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ABSTRACT 

We should note the special role of differential equations in the solution of many 

problems in mathematics, physics and engineering, as it is not always possible to 

establish a functional relationship between the data and the variables, but it is often 

possible to derive a differential equation that allows you to accurately predict the 

course of a particular process under certain conditions. Differential equations have 

great practical importance, being a powerful tool for exploring the many problems of 

science and technology: they are widely used in mechanics, astronomy, physics, in 

many problems of chemistry and biology. This is because very often the laws that 

govern certain processes are recorded in the form of differential equations, and the 

equations themselves act as a mean of quantitative interpretation of thus laws. 

To solve thus equations we take the most well suited networks belonging to a class of 

Hopfield neural networks. These networks have a way of transmitting output signals 

to the inputs, and the response of such networks is dynamic, i.e. after receive a new 

input the output is calculated and transmitting by feedback network modifies the 

input. Then the output is recalculated, and the process is repeated again. For the 

network, which can be considered as stable, the sequence of iterations lead to smaller 

changes in outputs, and at the end the output does not become permanent. There is 

also an unstable network, for which the process of selection of the output may never 

end. That's the essence of the network settings for gaining the desired result. 

Of course, there is also a classical numerical methods. But there are situations where 

these methods may not lead to a solution, or it can be obtained for a very large 

number of iterations. The neural network is much more flexible in this respect, and 

generally, an algorithm based on them is more efficient.



PESIOME 

CnenyeT OTMeTHTb ocoOylo polb AuddepeHUMaIbHBIX ypaBHeHHH TIpH 

pellleHuH MHOTHX 3aa4 MaTeMaTHKH, (H3HKH UW TEXHMKH, MOCKOJIbKy He BCera 

yaeTCA YCTaHOBUTb MPYHKUHOHAIbHY!IO 3ABHCHMOCTb Me2KLY HCKOMBIMH M aHHbIM 

MI€peMeHHbIMH BeIMYHHAMH, HO 3aTO YacTO yaeTCA BbIBECTH WHepeHUMasbHoe 

ypaBHeHve, MO3BONAIOWee TOYHO MpeycKa3aTb NpoTeKaHMe onpeyzeeHHOro 

Mpollecca Ip ompeyeneHHbIX ycnoBuax. JuddepeHyMabHble ypaBHeHHA MMEIOT - 

OFpOMHOe MIpHKaqHOe 3HAaYeHHe, ABJIAACh MOLUHBIM OpyMeM HCCIeHOBaHHA MHOTUX 

3aau eCTeCTBO3HaHHA MW TeCXHHKH: OHH WIMpOKO HCMOb3yIOTCA B Me€XaHHKe, 

ACTPOHOMHH, (bu3HKe, BO MHOrHX 3afa4ax XHMHH, OnoNOrHH. STO OODACHAeTCA TeM, 

YTO BeCbMa YaCTO 3aKOHBI, KOTOPbIM NOAYMHAIOTCA Te MIM MHbIe Mpoueccsl, 

3allMCbIBaIOTCA B PopMe AuddepeHUMabHBIX ypaBHeHHM, a CaM 9TH ypaBHeHHA, 

TaKMM OOpa30M, ABIAKOTCA CpeCTBOM JIA KONMUYCCTBEHHOTO BbIPaKeHHA THX 

3AaKOHOB. 

Jina pelueHua ypaBHeHuit HanOosee ya4yHO NOAXOAAT CeTH, MpHHadNexaline 

K Kylaccy HelMpoOHHbIx ceTeli Xongunga. OTH ceTH MMeIOT NyTH, Mepegarouiue 

CHIHasIbI OT BbIXOJOB K BXOMaM, PaKTHYeCKH NOMyyaeTcA, YTO OTKJIMK TaKHX ceTeH 

ABJIACTCA JIMHAMMYCCKHM, TO eCTb Tocnwe TOro, KaK MOCTYNMT HOBBIM BXOd, 

BbIUMCIACTCA BLIXOL H, MepewaBascb 0 ceTH OOpaTHOH CBA3H, MOAMHUMpyeT BXOL. 

3aTeM BBIXOZ MOBTOPHO BBIYMCIIAeTCA, M Mpollecc NoBTopsetTca onaTb. Jia ceTH, 

KOTOPYIO MOMKHO CUHTATh YCTOHYMBOH, NOCMeAOBATeIbBHOCTH HTepallMi IIpHBOAAT K 

BC€ MC€HbIIMM H3MCHEHHAM BbIXOa, H B KOHL€ BBIXO He CTAHOBUTCA NOCTOAHHBIM. 

BpipaeT TakoKe WH HeycTOMUYMBbIe CeTH, WIA KOTOPbIX Mpouecc momOopa BbIXOZa 

HMkorya He MOMKeT 3aKOHYHTHCA. B 9TOM BCA UM CYTb HACTPOMKU CeTH, 4TOOLI OHA 

NOJyualla HYKHBIK pesysIbTat. 

Pa3yMeeTCA, CYIIECTBYIOT TalokKe KlaCCHueCcKHe YACICHHBIe METOJBI pelleHHA. 

Ho 651BaloT TakWe CHTyallMu, KOra 9TH MeTObI He MOryT MpHBeCTH K peleHHtO, 

mu60 OHO MosyyaeTcaA 3a O4eCHb OoNbUIoe 4UcNO uTepalMii. Heiponupie ceTu 

ropa3q0 Gonee rHOkH B 9TOM IJlaHe, H, KaK MpaBHsI0, aITOPHTM Ha HX OCHOBe 

OKa3bIBaeTCA Gosee speKTHBHBIM.



TYHIH 

Fubdepenunanasik TeHdeylep yIKeH KoNfaHOanbl MaFbiHara He. Onsap 

MeXaHikKayla, aCTPOHOMMAa, du3HKagqa KeH ayKbIMaa KOs MaHbiagel. Herizinge 

aliHaslaMbi3qaFbl Ke3 KeIreH Oip npoueccTi (9KOHOMUKaa, Pu3NKagqa, OuonorMaga 

*.T.6.) AHubdepeHuvanMblK TeHDeyNepain PopMacbiHAa %*Ka3yra SoayBl. 

TeHaeyllepdi wellyne XonduiATbIH HepoHABIK %xKeNiNepi amgeKaliga colixec — 

Kenegi. by oKemimepoe KipyHeH Wbiryra cHrHan %xi6epeTiH »xoNgap Sap. Kaiitpin 

KevleTIH CHTHAal AMHAMUMKasIBIK Ooagbl. OATKeHI WIbIFY CHIHAJIbI WIbIKMaraHila Kipy 

CHIHaJIbIH %KaHapTbIN Typagbl. bipak KeHOip xeninepne Oyn WnKN asKkTamMaigpl. 

Oxugaii oxeninep TypakcbI3 *KelliNep Ten aTanagbl. TypaKTbI xxeslinepae HuTepalManap 

APKBIIbI WIbIFY CHrHasIbI a3 e3reptisieni. CoHaa UIbIFy CHrHaybl TypakTbI Gob 

Kaslaibl. COHBIMeH KaKeTTi HOTH)Ke WIbIKMaFaHlla KeIHi e3repTy Kepek. 

CouHbIMeH KaTap TeHJeyNepi WelllyHiq aHaIMTHKaybiK Tocingepi ge Sap. 

KetiOip xKargaiiga ocbl Tocingep apKbibl 613 Wellim ala asiMaHMbI3, HeMece UIelliM 

KON HTepallMA apKbIIbI WIbIFAaLbl. Bipak HeHpOHAbIK 2KeNi AHAIMTUKAIBIK Tacimgzepre 

onmeKalifa Kapanaibim. OcbIHbIH CasldqapblHaH airopuTM scepslipipek Oosagpl. 

HeipouHabik KesilepqiH %KYMBbIC 2KacCay MIpHHUHNMTepi alaMHbIH MUBIHBIH 

*KYMBIC icTey Mpolleci Heri3inge oppiHyanagpi. Mbicanbi ywin, Oip cypetTre He 

OefHeNeHreHiH TaOybIMbI3 KepeK: ycTe] HeMece ODpBIHABIK. Kmaccukaybik 

6arqaplaMasay apKbIIbI OCbI eCeNnTi Welly MYMKiH emec. bipak ke3 Keren Oip Oana 

OCbI ecelTi Oip ceKyHZTa ycTeJl HeMece OpbIHAbIK e€KeHiH TaOa alaybl. HakrTbi 

WIeIWiMAi TaOyAbIH %KasIFbI3 2KOJIbI AaM MHBIHBIH MOJeCIIH 2kacaybIMbI3 Kepek (apHHe 

613 MMAbIH TOJIbIK O3iH 2Kacali asIMaMMBI3).
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ObO3SHAYUEHHMA WH COKPAIIEHHBIE CJIOBA 

FFANN (feed forward artificial neural network) - uckyccTBeHHas HelipoHHad CeTb 

IIpAMOM CBA3H 

RBF (radial basis function) — pagnanbHas Oa3ncHad PyHKUMA - 

MHC (uckyccTBeHHad HelipouHas ceTb) 

RMS - 3HayeHHe cpeqHeKBadpaTH4HOH pa3sHocTH



BBEJEHHE 
HeitipowHble cet mpegctapiatoT co6olt mporpaMMHYy!0 Mogenb uenoBeyecKoro 

Mosra. HeoOxoqMMocTb KOMMpOBaHHaA MpHHUMMOB paGOTEI MO3ra erKO MOHATB Ha 
MIpHMepe: AOMYCTHM, y Hac €CTb KapTHHKa, Ha KOTOpOli CXeMaTH4HO HapHcoBaH Kakoil- 
TO MpegMet. Tpe6yeTca ompezenuTb, YT TaM W306paxKeHO, HaNpHMep cTon MIM cTYN. 
7jaHHy!0 3allauy pelivTb HEBO3MO%KHO KIaCcHYecKHMH MeTOaMU nporpaMMupoBaHHa”, 
Tak KaK Qld STOrO HEOOXOMMO CpaBHUTb KapTHHKy CO BCeMH BO3MO2KHbIMH BAZaMU 
CTOJOB M CTYJIbeB, YTO BeCbMa aOcypaHo. Ho B To xe BpeMA, Dake Mo3r pebéHKa B 
COCTOAHHH 3a MOM CeKYHbl OTMYHTb cTON oT cTyna. TlosTomy, eqMHCTBeHHOe 
pelieHve OyeT MOCTpoHTb ModeNb Mo3ra (pa3yMeeTca, He B NONHOM cTeneHM) u Toraa 
MOXKHO OyeT HOcTaTOYHO serko MONyYUTS peuleHne. 

