IIporpammustit Moysib FrwF, TOMUMO BBIYUC/TEHUST (PYHKIINN aKTUBAIINAN,
TaKKe UCIIOJIb3YeTCsl JIJIsi pacdera, MPOM3BOAHON (DYHKIIMY AKTUBAIUNA. DTOT
[IpUMep HAIVISTHO UJITIOCTPUPYET PA3JIndns MEXKY TPAIUIIMOHHON U TOTOKOBOI
MOJIEJISTMU BBIYUCIJICHUH.

B rpamummonmnoit Moiein BEIMUC/IEHIN HHAITHATOPOM BBIYUCJICHUN ABJISIET-
¢ OTpeduTeNb JAHHBIX - JJIsI HOJIyUYeHns 3HAYeHNsT (DYHKIIUNA AKTUBAIII
BBI3BIBAETCH COOTBETCTBYIOIIAs (PYHKINS, KOTOpas BO3BPAIIAET PE3YIbTAT,
paccUuTaHHbIIl Ha OCHOBE IIepe/IaHHOIO B Hee apryMeHTa; JJIsl 110y YeHUs
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3HAYEHHUs ITPOU3BOAHON (DYHKIINN aKTUBAIMH BBI3BIBAETCS JPyTras QyHKINIO,
KOTODAs! BBIIOJIHSIET NHOM HAOOD BBIYUCJIEHHUHN JJIsl TOTO Ke apryMeHTa. Takum
06pa3oM, B TPA/IUIIMOHHON IIPOrpaMMe JIJIsl JIBYX PA3JIMUIHBIX II0CJIEI0Ba-
TeJbHOCTEH 06PabOTKM OJIHOTO U TOT'O YK€ apryMEHTa UCIOJIb3YIOTCS JIBE
pasHble DYHKIUH: OJ{HA JJIs BBIYUACIEHNsS (DYHKIMKA aKTUBAIMN, APyTasd — JJIsd
BBIYHCJICHNS] €€ IIPOU3BOIHOM.

B norokoBoit napagurme moHsTHE 3a1TPOCa JAHHBIX OTCYTCTBYET, & MHUIHA-
TOPOM BBIYHCJIEHU BBICTYIIAET UCTOYHUK HaHHBIX. [Ipu pacuere dpyHKIMU
AKTUBAIMK U €€ TTPOU3BOJIHON YKA3BIBAIOTCS MOTPEOUTE N 00padaThiBaeMbIX
3HAYEHUH, YTO MO3BOJIACT NHTErPUPOBATH B OJHOM IIPOrPAMMHOM MOJIYJe JBe
pa3JIMYHbIE ONEPAINN HAJL OJJHUM U T€M K€ apryMEHTOM. DTO MO3BOJISIET
ONITUMU3APOBATH BBIYUCJ/IEHUsI, IOOABUB B KOJI IPOrPAMMHOIO y3ja FruF
olpe/iesieHne 3HadeHusl nepeMennoin dReLU (HpOI/ISBOﬂHaH QYHKIMK aKTHBAIMN
ReLU), mepematy TOro 3sHadeHust Ha y3es BkwE u qyOiaupoBaHne 3HAYMEHUS
dyuxmm aktusanun ReLU He TOIbKO Ha y3esa FrwD, o u Ha y37sl ErrY u BkwW.

Kontekcr Tokenos, dhopmupyemsix B y3ie FrwF, cocTaBiisieTcss B COOTBET-
crun ¢ dopmyioii (1). Obiast yacTh KOHTEKCTA JIJIsl BCEX YeThIPEX TOKEHOB
BKJIFOYAET TPUHA/JIEXKHOCTD JAHHBIX K TOMY Ke 6aTday (moJe b) m TecTOBOMY
obpasiy (mose d), 410 U cyMMy IpousBejeHuil Ha Bxoje y3ia. OCHOBHbBIE
pas3yinyms KacaloTcd IPUHAJIEKHOCTH IIePEJaBaeMbIX JAHHBIX K ¢JI0I0 (mose L)
¥ UX MO3UIMOHUPOBAHUS B 9TOM CJIO€ — OTHOCSATCS JIX OHU K HEHPOHY B 3TOM
CJI0e WM K BXOJaM KaXKJIoro Hefipona ciog. IIpu nepenade 3nadenus dyHKIun
akTuBaIuu B y3es FrwD mpomssomurcs pacuer H jL, OTHOCUTEJIBLHO WHJIEKCAIUU
KOTOPOTO pacdeT (DYHKITMH aKTABAIIUU BBIIOJHSJICS HA MPEIBIIYIIEM CJIOE.

B pesysbrare nomep ciios (L) HHKpEMEHTUPYETCs, a 3HAYCHNE HOMEPa
HelpoHa TIOMeIIaeTcs B [OJIE 4 JIJIsT IPUBSA3KK K BXOJaM HelipoHa. AHaJIOrmIHbIi
WHKPEMEHT HOMEpa CJIOf OCYILIECTBJIAETCA IIPU liepeade 3HadyeHus B y3es BkwW
JIJ1s1 BBIYUCJIEHHUS OIMUOKN BECOBOro KO3 DUImeHTa @]Li, IpU 9TOM HOMEP
HellpOHa pa3MellaeTcs B COOTBETCTBYIOIIEM II0JIe j.

KparaocTh 060X TOKEHOB, TIepeiaBaeMbIX B y3/bl FruD u BkwW, onpe/e-
JISIETCsT 3HAYEHUEM TIOJIA N, Yepe3 KOTopoe Tpu (POPMUPOBAHUH BECOBBIX
K03 PuUImenToB <4> mepenaeTcs KOMMIeCTBO HEHPOHOB, 0003HATAIONIEE TNCIIO
B3aMMO/IEHCTBHI IMepeIaBaeMoro 3HaYeHNs ¢ BECOBBIMEU KO (DUITMEHTAME Ha,
caenyiomeM cioe. Mupekcarnust oyt L mpu miepejiatie TOKEHOB Ha y3Jbl ErrY u
BkwE ocTaeTcss HEM3MEHHOM, TaK KaK 3TH Y3Jbl YIACTBYIOT B PACUeTe OIMMUOKHN
HelipoHa EJL, re uHaeke L ¢ 0benx CTOPOH paBeHCTBa WaAeHTHYEH. KpaTHOCTh
0060MX TOKEHOB pPaBHA eJIUHUIIE, ITOCKOJIbKY 00a IepelaBaeMbIX 3HAUEHUS
(pe3ysbTar IpsIMOro pacrpocTpaHeHus Ha y3es ErrY u npoussBogHas QyHKIUH
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AKTHUBAIMU Ha y3es BKWE) UCHONIB3YIOTCH B KAXKJOM 33J[AHHOM HEfpOHe CJI0st
TOJIBKO OJIUH Pa3.

DTan BbIYNCIeHUs omnbku HeiipoHa. Omubka HeitpoHa ?f BBIUUCIS-
eTcs I KaXKJI0ro HEHPOHA KaKJ/IOTO CJIOS OIUH Pa3 U UCIIOJIb3YETCS JIIst
pacdera OIMMOKN BCEX HEHPOHOB MPEILIYINEro CJI0s B IpoIecce 06paTHOrO
pacmpocTpanenus 1o rpady mepcentpora. HadampHbIH 9Tam pacdera ommbOK
HEIPOHOB OIPEJIEJISIETCsT BEIYUCICHIEM OMIMOKY BBIXOJIHOTO CJIOSI.

DTOT pacyer BBIIOJHSETCs B y3je ErrY, Ha OJuH U3 BXOJOB KOTOPOI'O
[IOCTYyIIaeT pe3yJIbTaT BBIYUCIEHUs (DYHKIUM aKTUBAIIUU JJIs HEAPOHOB
HOCJIEHETO ¢JIog B y3je FruF (mojie n yCTaHOBJIEHO B HyJIb, 9YTO yKA3BIBAET
Ha OTCYTCTBHE HEHPOHOB B CJEAYIOIIEM CJIO€, CJIeIOBATEJbHO, TeKYIIUNi
CJION ABJISETCH HOC.)IG,ZLHI/IM). Ha npyroit Bxon y3na ErrY mojaercs 1eseBoe
snavyenne <3>. Korrekcr 1eneBoro 3uavuerns GopMupyercss TaKUM 00pa3oM,
9TOOBI UCKJIIOYUTH BIMsHIE HOMepa OGarda (1oJie b MacKupyercs ), a moJje n
HCIIOJIb3yeTcd Jjid IlepeJlady 3HadeHuil, B KOHKPETHOM cjiydae, /I Iepegadu
B y3eJ1 BkwE KomdecTBa HEIPOHOB B IIPEAIIOCTICTHEM CJIOE.