PaccMOTpHM Tellepb, 4TO MO3BOMHeT paboTaTs MO3ry Tak 2d@eKTHBHO, B 4éM 
OcoOeHHOCTH ero apxHTeKTypbI. CleayeT OTMETHTh, YTO 3Ta TeMa ele NOCKOHAaNbHO He 
u3y4eHa, H OYKBAIbHO KaxKM0e OvepeqHoe MCCMEOBaHHe MO3BONAET Y3HATb YTO-TO 
HOBOE.



1 OCHOBbI HCKYCCTBEHHbIX HEAPOHHbIX CETEH 

VUickyccTBeHHbie HeHpoHHble ceTH 4pe3BbuaiiHO pa3HOOOpa3HBI MO CBOHM 
KoH®urypauusam. Hecmotpa Ha Takoe pasHooOpa3ve, ceTesBbie nlapaurMbl HMerOT 
MHOro OOero. 

1.1 BAOAJOPMYECKUA MPOTOTHH 

Pa3BHTHe€ MCKYCCTBCHHBIX HeHpOHHbIX ceTeli BOOXHOBIAeTcA 6uonoruelt. To 
€CTb, paCCMaTpHBad CeTeBbIe KOHHTypalMH HW aITOPUTMBI, HCCIEQOBaTeIM MBICAAT UX 
B T€pMHHax OpraHv3alHu MO3roBOH eaTesbHOCTH. Ho Ha STOM aHasIOrHA MO2KeT HU 
3aKOHUMTECA. Haim 3HaHHa O pa6ote MO3ra CTOJIb OrPaHHUYeHb!, YTO MasIo Obi HaLLIOCb 

PYKOBOAAMIMX OPHeCHTHpOB MIA Tex, KTO cTal Obl eMy mMogpaxatb. Tlostomy 
paspaOoTunkaM ceTel MpHXOQMTCd BBIXONMTb 3a Mpelerbl CcOBpeMeHHBIX 
OvoOrH4ecKHX 3HaHHHi B MOWCKaX CTpyKTyp, CMOCOOHBIX BBINOHATS momesHBIe 
yHKuMH. Bo MHOrHX ciyyasX 3TO MpHBOMMT K HeOOXOQMMOCTH oOTKa3a OT 
OMONOrH4eCcKOrO MpaBAONOOOUA, MO3r CTAHOBHTCA MIpocTo Metadopoi, u co3maroTca 
Ce€TH, H€BO3MOXKHBIe B 2KMBOH MaTepHu HIM TpeOyrollive HelpaBaonon06Ho S6onbuMx 
HOMylleHHi 06 aHaTOMHH MW PYHKUMOHMpOBaHHH Mosra. 

HeppHad cucTeMa 4eIOBeKa, MOCTpoeHHad 3 3/IEMCHTOB, Ha3bIBAeCMbIX 
HeHpoHaMH, MMEeT OLLeJIOMIIAIOWLYIO coxmHOCTS. Oxono 10!! HeHpOHOB y4aCcTBYIOT B 
nmpumepuo 10° MepeWarouluxX CBA3AX, UMCIOWIMX WIMHY MeTp Hu Oosee. Kaka Heiipou 
oOmaqaeT MHOrHMM KayecTBaMH, OOWMMH c ApyrHMM 9eMeHTaMM Tema, HO ero 
YHUKAaNbHOH  CHOCOOHOCTBIO ABIAeTCA §=pvem, oOpa6oTka wu  Mepemaya 
QJIEKTPOXHMHYCCKHX  CHTHA@IOB M0 HepBHEIM MYTAM, KOTOpBie o6pa3yr1oT 
KOMMYHHKallHOHHYy}O CHCTeMy Mosra. 

Teno xnemka 

Bp ° 
9 , 

Axton AeHOpUMN 

lunanc {/ 

PucyHok | - Buonormyeckuli Helipou 
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Ha pucynxke | noka3aHa cTpykTypa Mapbl THNWYHBIX GuonorMyeckux HeHPOHOB. 
JleHIpHTsI MAYT OT Tena HepBHOM KMeTKH K ApyruM HelipoHaM, roe on IIPHHHMaroT 
CHIHaIbI B TOUKaX COCXMHEHHA, Ha3bIBaeMbIX CHHalicaMu. IIpuusatble cHHarcom 
BXODHBIC CHTHAJIbI NOABOUATCA K Tey HefipoHa. 3fecb OHH CyMMUpytoTcs, NpH4yeM 
OHH BXOJbBI CTpeMATCA BO3OyOHTb HelpoH, BpyrMe — BOCMpensTcCTBOBaTb ero 
Bo3byxxneHuI0. Korga cyMMapHoe Bo36yxKqeHHe B Tene HelipoHa TIPCBBILUAaeT 
HeKOTOpbIH Topor, HelipoH Bo3byxKMaeTcA, MOcbWIad MO aKCOHY cHrHal XpyruM 
HeHpoHamM. Y 3TOH OcHOBHOM dyHKUMOHaNbHOM cxeMbl MHOTO ycnoxKHeHH v 
MCKIIOUCHHH, TeM He MeHee OONbIIMHCTBO UCKyCCTBeHHBIX HelpoHHBIX ceteli 
MOJCJIMPYIOT JIMLIb 3TH MpOcTble CBOHCTBA. 

1.2 HCKYCCTBEHHbIN HEHPOH 

VickyccTseHHbii HeiipoH MMHTUpyeT B MepBOM [pHOlMKeHHH cBOiicTBa 
Ononorm4eckoro Helpona. Ha Bxog uckyccTBeHHoro HeHpoHa MocTynaeT HeKoTopoe 
MHOXKECTBO CHIH@JIOB, KaKObIM M3 KOTOPbIX ABJIAeTCA BbIXONOM Jpyroro Heiipoua. 
Karkabli BXOT YMHOMKaeTCA Ha COOTBETCTBYIOLUM Bec, AHAOrM4HbI CHHanTHyecKol 
cule, H BCe MpOH3BeeHHA CYMMUpylozcA, ONIpeNelAd YPOBeHb aKTHBALIMH Helipona. Ha 
pucyHke 2 MpefcTaBiena MOLeNb, peaM3yroulad Ty Hero. XoTA ceTeBbie TlapadurMbl 
BeCbMa pa3HOOOpa3Hbl, B OCHOBe MOUTH BCeX HX Ne@KUT 3Ta KOH®urypallua. 37ecb 
MHODKECTBO = BXOHBIX CHIH@JIOB, OO03H@YEHHBIX X), X2,...,Xp, HOCTynaeT Ha 
MCKYCCTBEHHbIM HelipoH. OTM BXOHbI€ CHTHA@IbI, B COBOKYMHOCTH o6o3HayaeMBIe 
BEKTOpOM X, COOTBETCTBYIOT CHIH@JIaM, MIPHXOALIMM B CHHarcEl 6uomorMyueckoro 
HeHpoua. Kaxypiii curHall yMHOKaeTca Ha COOTBETCTBYIOINMH BEC Wy, W,..., Wa, H 
NocTyNaeT Ha CyMMMpyroulMi OOK, OOo3HaeHHBIi L. Kaxybit Bec cooTBeTcTByeT 
«cHlé> O0HOK OnMomoruyueckoli cHHanTHYecKOH cBAa3H. (MHOxKeCTBO BeCOB B 
COBOKYNHOCTH OOo3Hayaetca BeKTOpoM W.) Cymmupyrouluii 60K, COOTBETCTBYIOWIMH 
Telly OvomorM4eckoro deMeHTa, CKWIaNbIBaeT B3BeLICHHDIC BXOAbI ajlreOpanuecku, 
CO3qaBand BEIXO, KOTOpbIH MbI OyZeM Ha3bIBaTb NET, B BexTopHbix o603Ha4eHUAX 3TO 
MOXK€T ObITh KOMMAKTHO 3alHCaHO CJIeTYtOUlMM o0pa3om: 
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AKTHBallHOHHbIe PyHKUMH 

CurHan Manee, Kak TpaBuylo, mpeoOpa3yerca aKTHBallMOHHO!i 
PyHKuweH M faeT BIXOZHOM HelpoHHbIii cura . AKTHBalHOHHad dyHKUMA 
MOXKET ObIT OOLIMHOM JHHeEHMHOK byHKuneli 

(2) 

rye —MOcTOAHHas, noporoBol yHKUuH , eC , B 
OCT@JIbHBIX CIyuaaix, re —HeKOTOpad MOCTOAHHad MoporoBand BeNMYMHAa, MM Ke 
yHKuneH, Gonee TOYHO MoZeNMpyrolleh HenMHeHyt0 TlepeqaTOuHy!O XapakTepHcTHKy 
Ovomoruyeckoro HelipoHa Hu  mnpencTaBnsatouelt HeHpoHHOH ceTH 6ovIblIHe 
BO3MO?KHOCTH. 

oe 
~ NET c Lb We |_| * 7 |; +> OUT =F(NET) 

° 4 
Wy 

a MERY CCM BEHH BLL HEUOH 
Z, 

PucyHok 3 - UckyccTBeHubili Helipou c akTHBallMOHHOlt byHKuneii 

Ha pucynke 3 6nox, o603HaY4eHHBIM =, MIpHHMMaerT CHTHall M BbIgaeT CHTHaII 
. Ecnu 60k  cyxkaeT 4Mamla30H M3MeHeHHA BENHUHHBI Tak, 4TO pu THOObIx 

3HavYeHHAX 3HayeHHA MIPHHalVIeKaT HEKOTOPOMyY KOHeCYHOMY HHTepBally, 
TO —- Ha3bIBACTCA KCKMMaIOWeM» yHKuUMel.B KayectBe «cxuMarIollel» PyHKWMH 
4acTO MCHONIb3yeTCA MOrMcTHYeCKaA WIM «CHrMOusanbHaD (S-o6pa3Has) dyHkuna, 
TOKa3aHHad Ha PHCyHKe 4, Sta pyHKUMA MaTeMaTHYecKH BbIpakaeTca Kak 