ITocnenyromuit pactueT onmmbOK HEHPOHOB OCYIIECTB/ISIETCS HA OCHOBAHUH
3HAYEHUN OMUOOK, MOIYIECHHBIX HA MPEIbIYINEHl NTepaIlnu 3aMKHYTOrO IUKJIA,
KOTOPBI COCTOUT U3 IIOCJE/I0BATEIbHOCTH y3J10B BkwE — ErrW — SumE —
BkwE. Kaxkas urepaius 1uKIa HATHHACTCS € Tepeadn B y3es ErrW 3HadeHus
OMMOKY HeHPOHAa, BEIYMCIEHHOIO HA TPEIBIIYINell UTePAIUH, U MOCIEIYOMIEro
YMHOXKEHUS TON OMMOKN Ha TEKyIlee 3HAYeHNe COOTBETCTBYIOIIEIO BECOBOIO
ko3 durmenTa.

Konrekcrsr n kpaTHoCTh OMmMMOKE B y37e BKWE 1 BecoBOTO KO3 uImenTa
<6> hopMHUPYIOTCS TAKIM 00pa30M, YTOOBI O0ECIIEYNTH B3AUMOJENCTBIE
KaXKJI0# OIMMOKM HeWpOoHa CO BCEMU BECOBBIME KOI(DDUIMEHTAMI Ha BXOIAX
JIaHHOTO HelpoHa. JIJist 9TOro KpaTHoCTh ONMOKHM HEPOHA YCTAHABJINBAETCS
PABHOI YKCJTy HEHPOHOB MPEIBIIYIIEro cJiost (3HaYeHne (DUKCUPYETCs B TI0JIE
n), & UHIEKC HeHPOHA, C NEJbIO0 ONTUMHU3AIMA PACIPEIIeHAs, PA3MEIaeTCsl
B noJie i. Kpome Toro, B ysyie BkwE y BecoBoro KoaduimeHTa MacKupyeTcst
HOMED TeCTOBOro 00pa3Iia, a KPaTHOCTh YCTAHAB/IMBAETCS PABHON pa3Mepy
6aTva. DTO HO3BOJILAET JIOKAJIN30BATh U JyOJUPOBATH IE€PeaBaeMoe 3HATCHIE
[P pacyerax BCEX TECTOBBIX 0OPA3IOB TEKYIIEro darda.

Pesynabrarer BeimosHenns y3ra ErrW rpynmupyioTcs mo HeifpoHaM IIpeIbl-
JIYIIEro CJIod C IIeJILIO IIOCJIeAYIONIero CyMMUPOBaHus IIPOU3BEJ/ICHUN U
Iepeiadu UTOrOBOIO 3HAYEHUS HA CJIEYIONLYI0 UTEPAIMIO ITUKJIA. [ pynnupoBka
IIPOU3BEJIEHUI OCYIIEeCTB/IAETCA IOCPEJCTBOM JIeKpeMeHTa HOMepa CJI0s U
dukcanun HOMepa HefipoHa B 10J1€ ¢ (UTO (haKTHIeCKH OBIIO BBIIOJHEHO HA
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TIPEIBIIYIIEM dTalle, KOTr/ia 3HAYEHNsT HOMEPOB HeHpOHa 1 BXOJa HEHpPOHA ObLIN
[epecTaBIeHbl MECTAMU JJIsl 0OECIIeYeHnsI KOPPEKTHOTO B3aNMOIEHCTBIS
¢ omuobKoii HelpoHa).

KomuyecTBo cimaraemMbix B almmapaTHOM CyMMUPOBAHUU OIPEJIEIIETCS
B <8> W COOTBETCTBYET YUCTYy HEUPOHOB B MPEJBIIYIIEM CJIOE OTHOCHTETHHO
HEIpOHa, JJIsi KOTOPOro BhrymcseHa ommbOka. [losmyuennas cymma mepemaercs
0e3 m3menenwuii yepe3 y3es SumE B y3es BkwE, rie oHa yMHOXKAETCS Ha
IPOM3BOJHYIO (DYHKINK AKTHBAINH, PACCINTAHHYIO IJIs COOTBETCTBYIOIIETO
CJI0s1, MHUIUUPYS HAYAJIO CJEIYIONIell NTEPAINN IUKJIA BBIYUCIEHNUs ONIIOOK
HEpPOHOB.

DTan BBIYUCIEHUS OIMMNOKN BecoBOro kKosddurmmenrta. OmudKa
BecoBOro KoabdurmenTa E]Li SIBJISIETCS 9aCThIO IIPOIIECCA BBHIYHUCIIEHUST KOPPEK-
IUU BECOBOTrO Kod(ddurmenTa, KOTOpasi peaan3yercs: Ha [OCIe/LyONeM JTalle
[IOCPEJICTBOM OIIPEJICJIEHIS CPE/IHEN OMMOKN 9TOr0 BecOBOIroO KoddduimenTta
JIJIst BCEll COBOKYITHOCTH TECTOBBIX 00pas3noB Tekytero barda. [Ijis pacaera
UHIUBUYAIHHOM OMMOKH BeCOBOTO K03 MUIMEHTA IIPUMEHUTEIBHO K KAXKIOMY
TECTOBOMY 00pa3ity B y3je BkwW oCyIecTBIIseTCst Onepanns yMHOKEHIA OIMu0-
KU YKa3aHHOI'O HeHpOHa Ha 3Ha4eHHe (DYHKINHM AKTHUBAINU, COOTBETCTBYIOIIEE
HEWPOHY IPEIBIAYIIErO CJI0si U aCCOIMUPOBAHHOE C YKA3aHHBIM HEHPOHOM
BECOBBIM KO3 PUITHEHTOM.

B coorsercreun ¢ dopmysoit (1), ungekcanus ommbKu BecoBoro Koaddu-
nueHTa (OPMUPYETCsi Ha OCHOBE KOMOMHAIMY UHIEKCOB (DYHKIIUU aKTHBAIUN
(4) m omubku meitpona (j). Takum 06pa3oM, KazKIbIi JIEMEHT U3 IIOTOKA
nmanubix H (byHKIuu akTUBAIMN) B3aUMOJEHCTBYET ¢ KaXKIbIM JIEMEHTOM U3
HOTOKa JaHHBIX S (OmubKH HEHPOHOB).

DTOT TUI B3aUMOJIEHCTBUST «KAYXKJBIH ¢ KAXKJIBIM» AHAJOTHYECH Y3JIaM
FrwD u ErrW u obecriednBaeTcsi almapaTHbIM IpU3HAKOM dgrouped, a TakxKe
CJIeTyTOTIIMHY TIPABUJIAMY COCTABJIEHUST KOHTEKCTOB M KPATHOCTEH JIst 000mX
noToKoB JMaHHbX. Homep TectoBoro ofpasmna (mose d) u ungeke Garya (mose b)
OCTaXOTCd HEU3MEHHbIMMU JIJIA O6OI/IX IIOTOKOB JIaHHDBIX. HOI\/Iep CJIOSd (IIOJ'Ie L)
JIJIsI TIOTOKa OIIMOOK HEWpPOHA TaKKe OCTAETCsSI HEM3MEHHBIM OTHOCUTEIBHO
HOMeEpA, CJIOsI, JIJIsT KOTOPOI'O PACCYUTHLIBAETCS OIMIMOKA BECOBOIO KO3 (DHUIMEHTA.
st moToka (DyHKIMI aKTUBAIIMA HOMED CJIOsi MHKPEMEHTHUPYETCsl, TaK KaK
TpedyeTCst MPUBEJICHUE JAHHBIX K €JIUHOMY aJPECHOMY MPOCTPAHCTBY, a
COOTBETCTBYIOIIIE PACCINTAHHBIE 3HAYEHUsT (DYHKIUH aKTUBAIUN OTHOCITCS
K HEPOHAM HPEJBIAYIIEro CJI0sd, 4TO HOATBepKIaercs uHuekcom (L — 1) upu
ungexcanuun H B dopmysie (1).

Boustee cioxuoit 3aadeit sBiseTcst KOMOMHAIINST WHIIEKCOB PE3YJILTHPY-
OITEro TponsBeneHnst (hakTUIeCKH, NHIEKCa BXoja HelipoHa) U3 HOMepa
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HelpoHa, I KOTOPOr'o paccunTaHa (DYHKIMA aKTUBAIMN, 1 HOMeDPa HEWPOHA,
JIJIsi KOTOPOTO paccuuTana omuoka. s mepBoro noroka manabix H 3HadeHue
HOMeEpa HellpOHAa IIOMEIAETCs B I0JIe j, a JJIsi BTOPOro IMOTOKA, JAHHBIX S —
B nojie n. [Ipu aTom mosist n 1 j MaCKUPYIOTCsi, YTOOBI UCKJIIOYNTH UX U3
YCJA0BUH B3aUMOAEHCTBUA U rapaHTUPOBATh aKTUBAIUIO y3Jia BkwW njia map
JIAHHBIX C PA3JIMYHBIMUA KOMOMHANUSMY 110Jieii ¢ u j. KpaTHocTn 000MX IOTOKOB
JaHHBIX 33/1aI0TCS PABHBIMHU YHUCJIy HEPOHOB B COOTBETCTBYIOIUX CJIOAX U,
KaK y2kKe OBLIO HEOJHOKPATHO OTMEYEHO, B 000UX CJIydasix 3HAYEHUs] OepyTCs
U3 TI0JIA N, UCIIOJIB3YyEeMOr0 JIJIf «CKBO3HOI» Ilepe/ladn 3HaYCHUN.

PesysibraThl BBIIOIHEHUs y3Ja BkW SBHO MO3UIUOHUPYIOT (IO TIOJIAM
L, j u i) ommbku BecoBoro Ko3pduImeHTa Kak 3JeMEHTbl KOPPEKIUH
KOHKDETHOTO BeCOBOro KoaduimenTta. DT 3jeMeHThl IPYIIUPYOTcs (depes3
O0HyJIeHIE HOMEPA TECTOBOTO 00pa3lia) M0 UHAEKCY 6aTda Jist ITOCIE LY IOMEro
amnmapaTHOro cyMMupoBaHusd. KoIndaecTBo caraeMbpiX OMIMOOK KaXKIOTO
BecoBoro koaddunnenta onpejesiercss B <9> U COOTBETCTBYET PasMepy
Gatva. Pe3ynpraT cyMMUpOBaHUS BCEX OMMUOOK BECOBOTO KO bUINEHTa, Tepe3
IIPOMEZKYTOYHBIN y3es SumW, rmepenaerca Ha y3ea NewW, rae OCyIeCTBISeTCS
3aKJIFOYUTEJIbHBIN 3Tall 0OHOBJIEHUsT KODDUIeHTa.

Drtan o6HOBJIeHUs BecOBOro koaddumuenta. OGHOBIEHHE BECOBO-
ro xoaddurmenta WP 5 coorsercrsuu ¢ dopmystoit (1) mpeanonaraer
KOPPEKTUPOBKY TEKYIIEro 3HaUeHNUsT BECOBOTO KO pUIneHTa Ha BEJUIUHY
cpenHeit omubOKM BeCOBOro K03 dUIneHTa, PACCINTAHHON JJIsi BCEX TECTOBBIX
00Opas3IoB TeKyIero 6ardya, yMHOKEHHYIO Ha 3HadeHue KodpduimerTa CKOpo-
cru obyuenns. [losyaennoe 3nadenue 3aTeM TyOJIMPYeTCs JJIsT BCEX Y3JI0B,
HCIIOJIB3YOIINX ITOT BECOBOM KOI(DMUIIUEHT B CBOUX BBIYUCIEHUSIX.

Bce oneparun, cBszanmble ¢ 0OHOBJIEHUEM BECOBOTO KO3dpuiimenTa,
ocytecTBasioTCs B y3iie NewW. Ha Bxom aTOr0 y3/1a mocTynamoT TeKyIee
3HAYEHNE BECOBOTO KO DUIIMEHTA U CyMMa OIHOOK BECOBOTO KoM bUIreHTa,
KOTOpast ObLa BRIYUCIEHA HA MPEJBIIyIIeM Tamne. Pacuer HOBOro 3HaveHMst
BECOBOI0 KO3 (uIlneHTa BBIMOJJIHIETCS B MEPBOIl CTPOKE TPOIPAMMHOIO
koza y3ia NewW (mepementas nw). B Hell K TekyleMy 3HAYEHHUIO BECOBOI'O
ko dunuenta (w) mobasisiercss cymma omuboK (dw), KoTopas JeJIuTCs Ha
pa3mep Garua (3HaueHue 1mosIst d) U yMHOMXKaeTCst Ha KOI(MMUIHEHT CKOPOCTH
obyuenus ().

Suauenne pa3Mepa Harda JOCTYIHO [T pacdeToB B y3ie NewW Garogaps
«CKBO3HOI» Tepeate uepe3 mose d, KOTopoe ObLIO 3aaH0 TP (POPMUPOBAHIH
KOHTEKCTa, HAYaJIbHOI'O BeCOBOro Koadduimenra <5> ujm Opu JyOJupOBAHUN
HOBOT'O 3HaYEHUs BecoBOro koddduimenta na y3ena NewW. Ilepes oTmpaskoit
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HOBOI'O 3HAYEHHsI BECOBOIO KO3 MHIEHTa IIPOBOIUTCS AHAIU3 TEKYIIEro
uHjekca 6arda (1oue b).

B PaMKaXx OIITUMHU3AINU KOJa 1 aJI'OPUTMa UCIOJb3yeTCA CXeMa U3MEHEHUA
HNHJEKCa b6ar4a oT OOJIBIIIEro 3HAYEHUSI K MEHbIIIEMY.

B cayugae, ecan tekymmit mHIeKC 6aTIa paBeH HYJIIO, AJITOPUTM CIUTAETCH
3aBEPIIEHHBIM, I PACCYNTAHHOE 3HAYEHUE BECOBOTO KO3(hDUIINEHTa II€PeIaeTCs
wa XOCT-mamuny. J[jist 3TOro UCIoJIB3yeTcsl KJIF0YeBoe CJIOBO host BMecTO
Ha3BaHU IEJIEBOrO y3JIa.

B ocrasnpabIX cuTyanusax GOpMUPYIOTCS TOKEHBI HA y3ibl FrwD, ErrW u
NewW. KOHTEKCT 1 KpaTHOCTb 3TUX TOKEHOB ONPEJENIAIOTCS B COOTBETCTBHH C
mpaBuIaMu (POPMUPOBAHUS HAYAJIBHBIX JAHHBIX JJIsi COOTBETCTBYIOIIUX Y3JIOB:
Ha y3esa FrwD B cooTBercTBuE ¢ <4>, Ha y3ea ErrW B cooTBeTcTBHE ¢ <6> 1
Ha y3es NewW B COOTBETCTBUU C <H>.

2.3. Bbibop dyHKLUUM pacnpegeneHust BbiHUCIEHNd

QyHKIMS PACIPEIE/ICHNs] SBJISIeTCS KIIOUYEBBIM JIEMEHTOM PaCIIapaJuIen-
BaHUS BBIYHUCJIEHUN B CHCTEMAaX C YIIPABJIEHUEM ITOTOKOM JMaHHBIX. DyHKInsS
pacIpejiesieHus IIpeICTaBIgeT cODOU anlapaTHyO Peajn3aliio aJropuT-
Ma pacdeTra HOMepa BBIYHMCIUTEILHOIO sijipa HA OCHOBE KOHTEKCTa TOKEHA.
B pa6ore [1] 6bL1u OAPOGHO PACCMOTPEHBI PA3JINYHbIE BAPUAHTLL (DYHKITHI
pacupe/iesienus, 1 000CHOBAHHO BbIOpaH craHaapTHblil (STD) aaropuTm Jjist
pacupeesieHns BCeX TOKEHOB 3a/1a4u 1O oM L 1 ¢ KoHTekcTa. Bribop
00yCJIOBJIEH TE€M, YTO TOJIBKO JaHHAsI KOMOMHAIMS IIapaMeTpoB 00ecIiednBaer
PaBHOMEDPHOE PACIIPEEIEHIE TOKEHOB IO BBIUUCIUTELHBIM sIIPAM, UTO
CIIOCOOCTBYET MOBBIMIEHNIO F(PPEKTUBHOCTH (PYHKITUNOHUPOBAHUS CUCTEMBI TIPH
BBIIIOJIHEHUH 33/a9U IIPSIMOTO PACIPOCTPAHEHUS.