(3) 
Takum o6pa3o0m, 

1+eFt (4) 
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OT 

Sr NO2UYELKAR BOYHKYUN 

og NET 

PucyHok 4 - CurmMovdanbHas slorucTHyeckas (byHKUNA 

Ilo aHamoruu c sleKTPOHHBIMH CHCTeMaMM aKTMBalMOHHY!O PYHKIUMIO MO%KHO 
CUMTaTb HeJIMHeHHOM yCHJIMTeIbHOM XapakTepHcTHKOH McKyccTBeHHOro HeHipoua. 
Koop ®uuveHT ycueHua BbIYMCAAeTCA Kak OTHOMIeHHe NpHpallleHua BeNMYHHEI K 
BBI3BaBILEMy erO HeOONbLIOMY MpPHpallleHHiO BeMYMHBI . OH  BblIpaKaetca 
HaKJIOHOM KPHBOH MpH OnpeMeeHHOM ypoBHe BO30y2KeHHA HM M3MCHAeTCA OT MasIbIX 
3HayeHHMH §=6pH §=OOmbIMX = OTPHaTebHBIX BO30yKTeHHAX (KPHBad nOUTH 
TOPH30HTAIbHa) TO M@KCHM@JIbHOrO 3HaYeHHA Tp HYJIeBOM BO3OyxKTeHHH MH CHOBa 
YMeHbIMaeTCA, KOr Na BOSOYKMCHHE CTAHOBUTCA OONBIIMM MoMOKMTENBHBIM. Dpoccbepr 
(1973) o6Hapy2xun, YTO MOn06Has HenuHeliHaa XapakTepHcTHka pelliaeT MOCTaBIeHHyt0 
HM AWJIEMMy WYMOBOrO HacbIlleHHA. Kakum o6pa30M OfHa M Ta %*Ke CeTb MOET 
oOpabaTbiBaTb Kak cylaOble, TaK M CHbHbIe curHanbi? Cna6ble CHrHanbi HYKaroTca B 
OoMbUIOM CeTeBOM ycHNeHHH, YTOOLI AaTS NpHrOAHDIli K HCTONMb3OBaHUIO BbIXOJHOW 
CHrHall. OWHaKO yCHIMTesIbHbIe KacKaybl c 6onbLuIMMH KOs@UMHeEHTaMH ycuJIeHHA 
MOryT MpHBeCcTH K HacbIIICHHIO BbIXOqa wWymMaMH ycwNTeneli (cryyaiiHEIMH 
(byKTyallMAMH), KOTOpble MpHCYTCTBYIOT B 060i U3H4eCKH pealM30BaHHOH ceTH. 
CHJIbHBIe BXOHbI€ CHTHAJIbI B CBOIO O4epedb Tawxe OyHyT NPHBOXUTb K HacbIIIeHHIO 
YCHJIMTEIBHBIX KACKAaNOB, HCKIIO4aA BO3MOX%KHOCTS MOMe3HOrO MCMOMb3OBAaHHA BEIXOMA. 
HentpatbHaa o6nacth moructuueckoit dyHKUMM, uMerolad GoBUOM KospDulMeHT 
YCHICHHA, pellaeT MpoOsemy oOpaoorkKu ciaObix cHrHasIOB, B TO BpeMA Kak OOmacTH Cc 
TaHaroulMM YCHJICHHeM Ha MOJIOKHTeIbHOM HM OTPHIaTeNbHOM KOHUaX NOAXKOMAT aA 
OombumMx Bo36yxKHeHHH. Takum o6pa3om, HeHpoH @yHKUMOHMpyeT c GonbiuMM 
YCHJICHHEM B WIMpOKOM AMama30He YPOBHA BXOAHOrO CHrHama. 

ouT = —__ = F@En 
1+¢7NeT (5) 

7Ipyroi wHpoKo cnomb3yemoi axTuBallMOHHOlt dyHKuMel  saBmaerca 
runepOormyeckni TaHreuc. Ilo dope ona CXOWHa C JIOFMCTHYeCKOH byHkuMel u acto 
AcHOub3yeTcA OvONOraMM B KaYeCTBe MaTemaTHM4eCKO MOJeIM akTuBauuy HepBHOH 
KleTKH. B KayecTBe akTHBal[MOHHOL (YHKUMM MCKyCCTBeHHOM HeliponHolt cetu ona 
3alMCbIBaeTCA CyIeXYIOWuM O6pa30M: 
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OUT = th(x) : (6) 

Ilogo6Ho soructuyeckol yHKuMM runepOomuueckHii TaHreHc saByaetca S- 
oOpa3sHolt dyHKuUMel, HO OH CHMMETPHYeH OTHOCHTEesIbHO Havana KOOPAHHAT, H B TOUKE 
NET = 0 3HayeHne BbIxogHoro curHana OUT PpaBHO HyJIt0 (CM. pHcyHok 5). B otmmune 
OT JorMcTHYecKOH (byHKUMM runepOonmyecKHii TaHTeHC  MpvHHMaeT 3Ha4eHHA 
Pa3IM4HBIX 3HaKOB, YTO OKA3bIBaeTCA BbIFODHBIM AJA pala cereii. 

OUT I 

NET —~ 

PucyHoK 5 - @ynkuna runepOomuueckoro TaHreHca 

PaccmoTpenHad Mmpoctas Moe UckyccTBeHHOro HeMpoHa HrHopHpyeT MHorue 
CBOHcTBa cBoero O6monoruyecKoro ABOMHUKa. Hanpumep, oHa He MpHHuMaeT BO 
BHUM@HHe 3aepxKKH BO BPeMCHH, KOTOpble BO3elCTByIOT Ha MHHAMMKY CHCTeMBI. 
BXoHBI€ CHTHAJIbI Cpa3y 2Ke MOPOXKAAIOT BLIXOAHOH curuan. VU, uTo 6onee BaxKHO, ona 
He YUHTbIBaCT BO3TeHCTBHK PyHKUMM YacTOTHOH MoayAAUMU WA CHHXPOHHM3upytollert 
@yHKuMu O6vonormyeckoro HelipoHa, xKoTOpsie pA UccnegopaTenel cuynTaroT 
peluaroujuMn. 

Hecmotpa# Ha 93TH orpaHwuenus, ceru, MOCTpOeHHbIe H3 3THX Helpouos, 
OOHapyKHBaloT CBOMcTBa, CHJIbHO HanOMUHatollwe Ouonoruyeckyto cucTemy. TombKo 
BPeMA HM HCCeMOBaHMA CMOryT OTBETHTb Ha BOMpoc, ABIIAIOTCA JIM MOmOOHEIE 
COBNaMeHHA CIy4aHHbIMH WIM CJIEQCTBHeM Toro, 4TO B MOEN BepHO CXBa¥eHBbI 
BaxKHeHUMe YepTbI OMonormueckoro Helipona. 

1.3 OTHOCJIOMHBIE ACKYCCTBEHHBIE HEMPOHHBIE CETH 

XoTA OfMH HelipoH M cHocobeH BBINONHATE MpocTeviMe mnporenypsi 
paciO3HaBaHHaA, CHJla HeHpoHHBIX BbIYMCHeHHi TIPOHCTEKaeT OT COe¢AHHeEHHH HelipoHOB 
B ceTax. [Ipocteiiimaa ceth cocTouT 13 rpynitibl HeHpoHos, oOpa3yrommmx coli, Kak 
MOKa3aHO B MpaBo 4acTu pucyHkKa 6. OTMeTuM, 4TO BePUIMHBI-Kpyru cileBa CylyKaT 
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JMUb JIA pacipeyeseHHa BXONHbIX CHrHaoB. OHH He BBINOIHAIOT KaKMX- 1H60 
BBIYMCIeHHH, HM MosToMy He OynyT cunTaTpca cnoem. Ilo sto mpyHunHe oHM 
oOosHaYeHbI KpyraMH, 4TOOBI OTMHYaTh UX OT BBIYHCHAIOWMX HelpoHos, 
OOo3HaYeHHBIX KBagpaTamH. Karkgbtii snemeHT “3 MHO2KeCTBa BXONOB X OTIENIbHBIM 
BeCOM COC]MHEH C Ka)KIbIM HCKYCCTBEHHBIM HelipoHom. A kaKybIi HelpoH BbIZaeT 
B3BELUC€HHY!O CYMMY BXOJOB B CeTb. B uckycCTBeHHbIX HW OHONGrM4eCKHX CeTAX MHOrHe 
COC#HMHCHHA MOTYT OTCYTCTBOBaTb, BCe COCQMHEHHA MOKa3aHbl B WenaX OOLIHOCTH. 
MoryT MMeTb MECTO TaKxKe COeqMHEHHA MEY BbIXOLaMH WM BXOZ@MH 3ieMeHTOB B 
cmoe. 

77) 

Wyp 

Way 
Wo Zo ~—22 > >. > 

xX ‘ 

e 

° ° 
° 

° ° ° 

° 
° 

Wy 1 

Uinn 

PucyHox 6 - OnHocHolinas HelipoHHas ceTs 

YnoOHO cuvTaTh Beca 9eMeHTaMu MaTpnubI W. Matpuua WMeeT  cTpoK 
HM cTONOLOB, re M — YHcNO BXODOB, aN — YnCMO HefpoHos. Halipumep, w2,3 — 3TO Bec, 
CBA3bIBAaIOWMH TpeTHH Bxo CO BTOpbIM HeMpoHoM. Takum o6pa30m, BbI¥HCTeHHe 
BEIXOAHOTO BeKTOpa N, KOMMOHEHTaMHM KOTOporO ABIAIOTCA BLIXOZbI OUT HeHpoHos, 
CBONMTCA K MaTpHYHOMy YMHOXKeHHIO N = XW, rue N u X — BeKTOpBI-cTpoKU. 

1.4 MHOrOCJIONHBIE ACKYCCTBEHHbIE HEMPOHHBIE CETU 

bosee KpynHble H cCAOXKHbIC HelipoHHBIe ceTH oOlaqaioT, Kak npaBMio, u 
OOJbIUMMH = BEIYMCIIMTeENbHBIMHA §©BO3MOxKHOCTAMH. XOTA CO3aHbI cCeTH BCeX 
KOH@urypalHii, KakHe TONBKO MOX%KHO ce6e MIpeACTaBHTb, MoOcNOMHaA opraHM3allua 
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HeHpOHOB KONMpyeT CJIOMCTbIe CTpyKTYpb! ONpeeJICHHBIX OTIeEN0B Mo3ra. Oxa3anocs, 
4uTO TaKHe MHOrociowHble ceTH oOOnanatloT OObUIMMH BO3MO2%KHOCTAMH, 4eM 
OAHOCIOMHEIe, H B MOcNeqHHe Troyb OpwiM paspaOoTaHb! aIrOpHTMBI Aid ux OOyyeHHaA. 