Konrekcr TokeHOB B 3a/ate 0OpPATHOTO PACIPOCTPAHEHUS OIIMOKU
UJEHTHIEH KOHTEKCTY 3aJ[a9l MPSIMOTO PACIIPOCTPAHEHNUSI, 38 UCKIIIOICHIEM
1106aBJIeHHOTO 110Jist b (nHIEKC 6arda), KOTOPOe He IOMJIEXKUT yUeTy [IpU
paciipejieJieHnn, ITOCKOJIBKY €ro 3HadYeHue U3MEHsSIeTCS UTEPATUBHO, YTO
MOZKET HEraTUBHO IOBJIUSITH HA PABHOMEDHOCTH PACIIPE/Ie/IEHUs] TOKEHOB.
B cBst3u ¢ 3rmM, stormaabIM BEIOOPOM (DYHKIMN PACIIPEIEICHUS JJIs 3aa9n
00paTHOTO PACIPOCTPAHEHUST OMNOKN SIBISIETCS Ta YK€ CTAHIApTHAsS (DYHKITHST
pactpesesienus 1o nojsiM L u i. OjiHaKo, yIuThIBasi UTEPATUBHBIN XapakTep
BBITIOJIHEHUST 3829 U CJIOYKHOCTH AJIFOPUTMa 10 CPABHEHUIO C 3aJiadeil
MIPSIMOT0 PacCIpOCTPAaHEHHUs], BBIOOP B IIOJIB3Y CTAHAAPTHON (DYHKIIUU JIOJI2KEH
ObITH OOOCHOBAH CepUell HKCIEPUMEHTOB, B XOJIe KOTOPBIX TPOBOIUIOCH
CpaBHEHNE BPEMEHU BBIIIOJTHEHUS 33JIa9H C UCIIOJIb30BAHUEM BCEX JIOCTYITHBIX
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dyuxuuit pacupegenenust: crangaprHoil (STD), pacipeieeHust «II0 IOJI0»
(FLD) u 6s10unoro pacupegesienus (ZIP).

2.4. OueHka NporpamMmMHOro Koaa

IIporpamMMHbBIit KOJ aJIropuTMa 0OPATHOIO PACIPOCTPAHEHUST OITNOKMI
IIPEBOCXOJIUT 110 00BEMY U CJIOKHOCTHU MTPOTPAMMHBIN KOJI, AJITOPUTMa, [IPSIMOTO
pacupoctpanenusi. OHAKO, HECMOTPsT HA 9TO, €My IPUCYIIN CIIEYIONe
XapaKTEePUCTUKH:

» HezaBucuMocTh OT CTPYKTYDPBI HEPOHHOI ceTn (KOJIUIECTBO CJIOEB U
HEIPOHOB B KAKJIOM CJIOE), IOCKOJIBKY OHA OIPEJIEJISIeTCs Haua IbHBIMU
3HAYEHUSIMU BECOBBIX KO(DDUITMEHTOB.

e OTCcyTCTBHE BBI30BOB BHENTHUX OUOIMOTEIHBIX (DYHKITUIL; KO COCTOUT
VCKJTIOUNTE/IFHO U3 JIEMEHTAPHBIX OIEPAIIHIA.

» [Ipsimoe oTobOparkeHne MaTeMaTHIeCKON (DOPMYJIbI, UTO O0JIErYaeT YTeHUe U
[IOHUMaHWe KOJ1a 6J1aroiapst NIeHTUIHON WHIEKCAIIUN.

CpaBHeHHe IPEeJICTABIEHHOTO IPOrPAMMHOTO KOJIa ¢ TPAUITHOHHBIMEI
dpeiimBopkaMmu st oOydenusi Heiipocereit, TakuMmu Kak TensorFlow u
PyTorch, mne mmeeT cyrmecTBEeHHOTO 3HAYEHUSA, TOCKOIBLKY (DYHKITHOHAILHDIE
BO3MOXKHOCTH 3TUX (DPEHMBOPKOB 3HAUYUTE/IHHO IIPEBOCKOJISAT TPEICTABICHHDII
koj1. CpaBHEHHE B 9TOM KOHTEKCTE CBOJMTCS K KOJUYECTBEHHOMY IIOJICUETY
CTPOK KOJIa, YTO He sIBJISIeTCS MPOJYKTUBHBIM I0x010M. Ocraercs: JIUIib
OTMETHUTB, YTO IIPEJACTaBJIEHHBIN ITPOrPaMMHBINA KO/ peaiu3yer 6a30BbIil
AJITOPUTM ODYYEeHHUsI U COCTOUT U3 3JIEMEHTAPHBIX apU(DMETHIECKUX OlEPaInii,
TaKUX KaK CJIOYKEeHWe, YMHOYXKEHIE U CDaBHEHUE.

3. Uccneposanne paboTtbl anroputma obpaTHOro pacnpocTpaHeHuns
ownbkn Ha mogenn MMNBC

OCHOBHOI TIEJTHIO YKCIIEPUMEHTOB SIBJISIETCST BBISIBJIEHIE 3aKOHOMEDHOCTEH
[TOBEJICHUsI BBIYUCIUTEIHLHON CUCTEMBI C YIIPABJIEHUEM IIOTOKOM JAHHBIX TIPU
pellleHnn 33191 00y dYeHnsl HEHPOHHOI ceTn, BKJIIOUasi OTEHKY BJIMSTHUST
pa3mepa 6aTda u QYHKIIMH pacupeaeenns Ha 3h(OeKTUBHOCTD BBITOTHEHUST
paccMaTpuBaeMoit 3atadu. 3aj1ada oneHKN 3(POEKTUBHOCTH MTOTOKOBOIL
[IPOTPAMMBI TI0 CPABHEHUIO C CYIIECTBYIOMMME AIAPATHBIMU PEINTeHUSIMU
He CTaBUJIaCh. Kpome TOro, yuuThiBas pasjindus B ypOBHE TPOPAbOTKH U
pHespenns apxuTekTypbl IITIBC u peasmzoBanHOrO asiropur™Ma, u3 meseit
[IPOBEJICHUsT IKCIIEPUMEHTOB OBbIJIO MCKJIIOUYEHO CPaBHEHUE ¢ COBPEMEHHBIMU
peIeHUsIMY, HAITPABJIEHHBIMU Ha YCKOPEHUE BBIYHCICHUN HEHPOCETEBBIX 3a/1ad.
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Cepust 9KCIIEPIMEHTOB IIPOBO/IUIIACH HA TIOBEIEHYECKOIT 6JI09HO-PEruCTPOBO
moziesn (ITBPM) [19], npeiHasHaAUEHHON 71T MOJIEIUPOBAHNSI TOBEIEHNSI
TITIBC upwu BBIMOJHEHUN TOTOKOBBIX IIPOrpaMM. BeIOOp MeETOo/1a IIPOBeIeHUsI
9KCIIEPIMEHTOB OCHOBBIBAJICSI HA PE3YJIbTATAX, MOJNYIeHHBIX B pabore [1]. Bee
9KCIEPUMEHTHI [TPOBOJIINCH HAJT MEPCEIITPOHOM € PABHOMEPHOU CTPYKTYPOIi,
KOTOpast OKA3aJ1a, HAWIYUIIYI0 YCTOHINBOCTh K MACIITADUPYEMOCTH apXUTEK-
TYPBbI, 9TO BBIPAXKAETCs B OojIee TO3AHEM CHUXKEHNN (M HEKTUBHOCTU TP
YBEJTMYIEHNN BBIYACTUTEILHBIX PECYPCOB.

ITapamerpsr Mosiesin OBLIIN OIPEIENIEHBI C YIETOM TEXHUYECKAX BO3MOXK-
nocreit IIBPM. Heitponnas cers cocrout u3 16 cioes (1 Bxozmoii coii, 1
BBIXOZHOM €J10i1 1 14 IIPOMEXKYTOUHBIX CJIOEB), KaXKIbIil U3 KOTOPBIX COZED-
xkut 1o 16 meitponos. KommdaecTBo TeCTOBBIX 00PA3IOB /11T S9KCIIEPUMEHTOB
coctaBmiio 64.

Ha ocuoBanmm ycranoBIeHHBIX Iejiell IIPOBEIEHUS SKCIEPUMEHTOB,
BBIOpAHBI CJIe Iy TOIie TapaMeTphbl, BIuAomye Ha anaan3 noseiaenus [1TIBC:
KOJINYECTBO BBIYMCJIUTENBHBIX A€ apXUTEKTypbl (B auanasone or 1 g0 128
C IIArOM CTEIIeHU JBOWKM) U pa3mep bGarda (B auanasone or 1 10 64 ¢ marom
CTelleHn JBOMKN).