Muorocsiofuble ceTH MOryT OOpa30BbIBaTbca KacKkayjaMM cyioeB. Baixo ofHoro 
CJIOA ABIACTCA BXOAOM WIA NOcnegzyroulero cyioa. Tlono6naa ceTb NOKa3aHa Ha pHcyHke 
7 HW CHOBa H300parKeHa CO BCEMH COeAMHEHUAMH. 

M Y M
 ! 

ae VY 

M
 y ™ 

MIQCCHE BECOCKX WRECHE BELOBBIN 

AOUGUPIHE ME EAMNOB SOIQUU YM EATTOS 

W kK 

PucyHok 7 - )[Byxcnlofinasa HeipoHHas ceTB 

HesmHeiHad axTuBalivonnas dbyHkuMaA 

Muorocholiupie cera He MOryT ITIpwBecTH K yBeIMYeHHIO BLIYHCIMTebHO! 
MOLIHOCTH MO CpaBHeHHIO C OHOCIOMHOH ceTbIO JIHMUIb B TOM cJlyyae, ecu 
aKTHBalMOHHad YHKUMA MexKTY CloaMu 6yeT HenMHefiHOl. Brraucnenue BEIxoa 
COA 3aKHOUaCTCA B YMHOKEHHU BXOAHOrO BeKTOpa Ha MepBy!O BECOBYIO MaTpULly c 
MOCHeHyIOWWMM YMHO%KeHHeM (eCIM OTCYTCTByeT HeuIMHeMHad aKTHBallWOHHas 
yHKuMA) pesyIbTHpytomlero BeKTOpa Ha BTOPy!O BECOBY!O MaTpHLly. 

(XW))W> (7) 

Tak kak YMHOKCHHE MaTpHI ACCOMMATHBHO, TO 

16



X(WW2) (8) 

STO MOKa3biBaeT, YTO OBYXCIONHAA JIMHeMHAad C€Tb 9KBHBAJICHTHA OJHOMY CJIOIO 
C BecoBOH MaTpHLleH, paBHOM Mpov3BeeHHIO AByX BeCOBbIX MaTpHL. CreqOBaTesIbHO, 

mro6ai MHOrocNOMHad JIMHeMHad CeTb MOMKEeT ObITh 3aMeCHCHA 3KBUBAJICHTHOM 

OMHOCIIOMHOH ceTbIO. OHOCHOMHbIe ceTH BeCbMa OFpaHHYeHHbI MO CBOMM 

BbIUMCIMTEIbHbIM BOSMOXKHOCTAM. TakHM 0Opa30M, JIA paclUMpeHHa BO3MOX%KHOCTeH 

ceTeH M0 CpaBHeEHHHO C OJHOCIOMHOH ceTbIO HeOOXOdMMa HevIMHeMHad aKTHBaLIMOHHaA 
PYHKUHA. 

Cetu c o6paTHBIMH CBA3AMU 

Y cetTeli, paccCMOTpeHHbIX M0 CHX Mop, He OblIO OOpaTHBIX cBa3eli, T. e. 

COCMHHeHHH, HUAYUIMX OT BbIXOMOB HeKOTOpOrO cod K BXOaM 3TOFO Ke COA WIM 
MIpeWIMeCTBYIOLUMX COeB. ITOT CelMabHbI Kacc ceTeli, Ha3bIBAeMBIX ceTAMH 6e3 

OOpaTHBIX CBa3eH WIM CeTAMM MpaAMoro paciipoctpaHeHHA, MpeAcTaBlaeT HHTepec U 
IIMpOKO ucnionb3syeTca. Cet Gonee Otero Bua, MMeOLMe COC AHHEHHA OT BLIXOJOB K. 
BXOJaM, Ha3bIBalOTCA CETAMH C oOpaTHEIMH CBA3AMH. Y ceTeli 6e3 OOpaTHBIX CBA3eH HET 
MaMATH, UX BbIXOA MOMHOCTbIO OMpefenseTCA TeKYLWIMMH BXOJaMH MW 3HaYeHHAMH 
BecoB. B HeKOTOpbIX KOH@Mrypaliuax ceteli c oOpaTHBIMH cCBA3dMM MpesbIMyUMe 

3Ha4eCHHA BbIXOAOB BO3BpalllakOTCA Ha BXOJBI; BbIXOD, CUeMOBATENbHO, OMpesenneTca 
Kak T€KYIIMM BXOJOM, Tak HW MpeAbiqyuiMMu BbIxoqaMH. Ilo sto npHunMHe ceTH c 
OOpaTHBIMH CBA34MH MOryT OO/aaTb cBOlCTBaMH, CXOMHBIMM C KpaTKOBpeMeHHOL 
YeNOBeyecKOH MaMATHIO, CeTeBbIe BbIXOAbI YACTHYHO 3aBHCAT OT MPeAbIAYINMX BXOJOB. 

OOyueHve HCKYCCTBEHHBIX HeHpOHHEIx ceTeii 

Cpeq Bcex MHTepecHbIX CBOMCTB HCKYCCTBeEHHBIX HeipOHHBbIX CeTeli HH OHO He 
3aXBaTbIBAeT TaK BOOOpaxKeHHA, Kak UX cCHocoOHocTs kK o6yyeHuto. Ux o6yyenve 0 
TaKOH CTeMeHH HalOMMHaeT MpOlecc MHTeleKTyambHOrO pa3BHTHA YelOBeyecKoli 
JIMYHOCTH 4TO MOXKET NOKa3aTbCA, 4YTO MOCTHTHYTO riyG6oKoe MOHUMaHHe 3Toro 
mpowecca. BosMoxkHOcTH O6y4eHHA HCKYCCTBeHHBIX HelpOHHBIX CeTeli OrpaHH4eHHEI, A 
HY2KHO PeIUMTb MHOPO CJIOXKHbIX 3a0a4, YTOORI OMpeNeIHTb, Ha IIpaBHJIbHOM JIM IlyTH 

MbI HaXOQHMCA. 

Llenb o6yyeHna 

Cetb oOyuaeTcs, uTOObI Ald HEKOTOPOrO MHOXeECTBa BXOJOB AaBaTb 2Kemaemoe 
(HIM, 110 Kpaliveli Mepe, cooOpasHoe c HMM) MHOXKECTBO BBIXOMOB. Kaxkygoe taKkoe 
BXOQHOe (HIM BbIXOJHOe) MHOXKECTBO paccMaTpHBaeTcA Kak BekTop. Ob6yyeHHe 
OCYINECTBIACTCA MYTEM MOCNCMOBAaTebHOTO MpeAbABJICHHA BXOMHBIX BEKTOPOB C 
OMHOBPeMeHHOM MOACTpovikolt BecOB B COOTBETCTBHH C OlpeneneHHot lipowezypou. B 

17



Trpomecce o6yueHua Beca CeTH NOCTCNCHHO CTAHOBATCA TaKHMH, UTOObI KaKIbI 

BXOJHOH BeKTOp BbIpaOaTbIBasl BbIXODHOHU BeEKTOP. 

O6yueHHe c yanTesem 

Pa3MualoT aJITOpHTMbI OOyueHHaA c yuHTenemM M Oe3.yunTena. OOyueHHe c 

yuHTeeM lpegnosaraeT, 4TO WIA KaxKQOrO BXOZHOrO BeKTOpa CyLeCTByeT LemeBOH 

BeKTOp, NpescTapisarowHh coOoh tpeOyembii sBbixoo. Bmecte OHH Ha3bIBalOTCA 

o6yyalolleH napok. OObl4Ho ceTb oOyy4aeTcA Ha HEKOTOPOM UHCIIe TaKHX OOy4arolHx 
nap. [IpeqbaBnaeTca BbIXOQHOM BeKTOP, BbIMHCJIACTCA BbIXOM C€TH HW CpaBHMBaeTCA C 
COOTBETCTBYIOIIHM I[eIeBbIM BEKTOPOM, pa3HOCTb (OlIMOKa) C MOMOLIbIO oOpaTHoH 

CBA3H TomaeTcd B CeTb HM BeCa H3MCHAIOTCA B COOTBETCTBHM C aJIrOpHTMOM, 
CTpeMALIMMCA MMHHMM3MpoBaTb oOWMOKy. Bektopbl oOOy4arollero MHO2KeCTBa 

MIPCAbABJIAIOTCA MOCJIENOBATEIbHO, BbIYMCJIAIOTCA OLUIMOKH M BeCa NOACTpaMBaroTcs DIA 

KaKOrO BeKTOpa JO Tex Mop, Moka owmMOKa mo BceMy OOy4Yalollemy MaccHBy He 

JOCTHTHET IIpHeMJICMO HH3KOrO ypoBHA. 

O6OyueHne 6e3 yunTesaA , 

TpyaHo BooOpa3uTp oOy4alollMi MexaHH3M B MO3re, KOTOpBIi Obl cpaBHHBal 
*KeAeMBIC HM JCMCTBHTeIbHbIeC 3HAYCHHA BbIXONOB, BbINOMHAA KOPPCKIHIO C MOMOIIIbIO 

oOpaTHo caa3H. EcaM gomycTHTb nogoOnbiii MexaHu3M B MO3re, TO OTKyZa Torma 

BO3HHK@IOT %KeNaeMble BbIXOMbI? OOyuenve 6e3 yunTenaA aABIAeTCA HamHoro Goptee 
MpaBgonogo6Hom Mogenbio o6yyeHHA B G6uonorm4ueckoh cHucTeme. Pa3BuTan 
KoxoHeHom [3] 4 MHOrMMM APyrHMy, OHa He Hy2KMaeTCH B LWeseBOM BeKTOpe IA 

BBIXONOB H, CJIeEQOBaTeyIbHO, He TpeOyeT cpaBHeHHa c mpesompenenenHbIMHu 
MeaibHbIMM OTBeETAMH. O6y4alOllee MHOXKECTBO COCTONT JIMIMb 13 BXOJHBIX BEKTOPOB. 
O6yyaroumi + anropHTm MoOsCTpavBaeT Beca ceTw Tak, 4TOOBI! mMomy4anvcn 
COrIaCOBaHHBle BbIXOZHbIe BEKTOPbI, T. €. YTOOLI MpeNbaABNeHMe AOcTaTOUHO ONM3KHX 
BXOJHBIX BEKTOPOB JaBasio OJMHAKOBbIe BbIXObI. Tpouecc o6yyeHus, ceOBaTeNbHO, 
BbIMeIAeT CTaTHCTHYeCKHe cBOlcTBAa OOyyarolllero MHOxKecTBa M rpynmupyeT cXoAHBIe 
BeKTOpbI B Kulaccbl. IIpenpapieHue Ha BXOX BeKTOpa M3 aHHOrO Kylacca act 
OMpeXeeHHbIN BLIXORHOHM BeKTOp, HO HO OOyyeHHA HEBO3MO%KHO pescKaszaTb, Kakoit 
BbIXOA OyWeT MpOH3BOAMTECA WAHHbIM KaCcCOM BXODHBIX BeKTOpOB. CieqOBaTeNbHO, 
BbIXOMbI MOQOOHOH ceTH AOUMKHbI TpaHcbopMupoBaTbcA B HeKOTOPy!O MOHATHYIO 
cbopmy, o6ycnoBneHHyio mpoueccom oG6yyeHua. STO He ABIAeTCA cepbesHolt 
mpoOsemMol. OObIHHO He COKHO HACHTHPULUMpPOBATb CBA3b MEXK AY BXOJOM H BbIXOZOM, 
YCT@HOBJICHHYIO CeTbIO. 
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2 HU®®EPEHUMAJIBHBIE YPABHEHHA . 
Jlanee ocHOBHOM 3anayel cTan mog6op Gonee ucnomb3yeMbIX MIM BavKHBIX 

quddepenunanbyblx ypaBHenuit. Tlostomy BplGop ma Ha HECKONBKO pyHKunii. 

2.1 MOJEJIb JIOTKH — BOJIbDTEPPbI 
IlepByt0 MaTeMaTH4eCKy!0 MOJelIb, KOTOPylO MBI PaCCMOTPHM, OMMcBIBaeT 

G6vonormyeckve cooOujecTBa MH Ha3biBaeTca.voders JIomKu — Bonemeppoi. Oua 
OMMCHIBaCT MONMYNALUMIO, COCTOALLYIO H3 DBYX B3aMMOMeHCTBYIOLUMX BYOB. IepsErii 13 
HX, MMeHYeMBIM xulyHUuKamu, Ip OTCYTCTBMM BTOpOro BbIMMpaeT M0 3aKOHY 

x’ =-ax(a > 0), | (8) 

a BTOPOH — ocepmeéoi — Mp OTCYTCTBMM XHUHHKOB HEOrpaHH4eHHO pa3MHOxaeTca B 
COOTBETCTBHH C 3aKoHOM Manbmyca 

x' = ax(a > 0). (9) 

Bsaumoelictave JByx 3THX BAJOB MogenMpyetca Tak. )KepTBbI BbIMHpalOT co 
CKOPOCTbIO, paBHOH YMCIy BCTPe4Y XHLWJHMKOB M %KePTB, KOTOpOe B AaHHOM momen 
MpemioaraeTcaA MpPONOPUMOHAIbHBIM 4nCNeHHOCTH o6eHx  monynauuii, T. 
€. paBHon dxy (d > 0). Tlostomy 

y’ = by- dxy. (10) 

XUUIHHKH 2K pa3MHOXKAaOTCH CO CKOpOCTIO, MponopuMonanbHoti 4Mcoy 
Cb€ICHHBIX 2KEPTB: 

/ x’ =-ax + cxy, (c>0). (11) 

Cuctema ypaBHenni: 

x' = —ax + exy, 
(12) 

y' = by- dxy, 
(13) 

Onvcbiparollan TaKyWO nonynAayuio xUuWHUK — acepmea u 
Ha3bIBaeTCA Cucmemou (uM modenvio) JIomKxu — Bonomeppol. 

Mozenb Jlotku-BonpteppbI Meet ofMH HegoctaTox. Ona He YUMTHIBAeT 
COBOKYIHOCTb BCex PakTOpoB AeHCTBYIOWIMX Ha NOMYyNALHIO, 
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OToro HeocTaTKa JMuleHa Mogenb XommmHra — ToHHepa, y4MTbIBaloulad 
Oombliee 4HCO peanbHEIX axTopos. B 3Toit MOLeNM CKOpOCTb H3MeHeHHA NOMy ALN 
XMIJHMKOB 3afaeTCA BbIpaKeHHem ax — bx2/y = x(a — bx/y). Oxo BblOpaHo u3 
cnemylolwux cooOpaxeHvii. Korga muuju (xkepTB) MHoro (y ~ +oo), nonynalua 
XMIIHUKOB pacTeT Mo Mpapusy Manptyca c noka3aTeieM a. C yMeHbILeHHeM 4ucya 
%KCPTB CKOPOCTb pOCTa NOMMYJIAWMH XHMUHHKOB MagaeT M mp y < bx/a craHoBMTca 
OTpHUaTeIbHOK. CKOpOCTh H3MCHEHHA NOMYAALM 2KEPTB COCTOHT M3 TpeX KOMMOHEHT. 
Tleppbri wieH cy cCooTBeTCTByeT 3aKoHy Manbtyca, BTopoii -dy2 omucbipaet 
BHYTPHBHAOBy!0 KOHKYPeHUH!O HM BbI3BAH OrPAaHHYeHHOCTHIO pecypcoB skoOrMyeckoH 
HIM, 3aHHMaeMOH NonyiauMei xepts. IIpH oTcCyTCTBMH XHUHHKOB >KepTBbI 
TOMYHMHAIOTCA ypaBHeHHtO 

y’ = y(c - dy) | (14) 

Hakone, TpeTHH KOMIIOHCHT CKOPOCTH H3MCHCHHA NONMYJIAWMH 2KepTB B MOEN 

XoOWIMHTa — TaHHepa ONMCbIBaeT Ce B3AMMOJCHCTBHE C XMLMHHKAaMH HW MMeeT BHA — 

pxy/(q + y) (p,q > 0) (15) 

x' = (a- bx/y)x ° (16) 

y' = [c- dy- px/(q + y)ly (17) 
ITpouecce nepeqaun HHdeKUHU UM NMZemunn. 

7laHa w300MpoBaHHas Monlylalus. Ocobu nomynsauMu DenaTca Ha Tpu KMacca. 
MuduunpopanHpit = Knacc =YMCNeHHOcTbIO «x(t) (t - BpemMa) cocToMT 43 
MHDMUMpOBaHHBIX (3a6omeBUIMX) ocobeli, KaxKNan U3 23THX ocobel 3apa3Ha 
(peanonaraetca, YTO MHKyOallHOHHBIM Mepvog 3a6onepaHna TIpeHeOpexkHMO KOpoToK). 
Bropok klacc wicneHHoctTs1O y(t) COcTaBNAIOT BOCIIPHHMUMBEIe OCOOH, T. e. OCcObH, 
KOTOpbIe MOFYT 3apa3HTbCa NPM KOHTAaKTe C HHHUMpOBaHHEIMM ocobsmu. Tperuii 
Klac€ COCTOHT M3 HeBOCIIPHHMYMBBIX oOcobeli (mpHoOperlmMx MMMYHHTeT UI 
MNOrHOWIMX B pe3yibTate 3a60NeBaHua). Ero uyycneHHocth o6o3Ha¥aeTca z(t). 
Ipennonaraetca Takoxe, uro o6ilai YMCNeHHOCTS NoMynAMH nN MocTosHHa (T. e. He 
YUATHIBAIOTCA POKTEHUA, ECTECTBEHHBIC CMepTH HM Murpalna). [Be runore3bl, exaulue 
B OCHOBe MOJ@JIM TaKOBBI: 

1) 3a00l€BaeMOCTh B MOMEHT BpemMeHH ¢ paBHa x(t)y(t) (9Ta runotesa 
OCHOBBIBaeTCA Ha MpapgonogoOHOM Mpesnonoxenuv, 4TO 4HcNoO 3a6o0neBaroMHx 
MPOMOpUMOHabHO YHcy BcTped MexKTY OOBHEIMM HM BOCIPHAMU4MBEIMH ocobaMy, 
KOTOpOe B CBOHO OYEpelb B MepBOM NpHONMKeHHH MpomoplMOHaNbHO x(t)y(t)); Taku 
06pa30M YMCJIeEHHOCTh Kacca X pacTeT, a YMcMeHHOCTS Kacca y yObiBaeT co 
CKOPOCTbIO 

ax(t)y(t) (a > 0) (18) 
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2) YHCJICHHOCTh CTAHOBALIAXCA HEBOCIIPHUMUMBBIMH. Ocobeli (mpHoOpeTIIMx 
MMMYHHTeT WIM NOrHOWMX) pacTeT cO CKOpOCTbIO, NPOMOpunMOHaNbHOH uNcMeHHOCTH 
3a00JIeBLUIMX, T. €. CO cKopocTbio bx(t) (b > 0). B pesynbtate MBI moslyuaeM CHCTeMy 
ypaBHeHua 

t 
x = axy- bx, 

i y' =- axy 
z’ = bx. (19) 

2.2 PABHOBECHAS LEHA B MOJEJIM BAJIBPACA 

PaccMOTpHM mMpolecc, B  xome KOTOporo fpeqioxKeHHe H  crpoc 
ypaBHopelluBarorca. I[pegnonaraetca, uTo mpu 060K WeHe, eciM cripoc TIpeBbILWaeT 
MIpeAIOKEHHE, TO WeHa OyWeT pactu, ecnH MpesoxKeHMe NpeBbllllaeT cipoc, TO LeHa 
OyqeT manaTb. O6o3HayHM WeHy uepe3 P; BeNMYMHbI cipoca HM NpeqoxKenua, 
COOTBETCTBEHHO, 4epe3 D(p, a), S (p); @ — napamerp, cooTBeTcTBYIOWIHi 3K30reHHBIM 
(BHeIUHHM) @akTopam. Torma W3MeHeHHe WeHbI Ip v3MeHeHHH BpeMeHH t MO2KHO 
OMHCaTb CIeEXYIOWIMM COOTHOLIeHHeM: 

dp 2 = Dp, a) - S(p) (20) 
YTo MoxkHO yBMJeTs 43 3TOTO cooTHoMeHHa? Hanpumep, mocTraBum BOTIpoc o 

TOM, CYINeCTBYeT JIM PaBHOBeCHad LleHa, He H3MeHsIOWMaAcaA CO BpeMeHeM. Eé cnenyer 
OMpeeNATh U3 yCIOBHA 

dp _ 

at 

oTKya 

D(p,a) — S(p) = 0. 