OcHoBHAasT cepust SKCIEPUMEHTOB ObLIa BBIMIOJIHEHA C UCIOJIb30BAHIEM
craHnapTHON (YHKIUU paclpeseseHus 0 1ojasaM L (MHgekc cjios) u i
(unzekc Bxoma Heiipona). st oneHky BiusHus QYHKIMU DACIPEIEICHUS HA
3bPEKTUBHOCTD BBHIIOJIHEHUsT HETPOCETEBOrO aaropuT™Ma ObLIa ITPOBEIEHA
JIOTIOTHUTE/IbHAST CEPHUs YKCIEPUMEHTOB Ha 33ja4de ¢ 64 TecTOBbIMEU 00pa3amu,
pasmepom batua 8 u pyukusamu pacupemeneans F1d(L), F1d(i) u Zip(L,
i).

B pesymprare MomenmmpoBaHus MpeaIoIaragoch MOATBEPIUTE IDPEKTUB-
HOCTH CTAHAAPTHON (DYHKIMA BBIYUCICHUS U BBISIBUTH CHUYKEHNE MaciITabupye-
MOCTH 3aJ1a4H, 00YCJIOBJIEHHOE UTEPAIMOHHOI MPUpoI0il aaroputma. CHuKeHUE
MaCIITaOUPYEMOCTHU TTPOSBIISETCH B CyMMAPHOI HEIONUCIIOJIE30BAHHOCTH
BBIUHCJIATELHBIX PECYPCOB IPU UX YBEJMYEHUHU JJIsi PEIEeHUs OIHON 1
TO K€ 3a/1a49n, TO €CTh BpeMsl PEIeHNs 3aJa9H JIOJI2KHO YMEHBIIATHCS
HEIIPOTIOPINOHAIBLHO POCTY YUCJIA JIOCTYITHBIX BBIYUCIUTEIbHBIX SIIIEP.

C y49éToM BO3MOXKHOIO TIOJIyYEHHsI TAKOTO Pe3yJIbTaTa, ObLia 3alIaHupPOBa-
Ha Cepusi JIOTOJHUTEbHBIX YKCIIEPUMEHTOB, HAIIPABIEHHBIX HA HCCJIEI0BAHUE
MYJIbTU33JAIHOCTU. B paMkax 3Toil cepun 3aIIaHupPOBAHO OTHOBPEMEHHOE
BBINIOJTHEHNE JIBYX M YETHIPEX 3a/1ad 00ydeHusl HEHPOHHOI CeTH, COCTOsIIel u3
8 cy10€B 10 8 HEMPOHOB B KayKJOM CJIO€, Ha BBHIYUCIUTETHLHON CHCTEME C IHCJIOM
simep or 1 mo 128 (¢ marom crenenn aBoikn). OKUIAEMBIM PE3YIBTATOM
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CepHuu 3IKCIIEPUMEHTOB ABJIACTCA ITOBLIIIIEHNE O6IH,€I71 M&CHIT&6I/IpyeMOCTI/I
3aJa4, 9TO 6y,ZLeT BbIPDaXKaTbhCA B YBEJIMYCHUN BPEMEHU BBIIIOJTHECHUA KaH(,ILOﬁ
OTﬂe.HbHOﬁ 3a/a491 IIpU OJTHOBPEMEHHOM COKPAIICHNN NX CYMMapHOI'O BpEMEHN
BbBITIOJTHEHU .

B Tabsuie 1 npejcraBieHbl OCHOBHBIE PE3YJIBTATHI MOJIEJITUPOBAHUST
nosejienus [IIIBC «Bypany mist 3324 06paTHOrO PacpOCTPAHEHUsI OIIMOKH.
IIpoBenennbrit anaans BAUSHAA pasMepa 0aTvda HA TPOMOIKATETHHOCTD
BBIMIOJTHEHUS OJTHOM 3a/Ia9¥ BBISIBUJI TE€HJICHIUIO K CHUYKEHUIO «Y/IeJIbHON»
3 HEKTUBHOCTH BBITIOJHEHNS 33Ia91 IO Mepe YBeJIUUIeHUs pa3Mepa Oarda u
KOJIMYECTBA 3a/1€iCTBOBAHHBIX BBIYUCIUTEIBHBIX SEp.

TAb/UMLA 1. Bpems B yC/IOBHBIX TaKTaX BBINOJHEHUS 331891
006paTHOIO PACIPOCTPAHEHUS] OIIUOKK C PA3HBIMU 3HATEHUAMU
pa3mepa bar4a q

Apxurekrypa IITIBC, KOIM4eCTBO BBIYUCINTEIBHBIX SIAEP

! 1 2 4 8 16 32 64 128

1 | 27994674 15307952 | 8368446 = 5800393 3839077 | 3213984 | 3619138 | 2348938
2 20006162 | 10206851 5711849 4175801 @ 2768634 2204262 2064873 1330401
4 16009938 8272894 |« 4858631 3202291 2301754 | 1736085 1561022 1024543
8 14008994 7342211 @ 4331266 2933746 2123807 | 1557581 1340374 785593

16 = 13000098 6899167 | 4060547 @ 2855261 | 2035752 1400161 | 1256583 714904
32 | 12479906 6651188 | 3867280 @ 2835562 | 1997408 1357488 | 1210678 639 692
64 | 12188322 6615743 | 3784012 2797306 | 1992760 1381806 & 1202621 618751

Tlon «ynmenbHOM» 3PDHEKTUBHOCTHIO 37€Ch TOHUMAETCS 3DHEKTUBHOCTD
BBITIOJTHEHNS 33/1a491 C pa3MepoM 0arda ¢ Ha N BBIMHUCIUTENBHBIX SAPaX 110
CPaBHEHUIO C BBIIOJHEHUEM 3aJ/1a49i ¢ pa3MepoM Oarda 1 Ha OHOM sizipe.
TlokazaTenb pacCcIUTBHIBAETCS TI0 CJeayiomieii dopmyite:

TN
N 1 q
(2) u, =T, o e
q — pasmep barua,
N — 4uC/I0 BLIYUCIUTEILHBIX SIEp,

TqN — BpeMsi BBIIIOJIHEHUsI 33/Ja9H C pa3MepoM OaTda ¢ Ha apXUTEKType
IITIBC «Bypan» ¢ N BbIYUCIUTEILHBIMA SIIPAMH,

UéN — «yJAeJIbHad» 3(1)(1)6KTI/IBHOCTB BBIIIOJTHEHU A 3a1a91 C pasMepOM baTua

q Ha N BBIYUCJIATEJIBHBIX sIJIpAX OTHOCUTEIbHO BBIIOJIHEHUS 33Ia9H C
pa3mepom batda 1 mHa 1 sape.
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«¥YnenbHasiy 3POEKTUBHOCTD MO3BOJISIET OIEHUTD AIAPATHYIO U IIPO-
IPAMMHYO MACIITaOUPYEMOCTD 33J[a4l, & UMEHHO: 3(PMEKTUBHOCTD YBETMICHUSI
BBIYUCJIUTETHLHBIX PECYPCOB JIJIsl PEIIeHus OMHOM U Toil ke 3amadu 1 3Pdex-
TUBHOCTDL «JIpPOOJIEHUsT» TECTOBBIX 00pa31oB Ha Oarun. /leTaabHbII aHa M3
Pe3y/IbTaTOB TI03BOJISIET CIIeJIaTh BBIBOJ, O TOM, YTO YBeJIMYeHHe pa3Mepa Darda
HE TIPUBOJUT K MPOIOPIHOHATBHOMY YCKOPEHUIO BBITOJTHEHNS 3aa9d, OJJHAKO
obecrieunBaeT 3HAMUTEIbHOE TOBbIIeHNe 3(PDEKTUBHOCTH YiKe TP 3HAUCHUT
JIBYX TECTOBBIX 00PA3I0B Ha 6aT4. DTO MOBBIINIEHUE JJOCTUTAETCS 3a CUET
[1apaJsIIeTbHOTO BBIMTOJIHEHUST KAXK/IBIM OT/IE€IbHBIM BBIUYUCIUTETHLHBIM SIPOM
HECKOJIbKUX HPSAMBIX U OOPATHBIX [IPOXOMIOB (I HECKOJIBKUX TECTOBBIX
ob6pasnos) no rpady nepcentpona (3ddexT KoHBeflepu3anun BEIIUCIeHNH,
onucanHbIil B [1]).

BuaueHne «yneabHON» b GMEKTUBHOCTH MEHBIIE eJUHUNbI (HATHHAS C
16 smep, ¢M. PUCYHOK 5) CBHIAETEIHLCTBYET O HAJUYUU U30BITOUHBIX BHIYHC-
JINTEJIbHBIX MOIIHOCTEH J1J1s BBITTOJTHEHUS 38,129 38IAHHON pa3MepHOCTH.

2,4
22

2,0

0,8

KoadpuumeHT yckopeHuma
>

0,6

0,4

0,0
1 2 4 8 16 32 64 128

KonunyecTtso BbluMCANUTENbHbIX AEP
=—DBary 1 —=baty8 eeen baru 64
PucvyHOK 5. «¥YgenbHas» 3OOEKTUBHOCTD BBIIOIHEHUS 33,10

06paTHOrO PacIpOCTPaHEeHNs ONINOKH C PA3HBIM pa3MepoM Oarda
uwa [ITIBC ¢ pazubiM guciiom siiep
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Tabsmia 2 npeacTaBiisieT B yCJIOBHBIX TAKTAX PE3Y/IbTaThl CEPUH YKCIIEPUMEHTOB
¢ pa3MepHOCTHIO M0 64 TecTOBBIX 0Opa3a u pa3mMepoM OaTda 8, TPOBEPSIONIIX
[IPEJIIIOJIOKEHNE O BO3MOYKHOCTHU TOJIOXKUTETHHOTO 3dheKkTa OT 3arpy3Ku

HENCIIOJIb30BAHHBIX PECYPCOB 00paOOTKON JOIMOTHUTEILHBIX 3a1a4.

Tasmuia 2. CymMmapHOe BpeMsi OJTHOBPEMEHHOTO BBITIOTHEHUS
3a/1a9 HECKOJIBKUX 3318 0OpaTHOrO0 PacIpOCTPAHEHHs OITHOKN

Yucao Apxurexktypa IIIIBC, KO/In4eCcTBO BBIYUCIUTEIBHbBIX s/1€P

sanat 1 2 4 8 16 32 64 128
1 1775906 946 208 552174 387 406 295255 | 225948 | 209983 170786
2 3550844 | 1839441 @ 1089083 724305 545701 | 334532 | 308979 & 218021
4 7098778 | 3677397 | 2179446 1446578 1027156 | 531825 | 461685 334790

Ha ocnoBamuu mpejicTaB/IeHHBIX B TaOJMTE 2 JTaHHBIX TOCTPOEH I'paduk

(puCyHOK 6), JEMOHCTPUPYIOIIHNH «YIeJdbHYI0» 3()GhEKTUBHOCTD BITOJHEHNST

2,2

2,0 K

KoapduumneHt yckopeHnus

08
1 2 4 8 16 32 64 128

KonuuecTso BblYMCAUTENBHBIX anep
——13apava ==23apgaum e 4 3apaun
PucvyHoKk 6. «¥YnenabHasi» 3¢pHeKTUBHOCTH OJJHOBPEMEHHOI'O

BemosHenns 1/2/4 3apa9 06paTHOTO PACIPOCTPAHEHHS OMIUOKHA HA,
IITIBC ¢ pasubIM 4uCIOM siiep
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3aja4 B ycJaoBusx MHOro3agadnocTu. [lokaszarens paccanTtan mo dpopmysie
TN
N _ N M

(3) A M — Tl M ’

M — KOJINIECTBO OTHOBPEMEHHO BBIIIOJIHACMBIX 3a/la4 OﬂHHaKOBOfI pasMepHO-
CTHU

rae

)

N — 491CI0 BBIYUCIUTEILHBIX anep,

Tﬁ — Bpemst BeinoJinenuss M 3anaq #a apxurektype [IIIBC «Bypans ¢ N
BBIUUC/IUTETbHBIMUI SIPAMU,

Z J\A} — «yzesbHasT» 3(DHEKTUBHOCTH OJHOBPEMEHHOT'O BhIoHeHusT M 3a71a4 Ha
N BBIYUCIUTENBHBIX sIIPAX OTHOCHTEIHHO MOC/IE0BATEIHHOTO BHITOJIHEHUS
M 3amad HA TOM Ke 9HCe saep.

Db bEKTUBHOCTD BBITIOJTHEHUS 33,129 B MHOT033/Ia9HOM DEXKUME XapaKTe-
pU3yeTcs MoKa3aTeseM <«YyJIeJbHOI> 3hMOEKTUBHOCTH, KOTOPBI OTparXKaeT
COOTHOIIIEHNE CYMMApPHOIO BDEMEHU IIapaJsijie/IbHOTO BBINIOJHEHUs] HECKOJIBKIX
3aJ1a9 K CyMMAapPHOMY BPEMEHU UX IOCJIEIOBATEILHOTO BBITOJTHEHUSA. DTOT
[TOKAa3aTe/Ib [TO3BOJISIET OIEHUTH JOCTATOYHOCTh BBIUUCIUTE/IBHBIX PECYPCOB
JIJTsT PEIIeHns] OJIHOM 33J]a9l, & TAKyKe BO3MOXKHOCTD yBEJIMIEHUsT KOJTMIECTBA
OTHOBPEMEHHO BBIIIOJIHSIEMBIX 331249 [IPU UMEIOIINXCsl pecypcax. AHasm3
rpaduka, MpesICcTaBIeHHOrO HA PUCYHKE 0, MOKA3BIBAET, UTO JI0 YeTHIPEX SIIEP
«ynesbHast» 3MOEKTUBHOCTD NAPAJIIETHLHOTO BBIITOJHEHUT 33089 OJTU3Ka K
€JIMHUIIE, 9TO CBUETELCTBYET O MOJHOM HCIIOJB30BAHUN JOCTYIIHBIX PECYPCOB
JIUIsI BBIITOJIHEHUS 3a/1a491 PA3MEPOM 8 CJIOEB ¢ 8 HepOHAME B KaXKJOM CJIO€ U
64 TecToBBIME OOpa3IAME.

C yBesudeHneM KOJUIECTBA s7ep J0 BOCbMU HAGJIIOMACTCS TOBBIIIIEHNE
3 GEKTUBHOCTU BBITIOJTHEHUST HECKOJIBKUX 33/1ad, UYTO YKa3bIBaeT Ha OoJsee
PAIMOHAJILHOE MCIOJIb30BAHNE BBIYUCIATEIbHBIX pecypcoB. OHAKO cieyeT
OTMETHTbh, YTO BPEMsI BBIIOJHEHUS KayKJIONU OT/EIbHON 3a/1a491 yBEIMINBACTCS
C POCTOM YHCJIa IapaJlJIeJIbHO UCIOJIHSIEMBIX 33/1ad, TaAK KaK BCE 33/1a4u
HAYMHAIOTCS W 3aBEPIIAIOTCS MPAKTUIECKH OffHOBpeMeHHo. [losromy mpemcras-
JIEHHAasl OIleHKa 3(P(PEKTUBHOCTH UMEET OIPAHUYEHHYIO 00JIACTh IPUMEHEHMSI,
49TO Oy/IeT OTPaXKEHO B BHIBOJIAX.

TperbuM 3JIEMEHTOM IKCIEPUMEHTAIBHON YACTU UCCIIETOBAHUSI SIBJISIET-
cst Bepudukaius 3OEPHEeKTUBHOCTH BLIOPAHHON (DYHKIUN PACIIPEIeIeHUS .
IIpeacraBientbie B Tabymie 3 pe3yabTAThl JEMOHCTPUPYIOT TPEUMYIIIECTBO
[IPUMEHEHUs CTAHIAPTHON QYHKINH, 00eCIeunBaroieil paBHOMEPHOE PACIIpe/ie-
JIEHVWE JAHHBIX. DTO JOCTUTAETCsI IyTeM TeHEPAIINH CJIEYIOIIEro M0 MOPSIKY
HOMEepa, BBIMUCIUTEIBHOTO s1JIpa IPU 00pabOTKe CJIEJYIONIero M0 3HAYEHUIO
KOHTEKCTa (& MMEHHO noseil L 1 § KOHTEKCTa).