IlycTb Po e€CTb pellieHve yaHHOoro ypaBHeHna. Pasnooxum mpaByto uactb D(p,a) — 
S(p) B oKpecTHOcTH 3HayeHHA p = Po, TOrMa W3MeHeHve LeHbI P MpH Mmasom 
OTKIOHCHHH OT paBHOBecHOli UeHbI p = po OyaeT onpesenaTECaA ypaBHeHHeM 

<2 = (Dp — Sp)( ~ Bo), (21) 
THe ONYINCHBI ClaraeMble BbIIWe MepBOH CTeMeHM BeEMUYHHbI P — Po HW OOO3HatEHO 

Dp = ADP, 2)/4P|p=pys Sp = O5(P, 2)/APl pp, (22) 
Pemlenue mocnegzHero ypaBHenua naétca BbIpaxKeHHeM 
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p(t) = po + [p(0) — po] exp[(D, — Sp) t] | (23) 

Ilycts D, — S, < 0. Torma, ecu HavanbHad WeHa p(0) oTnmMuanach OT paBHOBecHOH 

Do, TO pu t > CO MMeeT MECTO Mpegen p(t) — Po, T.e. B Mpoulecce oOpaljeHHa TOBapa 

Ha pbIHKe ero weHa GyneT mpHOnwxKaTECA K paBHOBeCHOH. B 3TOM ciy4ae MOXKHO 

cka3aTb, 4YTO paBHOBecHad WeHa ycTolunpa. OueBuqHO, YTO C YBeIHYeHHeM LICHbI 

manaetT cnpoc (D, < 0) HM yBenM4MBaeTcA MpeqOKeHHe, T.C. Sy > 0. B 9THx 

YCNOBUAX CYyecTByeT paBHOBecHaa wena. JlaHHad MOJeub MpeCKa3sbIBaeT pOcT 

NpesOx%KeHUA IPH pocTe cipoca Ha AaHHbI TOBap, BbIPaKeHHOTO B BUC pocTa WeHbI 

Ha TOBap. 

Ecu Dy — Sp > 0, To nena p(t) GyqeT OTKMOHATECA OT paBHOBECHOH B Ty WIM 

apyryto cropouy. B 3Tom cylyyae paBHoBecHas WeHa HeycToiuupa. B cooTBeTcTBHu 

C M1OJIOKEHHAMH SKOHOMHYeECKON TeopHu, MpH HeyCcTOMUMBOK WeHe TaHHad MODeIb 

He JaéT pa3yMHBIX MpedcKa3aHHi. 
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3 PEWIEHHE AM ®®EPEHIMAJIBHBIX YPABHEHHH C. MOMOLIbIO 
MCKYCCTBEHHbIX HEMPOHHBIX CETEH 

3.1 NPM BJIMOKEHNE PEWIMEHUA JPOBHbIX JU®OEPEHIMAJIbHbIX 
YPABHEHHH B UACTHDIX MPOM3BOJHbIX C NOMOLIbIO 

HEMPOHHBIX CETEM 

3.1.1 BBEXEHHE B IJIABY 

HetipoHuble ceTH c paManbHbIMu Oa3McHbIMH MYHKUMAMM MCNOMB3ytoOTCA ANA 
pelleHHA HauaIbHO KpaeBbIX pOOHbIX ypaBHeHHii B 4YaCTHBIX MpOM3BONHBIX C 
MepeCMeHHBIMH KOSPPUUMeHTAaMH Ha KoHeyHOM OGmacTu. B uTore nomyyaetca coyuail, 
Korga JleBad WIM MpaBad cTopoHa ApoOHolt npoctpaHcTBeHHO MpoOH3BOZHOM MoxKeT 
IIpHCYTCTBOBATb B AMPepeHUMaIbHbIX ypaBHeHusX. CXOAMMOCTH 9TOFO MeTOna 6ynyT 
paccmoTpeHbl. UvceHHbili MpHMep HcnoONb30BaHHA HeHpoHHEIX ceTeli cnoco6om RBF 
ANA ABYCTOPOHHUX pOOHBIX YaCTHBIX DudepeHHabHbIx ypaBHeHHl TawxKe OynyT 
IIpe€ACTaBJICHbI HM 10 CpaBHeHHIO C APyrMyMu MeTOaMhH. 

B aTodi cTaTbe 4 Oy ay McMOb30BaTb MeTOT HepoHHEIX ceTeli Wyld pelenua 
YaCTHBIX NPOOHBIX AudepeHUMaIbHbIX ypaBHeHHlt (ULTY) B Buze: 

Ou(x, t) rt u(x,t) OT u(x,t) 
yaa c+ (x,t) Ox > c_(x,B + s(y,t). ox (24) 

Ha koneuHol oOnactu L<x<R,0O<St <T. 3necb, 1 paccmatpuBato cyan 
1 <a < 2, rae mapamerp a saBnaeTca BpoOHEIM NOpaAKOM MpocTpaHcTBeHHoki 
MpOw3BoqHOK. Dynkuna s(x,t) ABAeTcA ucTOUHMKOM / HormoTuTenem TlepBoro 
mpenena. DyHKnuh c,(x,t) = 0 uw c_(x,t) > 0 moxno HHTeplpeTHpoBaTb Kak 
TpaHCcnopTHble Koo@duynentsl. Msi Take mpenmonaraem HavabHoe ycmoBue 
u(x,t =0) = F(x) mia L <x <R w uynespimn rpaHM4HbIMH ycoBuamu Jupuxie. 
Aina cnyyaa 1 <a< 2, yo6apnenue agpexTuBHo Kmaccw4eckoit opMBI 
—v(x,t)du(x,t)/Ox Ha npaByto cToponHy ypaBHenua (24) He BIMAeT Ha aHann3, 
NPOBEACHHEIH B JaHHOM JOKyMeHTe H ObiIO OnyujeHo Ayla yIpomeHua O6o3HaueHHif. 

(+) Ha npaBow cTopone u (—) Ha seBoii CTOpoHe B ypaBHeHuu (24) — npodupie 
TPOM3BONHEIe NopszaKka a PumanHa-Jltoopwis [15] ompesenstotca Tak: 
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ad" f(x) _ | an tte) : 

dct T(n- x) tx? J, (x yee “ 

d®f(x) — (-1)" d" f fg) a — <= | tt. dot T(n-ayax” J, Gay (25) 

(Dif) (0) = 

(DR_f (x) = 

re n yenoe wucno n—1<a<n. Ecnu a=m wenoe 4ucno, Torma BepxHee 

onpemeleHve WaeT CTaHAapTHble Wesble MpOu3BOLHBIe: 

d™ F(x) 
dxm ’ 

mil f(x) d(x) 

“ee (26) 
(DP AG) = (OR f= (-1) 

Korga @ = 2 wu nogctaHoska ‘c(x,t) = c,(x,t) +c_(x,t) B ypaBHenne (24) 

MMeeT MeCTO, TO Momy4aeTcH kiaccM4eckoe MapadomMyecKkoe acTH4HOe 

auddepenunanbHoe ypaBHeHne: 

Ou x, t) 
=c(x,t oT (ef) 

A2 x, 

oturt) ~ s(% ty. 

Ox? (27) 
a 

TouHo Tak xe, ecH @ = 1 wu c(x,t) = c,(x,t) + c_(x,t) mogcTaBliaem B ypaBHeHHe 
(24), To Nonyantca runepOonmueckoe YacTH4HOe AMuddepeHlManbHoe ypaBHeHHe: 

Our, ef) _ Our, t) 
c(x,t} We +s({x,t). 

ot o: (28) 

Cuy4aii 1 <a <2 npenctaBsaeT coOoli cynepauddyccuBHbIit Mpouecc, B KOTOPOM 
YacTHUbI AupdyHAMpyiorT OpicTpee, Yem MpeAcKasbiBaeT KlaccM4ecKas MoeNb (27). 

CrlenyeT OTMeTHTb, 4TO MeBad CTOpoHa Apo6Ho mpou3sBogHow f(x) B TOUKe x 
3aBHCHT OT BCeX 3Ha4eHHH PYHKIIMM CsIeBa OT TOUKUM X, TO eCTb, 3Ta MpOM3sBONHAaA 
Harpy Kea CpeqHUM TakHXx 3Ha4yeHH dyHkuun. Kpome Toro, mpaBad cropoua Tpo6Holt 
Mpou3BoqHoOH f(x) B TOUKe X 3aBMCHT OT BCeX 3HaveHHi P@yHKUMM cnpaBa oT 3TOH 

TOUKH. B oOuleM, NeBbie H MpaBble MpOv3BOHbIe He paBHBI, ECM @ He 4eTHOe Heme 
4HCIIO, M B STOM CJly4ae 3TH MpOM3BOAHbIC CTAHOBATCA JIOKAJIH30BAaHHBbIMH WM paBHbIMH. 
IIpi @, paBHEIM HeyeTHOMy WeOMy 4HcHy, 3TH MpOM3BONHBIe cTaHoBaTca 
AOKATM30BaHHBIMH HM MpOTMBOMOOXKHEI HO 3Haky. Jia Oonee NOApOOHOK uHopmalluH 
0 ApoOHOK npovsBoqHO nonsATHH u onpenenennit, cm. [11, 13, 15, 16]. Ccpinxa [17] 
oOecnieunBaeT Gomee eTambHOe paccmoTpeHue mpaBoli cTopoHsl OpoOunix 
NpOWM3BOAHbIX, a TakoKe CyYIIe€CTBCHHOe npeoOpa30BaHHe JICBBIX CTOPOH TpoOusIx 

MpOW3BOHBIX. 
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Tipyro cmoco6 pelieHua gpoOnoro ypaBHeHHA B YaCTHBIX MpOM3BOHBIX 

ypaBHeHua(24) pacxpbiT B [14] ccbinKe. OHM MpeBpalllaloT 3TO ypaBHeHve B YaCTHBIX 

TIPOH3BOQHBIX B CHCTeEMy OOBIKHOBEHHbIX DHddepeHUMAIbHbIX ypaBHeHHH (MeTOZOM 

IIpAMBIX), KOTOpad 3aTeM pelliaeTcaA c NOMOLIbIO dopmys DHdepexynpoBaHHA Ha3zad. 

B apyrofi paSote [18] pa3sBuBaeTcd MeTO KOHCYHBIX WICMCHTOB Id DByXTOYe4HOH 

KpaepoH 3agqauu, u [11], HaxogHT 4HcneHHOe pelleHHe ypaBHeHHa (24), MeTOOM 

KOHCYHBIX pa3sHocteli. 

3.1.2 ACHOJIb3OBAHHE MHOTOCJIONHON HEMPOHHOU CETH 

Muorocnouas ceTb PyMenbxapT-XHHTOH-Y WJIbAMa [19], ABJIACTCA 

OMepexKarolWlMM THIIOM CeTH co CBA3AMH TObKO M@xKZY COCeqHHMM clloamMu. CeTu 

OOBISHO OOJIaqarIOT CKPBITIMH CJIOAMH Me?K TY BXOJHbIM HM BBIXOAHBIM cyOAMH. Kaxnpiii 

COM COCTOMT H3 BBIYMCIMTeIbHBIX OOKOB. OTHOMIeHHe BBOa-BbIBOZa KaxKyon 

CNMHHIbI MpeACTaBIeHbl BXOMaMH X; MW BbIXOWaMH Y, BeC COeAHHEHHA W;, Nopor 6 u 

nuddepenunaibHoK PyHKUMU ~ ciezyrouluM oOpa3om: 
a 

mt 

Y(X1,.--4 Xn) = de6(| Ww - x| + °,), where x, € BR, WER", 7,0) ER 
el (29) 

STO ceTb o6MaqaeT oO6y4eHHem c OOpaTHbIM pacmpoctpaHeHvHeM [19], KoTopoe 

MpeAcTaBiaeT coOo anropHTM, KOTOpbI ucnomb3yeT clocoO rpaqHeHTHoOrO crlycka 

WIid W3MeHeHHA Beca M Mopora, Kak ouIMOKy Mexny TpeO6yeMbIM pe3yJIbTaTOM U 

BbIXOHBIM CHrHaJIOM CeTH, KOTOpad CBOAHMTCaA K MMHMMyMy. A OObIYHO MCTIONb3y1O 

OrpaHH4eHHble H MOHOTOHHO BO3pacTatoulve DuddepeHuupyemble PYHKIUMU, KOTOpbIe 

Ha3bIBalOTCA PaqHaIbHbIMH Oa3HCHbIMM PYHKUMAMY, DA KAKO PyHKIMA BIXODHOTO 

610Ka. 

Ec MHOorocnotHad ceTb WMeeT nN BXOJHBIX Y3I0B H M BBIXOIHBIX, TO 

OTHOWICHHE BBOJ-BbIBOM OMpezelIneT HeMpepbiBHOe OTOOpaxKeHHe H3 -MepHOrO 
€BKJIMZ0Ba IpOCTpaHCcTBa B M-MepHOe eBKIIMTOBOe MpocTpaHcTBO. 41 Ha3bIBalO 3TO 
oToOpaxeHHe - OTOOpaxeHve BBOa-BbIBONa ceTH. Sl w3y4arO MmpoOseMbI ceTeBBIX 
BO3MOXKHOCTeH C TOUKH 3peHHa oTOOpaxeHua BBOJa-BbIBOna. IIo mepKam M3y4ueHHuaA 
oToOpaxxeHHi MHOFOcNoMHOK CeTH CTaHOBHTCA ACHBIM, YTO DOCTaTOYHO PacCMOTpeTb 

CeTH, YbM @yHKUMM (xX) M BbIXOZHbIe yHKUMM BXODHBIX WM BBbIXOJHBIX ci0eB 
ABJIAIOTCA JIMHCMHBIMH. 
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3.1.3 TIPHBJIMKEHHAA PEAJIMV3AUNH . HEIPEPbIBHbIX 
OTOBPAX2KEHHM HEMPOHHbIX CETEHN 

Cepuika [20] paccmMaTpHBaeT BO3MOX%XHOCTb [peCTaBeHHA HenpepbIBHBIX 
OTOOpaxkeHHM Cc MOMOLIbIO HelipoHHBIX ceTel, y KOTOPbIX BbIXONHas MYHKUMN B 

CKPBITbIX CJIOAX ABJIACTCA CHTMOBHOHOK yHkuMel, HampHMep, @~ = O6uHe 
1+e-*" 

HeMpepbIBHbIe OTOOpaxkeHHA He MOTyT ObITb TOUHO MpescTaBeHbI ceTaMu PymempxapT 
-XHHTOH-Yunbama. Hampumep, ecu ucnonp3yetca yelicTBHTenbHaa aHanuTHueckaa 

yHKUMA BbIBOMa, Takad KaK CHTMOBHAHad yHKUMA ~ = TO oTOOpaxkeHHe 
1+e-*” 

BXOJa-BbIXoya 3TOH CeTUu ABNACTCA €AHAJIUTHYCCKHM H Booome He MOKEeT NIpe€ACTaBJIATb 

BC HelIpepbIBHble oTOOpaxkeHus. Ilyctb TouKu -MepHoro EsxmuqoBa mpoctpanctsa R™ 
oOosHayaloTcs Yepes X = (Xj, ...,X,) H HOpMa X oNpenemsetca Kak 

Ilx|] = (Sho x7). 

Onpeyenenne 3.1 (cm. [21]): yets H = R” nunetinoe mpoctpanctso. OyHkyHA 
F:H > R waspipaetca pamvanbHo Ga3ncnolt dyuKuMel, KoTOpat Moxer GBITB 
MpeacTapena B Buge F=gog, me g:R > R, g:R° > R, u g(x)= \|x - 

wll”, x, w! ER”, 

B qaHHolt paOote a w3y4ato mpu6mmxenue U c nomompro y, KOTOpad ABIAeTCA 
MIpeACTaBICHHeM MOeIM HeMPOHHBIX ceTeii MocpegxcTBOM aHasH3a IIpe ABI yIWAx 
TeopeTH4eCcKHX HccieqoBanHi. Kpome toro, npHBezeHbl UccteqoBaHUA cXORAUeroca 
pemenus U np npvOnmxKeHHoM peulennn y, rae y = (w',x,0) aBnaetca paquaibHon 
6asncHol dyHKuneii. 

Mer Takoke fJaem HeKOTOpBle TeopemsI Aid NonyyeHus ycsIOBHi cCXOAMMOCTH 
NpHONMSHTeIbHOO pellleHua WIA ypaBHenus (24) c MOMOLIbIO HeHpPOHHBEIx CetTeit. 

Teopema 3.2 (Upu-Musxu, [16]): Nycts w(x) € L1x R, To ects, nycts w(x) 
OymeT aOcomoTHO uuTerpupyeMoli uw u(x,,...,X,) €12(R"). Tycm W (é) 
uuTerpupyemat WU U(x,...,x,) OyaeT npeoOpazopannem gyHKunH Dypse W(x) u 
U(X4,...,%»_) € L?(R") coorperctsenxo. Ecnu Y(1) ¥ 0, rorma: 

x x n 

MX. Xa) = { . ‘| (Save - ww) ml (0, vie Wy) 
on -x \S (227)"V(1) * exp(itey ela dw, dw. (30) 
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Teopema 3.3. Ilyctb p(x) - pagvanbHan Oa3vcHaa yHKuUMA, HeMocTOAHHag, 

OrpaHHueHHad WM MOHOTOHHO BO3pacTarolllad HeMpepbiBHaa dyHkuua. Tlycth K - 
KOMMaKTHOe MOAMHOKeCTBO R” vn Uu(X1,...,X,) Pe@IbHOH 3Ha4eHve HenpepbIBHOl 
dyHkuuu Ha K. Torga aia smro6oro € > 0 cymecTByeT uHTerpan N u pelicTBHTeBHBIe 

KOHCTAaHTHI V;,0;,wi;j (i = 1,2,...,n; j =1,2,..,m) Takue, uTo y = (x,..,X,) = 

ya Yj 9[Din1 (Wi — x;)?]°/? + 6; 

YHOBIETBOPACT 

MAX xeK YO) Xp) — U(X, Xp) < E. 

Upyrumu cilopamu, aa mo6oro € > 0 cymiecTByeT TpeXCIOHHad CeTb, BbIXODHaa 
YHKUMA IIA CKpbITOrO clos KOTOpOH paBHa p(x), Ha BBOJHOFO M BbIBOAHOFO cis 
KOTOPOH ABIAIOTCA JIMHeEMHBIMM, H KOTOpad MMeeT BXOJHY1O-BbIXODHY10 yHKLUHIO 

V(X1, ++) Xp ) TakytO, YTO 

MAX eK |Y (NX) 0 Xp ) — U(X...) Xn) KE 

7loxa3aTeIbCTBO NepBoe 

Tak kak u(x)(x = (%1,...,%,)) HempepbiBHad (yHKUMA Ha KOMMAaKTHOM 
MOAMHOKecTBe K v3 R", To u(x) MO%KHO pacllMpHTb 10 HenpeppIBHol dyHKunu Ha R™ 
C KOMMaKTHBIM HOCHTeJIeM. 

Ecilv 4 MCMONb3yt0 OcpesHeHHe pa* na u(x), To pa*u(x) aBnaetca byHKunel 
C™ c KOMMaKTHBIM HOcuTesiem. Kpome Toro, 

pa*u(x) > u(x) > (a - +0) paBHomepuo Ha R™. 

Takum 06pa30M, MbI MOxKeM MpesMouoxKuTE, YTo u(x) - C°byHKIMA C KOMMAaKTHBIM 
HOCHTCNCM, IA MOKasaTebcTBa TeopeMbl 3.3. Ilo Teopeme BuuHepa-IIsnu [20], 
mpeoOpasopanne Dyppe U(w)(w=(wW,...,W,)) aaa u(x) aelicrsutenbHo 
aHaIMTHYeCKad M WIA ToOoro Wesoro N, cyiectByer nocTosHHasd Cy Tak, 4TO 

[U(W)| S$ Cy(1 + |wI-¥) (32) 

B yactuoctu U(w) € Ln L2(R”) 

A ompenenso [4 (21, X)s Ia co(X11 Xn)» Jar, Xp) coleMyIOMHM O6pasom: 
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A A 2 1. 
I4(%, 1 Xn) = I, ‘ L, yp (Ixhac ~ wi)? ]2 ~~ wo) x (2n)"p(1) x Uw, Wr) x 

exp(iWp) dWg ... dWp, 

_ A A [ro we y2is 1 
T4,00(%1, Xn) ~ i, an I, [seo (bee? w;) J Wo) x (27)"w(1) x 

U(W4, «..,Wy) X exp(iwo)| dWo ...dWn, 

Ja, vu Xn) = opr soa tee ia Uw, veey Wn) exp[DiL 1; — w;)*]2 dw, tee dwy, (33) 

roe w(x) € L' onpenenena kak 

W(x) = o(x/6 + a) — o(x/5 — a),6,a > 0. 