PesyabraTsl MOmeMpoBanus, TPOBEIEHHOIO IPU PACIIPEICIEHIH JAHHBIX
UCKJIIOYNTETHHO 110 KOHKpeTHOMY 10Ti0 KonTekcTa FLD (L) mau FLD (1), a TakxKe
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TaB/UIA 3. Bpems (B yC/IOBHBIX TAKTaX) BBITOJTHEHUS 33491
0O6paTHOI'O PACIPOCTPAHEHUS OIINOKU C PA3HBIMHU (DYHKIUAMUA

pacIipeieieHust
DyHKIUN Apxurekrypa IITIBC, KOJIn4eCcTBO BBIYMCIUTEJILHBIX s1ep
pacnpe/iejienus 1 2 4 8 16 32 64 128

STD(L,i) 14008994 | 7342211 | 4331266 | 2933746 | 2123807 | 1557581 = 1340374 785 593
FLD(L) 14008994 | 11446996 | 8045655 | 5321602 | 3809108 | 3851363 @ 3806283 3806283
FLD(i) 14008994 | 8727130 | 6086032 | 4768805 | 4114216 4114885 4114263 4114263
ZIP(L,i) 14008994 | 8727130 | 5637964 | 4098392 | 4172340 | 3684011 @ 3549927 | 3571432

pu OJIOYHOM pacmpeiesiennn 1o AByM mojsaM Zip(L, i), moarBepKaarT
TEOPETUIECKHUE IIOJIOKEHUs, U3JI02KeHHble B padore [1|. @yukuuu FLD u
ZIP xapaKTepu3ylTCd CBOMCTBOM JIOKAJIU3AIUN JAHHBIX IIOPIHAAMA», ITO
B KOHTEKCTE 33/1a91 MPAMOro U OOPATHOrO MPOXOa 1o rpady O3HaIaeT
II0CJIEJIOBATEIbHYIO KOHIIEHTPAIIAIO JTAHHBIX, OTHOCAIIUXCA K TEeKYIIEeMy CJIOIO,
B OJIHOI I'pyIIie BBIYUCJINTEIBHBIX Aep Upu pacupenerennn 1o oo L. [Tpu
repexo/ie Ha CJISAYIONINA UIN IPEeJbI YU CJI0i JaHHble KOHIIEHTPUPYIOTCA B
JPYyroit rpylie BbIYUC/IUTEIbHBIX A1ep.

[Ipu pacupenerennu mo noJito ¢ HabJIOTAETCs CHUXKeHUe 3(DPEeKTUBHOCTH
n3-3a yBEJUYIECHUsI 00bEeMAa MEPECHIIIOK MEXKY SAPaMM, 9TO OOYCIOBIECHO
JACTHIMU U3MEHEHUSIMU 3HAYEHUS TOJIS U, B 9aCTHOCTH, OOHYJIEHIEM JTAHHOTO
osist. OOHyJIeHNE TOJIsI TIPUBOIAT K KOHIEHTPAIUN BCETO MOTOKA, JIAHHBIX,
HAIIPABJIEHHOTO HA OJMH y3€JI, B OJHOM BBIYUCJIUTEIHHOM SIZIPE, 9TO HAPYIIAET
PABHOMEPHOCTD PACIPEJIE/IEHUs] HATPY3KU Ha BBIYUCTUTEIHHBIE PECYPCHI.

Ha ocHoBaHWM aHasM3a PE3y/IBTATOB IIPOBEIEHHBIX YKCIEPUMEHTOB MOXKHO
ClIeNIaTh CJIEYIONINE BBIBOIbI. BO-TIepBBIX, 3HAYUTE/ILHOE YBEIUIEHIE Pa3Mepa
6aTJa HE MPUBOIUT K MPOIOPIIMOHAILHOMY YCKOPEHHIO BBIMTOJIHEHUS 3a/1a49H,
O/THAKO Jla’Ke MUHAMAJIBHOE YBEJIMIEHNE €r0 Pa3Mepa, CyNIECTBEHHO ITOBBIIIACT
3 PEKTUBHOCTD pelIeHnsT 3aJa9l 0OpaTHOrO PACIIPOCTPAHEHUS OIITHOKM.
Bo-Bropeix, monens Berauciaenunit u apxurekrypa [IIIBC npexycmarpusator
BO3MOKHOCTH MACHITAOMPOBAHUS CUCTEMBI JI0 PAKTUIECKH JIIOO0r0 00beMa
3a CYeT AIMAapPATHOTO PACIPENEIEHUsT BRIYUCIUTEIbHBIX IIPOIECCOB. JTO
o3BoJisteT uctoiib3oBarh [IIIBC myis mapasiieIbHOro BHIMOJHEHNST HECKOJIBKUX
3aja4 6e3 HeOOXOMUMOCTH JIOMOJTHUTEHHON MOINTOTOBKY TPOTPAMMBI JIJTsT
paboThl B MHOT'0O33JaTHOM peKUMe, B OTaindne oT, Hanpumep, MPI™, rie
MIPOrPAMMUCT JIOJIZKEH YIUTHIBATH 00bEM BBIJIEJIEHHBIX AlaPATHBIX PECYPCOB
JIJIsI ONTUMUBAINE aJropuT™Ma. B pesyibrare napaJuiesibHOe BBITIOJHEHHE
HECKOJIbKUX 38/1a9 MOYKET COKPATUTh UX CYMMAapPHOE BPEMs BBIIOJHEHMUS,
npudeM 3(hHEKTUBHOCTh MHOTO38/IATHOTO PEXKUMA YBEJINIUBAETCS C POCTOM
KOJINYECTBa BBIUNCIUTEJbHBIX sijiep B apxurektype ITITBC.
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3aknioveHue

[Iepen magamom pabot mo orerke 3hGHEKTUBHOCTH BBLITIOIHEHNsT HeffpoceTe-
BBIX 3371294 B PAMKaX MOJIEJIA BBIYUCJICHUI C YIIPABICHUEM TOTOKOM JAHHBIX
aBTOpaMu OBLIT IIPOBEJIEH AHAIN3 AKTYAJbHOCTH OIMUCAHHON PAaOOTBI, YIUTHIBAS
TEKYIUil yPOBEHb PA3BUTHS UCCJIEIOBAHUII B OOJIACTH MCKYCCTBEHHOIO
WHTE/JIEKTa U TPAIUINOHHBIX TOIXO/IOB K PEIICHUIO MOI00OHBIX 3a1a4.

Dataflow cucrembl Hadam AaKTUBHO IPUMEHSITHCS JIJIsT PEIIeHnsT Hell-
pocereBbIx 3ajad. OHAKO OOJBITMHCTBO CYIIECTBYIONIUX CHCTEM TOTO
THIIA TPEJCTABJISAIOT COOOH CIeUnaTn3nPOBAHHBIE YCTPOMCTBA, pean3yoIue
kouternuio crarudeckoro dataflow rpada, Koropsrit hbopMupyercss B pe3yiib-
TaTe KOMIIWIAINN CTAHIAPTHON mporpamMMmbl. [IpuMmenenne Takux cucrem
[IPOJIEMOHCTPHUPOBAJIO BBICOKYIO 3D (HEKTUBHOCTD UCIIOIB30BAHUS KOHIIEIIITIT
yIpaBJIEHUS TOTOKAMH JTAHHBIX, 0COOEHHO B KOHTEKCTE 3aJ1a1 mHpepeHca.

Brimte ipesictaBiien aaropuTm o0y UeHnss MHOTOC/TIORHOTO TTepCenTpona,
peain30BaHHBINA B KOHIENIME auHaMudeckoro dataflow, u npeaHasHadeHHbII
JJ1s1 BBITIOJTHEHNSI HA YHUBEPCAJHHON CHUCTEMe, TIOJIep>KIBAIOIIell yIrpaBieHne
BBIUHCJIEHASIMA TTOTOKOM JTAHHBIX. [IpOBEICHHBIE NCCIETOBAHUS TTOITBEP I
BBICOKYTO 9(PPEKTUBHOCTD IPEJIOKEHHOTO ITOAXOAa K PEIMICHUIO 3a1aT
nHdepenca, a Tak:Ke BBISBIIN HEOOJBINOE MPEUMYIINEeCTBO IIPH PENIeHUN 3a0a<
00y JeHUSI.

HecmoTpst HA OTHOCHUTENBHYIO IIPOCTOTY IIPEACTABIEHHOIO B CTATHE
aJropuTMa 0 CPABHEHUIO C COBPEMEHHBIMY Pa3pabOTKaAMU, IOy IEeHHbIE
pe3yIbTaThl U IIPO/IEMOHCTPUPOBAHHBIE IIOJXO0/IbI MOT'YT IIPEJICTABIATh NHTEPeC
JUIst IPOUIBHBIX CIIENUATICTOB. DT MATEPUAJIBI MOTYT OBITH MCIIOJIb30BAHBI
JIJIS OIEHKW MTOTEHIINAJIA IPUMEHEHN HECTAHIAPTHBIX METOIOB B 00JIACTH
[IPOrPAMMUPOBAHNUS U BBIIOJIHEHUS 33J1a4, CBA3AHHBIX C HEIPDOHHBIMU CETSMU.

B pamkax ucciienoBaHUs BBISIBJIEHBI CJIEYIONINE IPENMYIIIECTBA EPEXO/IA
K PelIeHUI0 HePOCeTeBbIX 3a/1a4 B MO/IEJIM BBIYUCIICHUIT C yIIpaBJIeHUEM
IIOTOKOM JTaHHBIX:

1. HpOCTOTa 1 YHUBEPCAJbHOCTH IIPOTPaMMHOI'O KO/[a:

« [IporpamMmMupoBaHie B mapagurMe MOTOKa JAHHBIX CYIECTBEHHO OTJIMYa-
eTcs OT TPAJUIMOHHOIO I10/1X0/Ia, KOTOPBII MOYKET BOCIPUHUMATHCA KaK
boutee cioxkubiit. OMHAKO TPOrPAMMHBIN KOJ, IIOTOKOBOI TPOTPAMMBI
SIBJISIETCS KOMIIAKTHBIM U YHUBEPCAJIBHBIM, He TPEOYIOINM PeryJIspHOil
aJalTalud I0J, Pa3MEePHOCTh 33/1a4l WM JOCTYIIHbIE BBIUUCIUTEIbHBIE
pecypcel. Pasmep nepcentpona onpeneiseTcs HCKIIOUYUTENIBHO Pa3MEPHO-
CTBIO NOJIEHl KOHTEKCTa, & paclpeeeHrue BhIYUC/ICHUI OCYIIeCTBIIsSeTC
armapaTypoil B COOTBETCTBUU C 3apaHee 33/ JaHHON (DyHKIMEN pacmpe/ie-
JIeHNs, KOTOpasi MOXKET U3MEHATHCA HEe3aBUCUMO OT IIPOIPAMMHOIO
KOJIa.
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« KitroueBoit 0cOGEHHOCTHIO TEKYIIEH pea3allui aJropuTMa 0OpaTHOTO

pacmpocTpaHeHusT OMMUOKYU ABJISIETCA OTCYTCTBHE OMOINOTETHBIX (PYHK-
U U MCIIOIb30BAHNE MCKJIIOYATEIHHO IPOCTHIX OMEPAINil CII0XKEHNUS,
YMHOXKeHUs U cpaBHeHus. /lake Takasi HI3KOYPOBHEBAs PEATM3AIIS
HE OKa3aJia HErATUBHOIO BJIUSIHUAS HA KOMITAKTHOCTH IIPOIPAMMHOIO
KoJ1a. BoJjtee TOro, MOTOKOBasl MOJIE/Ib BBIYHUCJIEHUN, Peain30BaHHAS B
[ITIBC, no3BoJisier pa3pabaTbiBaTh TOTOKOBbIE IIPOIPAMMBI, COCTOSAIIIE
TOJBKO U3 (POPMHUPOBAHNS HATAJILHBIX JAHHBIX, 0€3 HEOOXOIMMOCTH
COCTaBJIEHUS MIPOI'PAMMHOIO KOJIA.
ITpumepom noxobHol peanuzanuu asiasgercs padora [16], rue nporpamm-
HBII KOJI JIJIsl 38,1291 [IEPEMHOYKEHUsI MATPUI[ COCTOUT BCErO U3 OJIHOTO
yaJia Bbliaun pesysibrara Ha XOCT. YuuTeiBast, 9T0 B aJI'OPUTMAaX
IPSIMOT0 U OOPATHOTO PACIPOCTPAHEHUs TaK:Ke IIPUCYTCTBYIOT OIepa-
MU YMHOXKEHUS W CJIOXKEHUS [TPOU3BEICHUI, MOXKHO yTBEDPKIATH O
BO3MOXKHOCTH CO3/IaHUS COOTBETCTBYIOIIUX ITOTOKOBBIX IIPOrpaMm 0e3
IIPOrPAMMHOTO KOJI&, TJIe aJrOPUTM 00pabOTKU JAHHBIX 33Aa€TCS C
IIOMOIIBIO TUIIOB TOKEHOB IIPU (DOPMUPOBAHUN HAYAJBHBIX JAHHBIX.

2. HepCHeKTI/IBbI IIPUMEHEHHNsA B CUCTEMaX peaJIbHOI'O BDEMEHMU:

» [Tonyuennable sKCIIEpUMEHTAIBHBIE JAHHBIE TTO3BOJIIOT TOBOPUTH O
[IEPCIIEKTUBHOCTY IIPUMEHEHHsSI CUCTEM C YIIPABJIEHUEM ITOTOKOM JIaH-
HBIX ¥ aJITOPUTMAa MPSMOrO PaclpOCTPAHEHHUs] B CHCTEMAX PEAbHOIO
BpeMeHU 11 00pabOTKM HENIPEPHIBHO IOCTYIAIONINX JAHHBIX, TAKIX
KaK pacho3HaBaHue JINI, HOMEpPOB aBToMoOumiei u T.i. Ilpu sTom
00ecreunBaeTCsl BO3MOXKHOCTD IIPOCTOrO AIIAPATHOIO U IIPOTPAMMHOIO
MAacCIITabupPOBAHUSA.

« CucreMbl ¢ yIIpaB/IeHHEM ITOTOKOM JIAHHBIX HE IIPOJIEMOHCTPUPOBAJIN

3HAYUMOI'O IIpeI/II\'IyHLeCTBa. 110 CpaBHeHI/IIO C Tpa}lHHI/IOHHbH\H/I II0/IXO/JaMM
B KOHTEKCTE O0y4eHHsI, YTO CBSI3aHO C HEBO3MOXKHOCTBIO allllapaTHOIO
pa3pelleHns NTEPAINOHHON 3aBUCUMOCTH, 3aJIO2KEHHOI B aJI"OPUTME
obpaTHOro pacrpocrpanerusi ommoku. OIHAKO, TPUMEHUTEIHHO K
nuHaMudeckoMmy dataflow MOXKHO roBOpHTH O BO3MOXKHOCTH OOHOBJICHUSI
BECOB 110 pe3y/ibTaTaM 0OpabOTKHU OIHUX OOPA3I0B ACHHXPOHHO C
BBITTOJTHEHMEM IIPSIMOT'O ITPOXOJIa TIOCJIEIY FOIIIX 00Pa3IOB.
DTO HE TOJHKO MOMOXKET M30ABUTHCS OT BBIHYKIIEHHBIX TIPOCTOEB MEXK LY
baT9aMu, HO U MO3BOJIUT YCTPAHUTH CAMy HEOOXOIUMOCTDH JIE/IUTH
HabOp TECTOBBIX 00pa3moB Ha 6aTun. [TomoOHbBIH TOIXO0, ABIAIOMINIACS
IIPOMEXKYTOYHBIM MEXKJ[y METO/AMHI CTOXaCTUIECKOIO U ITAKETHOI'O
IPAJMEHTHOIO CITyCKa, 3aBUCUT OT OTHOCHUTE/IbHBIX BPEMEH BBIIIOJTHEHUSI
OTJEJIbHBIX Ollepaluii 1 TpedyeT OTHeJIbHOIO UCCIeJ0BaHUS.

 Kpome Toro, mpenMyIecTBO NPUMEHEHUS ITOTOKOBBIX CUCTEM JIJIs
00ydeHUsT HEMPOHHBIX CEeTell MPOSBIAETCS B PEKUME MHOT033IATHOCTH,
rJe almapaTHoe PaclpeeeHne BbIIUCAEeHNN T03BoJsieT 3 heKTnB-
HO 3arpy3uTh JOCTYIIHbIE BBIYUC/IUTE/IbHBIE PECYPChl HECKOJIBKIMU
HE3aBUCUMbBIME 33J[a9aMU 00y YeHUs.
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Abstract. The article discusses the issue of developing and implementing backpropagation
algorithm in the dataflow paradigm. The principles of dataflow computing differ significantly
from traditional control-flow computing, just as the dataflow programming paradigm differs
from the imperative one.

Programs created in the dataflow paradigm are intrinsically parallel, since the task
parallelism is extracted automatically from the data flow at the hardware level. Programs
created in the dataflow paradigm are initially parallel. The article provides a detailed
description of the backpropagation dataflow algorithm and the program that runs on the
parallel dataflow computing system (PDCS) «Buran».

The dataflow program is compact and versatile in its code. It automatically scales to the
entire system, and its program code does not contain references to library functions and is
based solely on basic arithmetic operations such as addition, multiplication, and comparison.
The program is capable of training perceptrons of any dimension without modification and
recompilation of the program code. The size and structure of the trainable perceptron is
determined by the initial data.

The experimental part of the article presents the results of PDCS behavior study when
executing the backpropagation program, analyzes the effect of the trainable batch size on the
overall efficiency of the dataflow program, and evaluates the use of various methods of
hardware distribution of computations. In addition, the potential of using the PDCS for
parallel execution of several training tasks at the same time is considered. (In Russian).
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