CyllecTBeHHOM 4acTbIO OKa3aTebcTBa MHTerpasibHOH dopmyibl Upu-Musxe 
[11] apnaetca paBeHcTBO [4 09 (X41, «6, Xn) = J 4(%q, «1. Xp) HW 9TO MpOMCXOMUT OT 

1 Pa i 2,0 (Fai — wi)? — wo) expiwo) dvg = exp ([D%a(xi — wi)12) (1) (34) 
B Hallie IUckyccuu, AcnomE3ya olleHKy U(w), merko 20Ka3aTb, YTO 

iM 400 L4co(X 1) Xn) = U(X, ,X_) paBHOMepHo = Ha_—séR,, Tlostomy, 
iM 4-500 L400 (X4, 0 Xp) = U(HXq, Xn) PaBHOMepHo Ha R”. A mMory yTBepxknaTb, 4TO 
Asa IrOOoro € > 0 cymectsyet A > 0 Takoe, To 

E 
Max xe” | L400 (Ky Xn) — UM Xn) < 2 (35) 

Hloka3aTenbCTBO BTOpoe 

A mpwOnwxy I. 4 KOHeYHBIMU MHTerpaliamu wa K. Jina € > 0, Bo3bMem A, 
KoTOpoe yHoBeTBOpset (35), Ja A’ > 0, ycraHapnusaem 

A A [A i 1 
Ig ay Xn) = Ln ™ L, ee ([ i=1%j — wi)? ]2 — Wo) x (2m "pd x 

U (Wy, Wn) X exP(iWy) dwo| dw, ... dW (36) 

A noKaxy, 4TO Wa € > 0, 1 Mory B3aT A’ > 0, Tak 4TO 

marrer | Lara +1 %n) — Loo,a%ay = %n)| <= 37) 
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C MoMOUIbio cileqytolllero ypaBHeHHA: 

rh, XiWitAl 

fe ( Raley — 22 - wo) exp(iWo) dWo = fon viwj-ar YE) exp(—it) de x 

expLia (xi — w02, . (38) 

Ucxona u3 toro, uto U(x) € L’, u komnaxtuoctu [—A,A]”" x K, MoxKHO B3ATb 

A’Tak, UTOOBI 

fe yp ([ jaa (Xi — w]e — Wo) exp(iwo) dWy — fw ( a1 Xi — wi)? _ 

€(27)?|¥(1)]- al a 

toe ' 
K 

2 [roo rel U(x)lax+1) x Pog Sg |UGe)lax on (39) Wo) exp(iwo) dwo| < ( 

CreqoBaTesIbHo, 

Maxxex [4,4 (X16) Xn) — Too aX Xn)| Ss 

é A’ A’ E 

(2 Jor SeolU@)Iax+1) * Joann Seg lUCD dx <7 (40) 

Hloka3aTesIbCTBO TpeTbe 

VUcxoga u3 (35) u (37), MOXKHO Cka3aTb, YTO QA MHOOoro € > 0 cyllecTByIOT 

A, A’ > 0 Taxne, uTo 

MaXxex |W(X4, Xn) — Ia a(Xr Xn) < € (41) 

u(x) MoxeT ObiTS MpHOmMKeHa c MOMOLIbIO KOHe4HOrO MHTerpana [4 4(X) Ha K. 

Vinterpan I, ,(X) Henpeppiped wa [—A’,A'] x ...x[-A,A] XK u monet O6bITb 

3aMeHeH, Tak Kak [4 ,(X) MoxeT ObITS NpHOMKEH C MOMOLMIbIO CyMM Pumaua Ha K. 

Tak Kak 

v (hai — wo*? - wo) = @ (Bacicw't we 4 : - (steel - 

oe «) (42) 

cyMMa PumaHa MoxeT OpITp mpeszCTaBleHa B TpexcnoiHo ceTu. Tlostomy u(x) MoxeT 

ObITb MpeAcTaBleHa Ha TpexcnoHoli ceTu. 
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Teopema 3.4. Ilycts H sMHelHoe mpoctpaHcTBo. MHoKecTBO payMasIbHBIX 

Oa3HCHbIX PyHKUMK OOosHayaeTca P = fexpod:  € H*} sbyHaamentambua B C(H). 

7loxasaTenbcTso. Ilycts T o603HayaeT WHHeMHy10 OOoO"Ky MHOKecTBa, P Kak A 

moxaxy T anreOpa Bp C(H), ana xE€H un g,pEeH* (rae 

H"sABAAeTCA ABOHACTBEHHbIM MpOcTpaHcTBoM H) [21] 

[(exp of) (exp ow)] (x) = (exp of)(x) « (exp ow) (x) = exp(O(x)) exp(W(x)) = 
exp(p(x) + W(x)) = exp(o + W)(x) (43) 

Ilycts do OyaeT HyNeBo dyHkuMoHan B H*, To (expodo) = 1 ana Bcex x E H. 

CneqoBaTenbHo, T coep KUT KOHCTAaHTBI. 

Tenepb, ecm x,y € H ux #y, To cymtectByet @ € H* takoli, to }(x — y) # 
0. 

exp[o(x — y)] # exp(0) = 1 

exp[¢(x) —- 6()] #1 

exp[$(x)] - exp(—(y)) #1 

exp[$(x)] 
exp(—$(y)) 

exp b(x) # exp(P(y)) (44) 

Takum oOpa3om, T oTaenseT TouKy H. 

#1 

Tenepb, 4 Hokaxy, 4To KakKdaa 6a30Bai OKPECTHOCTh HEMOZBYKHO TOUKM B 
C(H) mepecexaer T; K KoMMakTHOe MHoxKecTBO, Takoe, uTo K CH, ocHoBHbie 
OKPeCTHOCTH U cooTBeTcTBy!oT K uM uMeIOT BUA Bye = {g € C(H):|lu—gllx < €}, 
Nocie STOrO OrpaHH4vM U vi Bce WieHbI OT T go K, notom {h/K:h € T} yo cux nop Ha 
anreOpe c cOfepxkaHveM pacipoctpaHsouMx KoHcTanT aaa K, cnegoBarenbuo, 
{h/K:h €T} mnoTHo B C(K), u, cnemoBatenbHo, T mepecekaer Bye, 4TO H 
TpeOosaocb. TakHM o6pazom, T ABsIAeTCA OCHOBOMONAaralolHuM B C(H ). 

3.1.4 MCJIEHHBIE METOJIbI 

OTKa3aBLIMCb OT CeTei C OHOCIIOMHBIM CKPBITEIM CJIOeM HM C BBIXODHBIM cyIoeM, 
COMepKallHM OAHY CMMHuLy, YTOOb! ypocTHTb u310x%KeHHe 6e3 NoTepH OOWIHOCTH. 
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CeTb lpeqHa3HaveHa IA BbINOMHEHHA OTOOpaKeHUA HeMHeHHOM PopMBI OT 
BXOMHOrO MpOcTpaHcTBa K CKpbITOMy MpocTpaHcTBy Cc MOceZyOWlMM JIMHeMHDIM 
oToOpakeHHeM H3 CKpbITOrO IIpOCTpaHcTBa Ha BbIXODHOe MpoOcTpaHcTBoO. 

Yuntpipad Muoxectso N pasnuunpix touek {x;€R", i=1,2,..,n} u 

COOTBeTCTByIOllee MHOxKecTBO N yelictBuTenbubix uucen {u; € R", i = 1,2,...,n}, 
Haligqem dyukunio F: R" — R, ynopnersopstolllyt0 ycnoButoO MHTepnoALHH. 

f() = y, i = 1,2,...,n (45) 

7a cTporoH MHTepronAMH MHTeplONANMOHHad MOBepxXHOcTb (TO eCcTB; 
dbynxuna f(x)) spiaetca coepxMBatolleli Ha MyTH 4Yepe3 BCe yueOHBIe TOUKH DaHHBIX, 

HavanbHad WO € R™+™, 9) gO € Ry ER", , mel Gynem UcrONb30BaTb aNropuTM 
o6paTHoro pactpoctpaHeHua HeiiponHow cerm [21], uTo6p Halita myummii Bec 
W,V,d uO, BcTaBad ycnoBia HHTepnomauMH H3 (24) B (29). 

Ilonyuutca cmezytouulasr CHCTeMa JIMHeEMHBbIX YypaBHeHHi Wid HeM3BeCTHBIX 
KOSPPULMEHTOB pa3zOX%KeHHA 

Pir Pin] [% v1 

Selle bd s Pni  Onnd LY1 V1 

rye 

bij = O(W/ - Xl), GD = 12,0. 

BbIYHCIMTS OWHOKH 

E = (5) dhoG1 - u)?, 
H 

6: = — u)*O' OVD. 

PaccuuTaTb 

Av; = a6; Z; = ad; X;- w;'|| (a aBiaetca o6yueHue 0 < a < 1), 

Ad; adj, pi = Lj=1 Vj, B, = pia (|X; — W ||), Wij = aBix; 
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AO; = af, VOW = VP'4 + AV, WEY = WE" + AWi;, OP = OP% + 8, dpe” = 

dpi? + Ad;, (47) 

Tlocne storo myumme Bech! W,V,0,d Halimenbil. YuuTbIBad 3ameHy B (29), 

MpHOsMKeHHOe pellleHve OyeT HaliqeHo. 

OnvcaHHBbii BbIMIe MeTO NospKeH pa6oTaTb B ITOH cuTyalMu. B Takom cyyyae, 

3HaueHHA OTCYTCTBHA TOUHOTO pellieHHt Ha He3aBHCHMbIX MepeMeHHBIX OyyT 

3QMeHeHbI B PpaHHYHbIX YCNOBMAX Wid TOPO, YTOOb! MOMYYMTh TOYHbIe 3Ha4eHHA. OTH 

3HaYeHHA MOryT ObITb HCMONb30BaHbI Ha 3Tale NOZTOTOBKH paccMaTpHBaeMoro 

oOpaTHoro pacipocTpaHeHHa HelipoHHor ceTu. Uepes 3TOT NOAXOA MO%KHO MOYYHTb 

3Ha4eHHe XOPOLIMX Becos B (29). PaquanbHas OasucHad dyHKUMA B Teopemax 3.3 u 3.4 

Oba HCHONb30BaHa WIA MomyyeHua cxoZHMocTH oO6y4yeHHA HeMpOHHOH ceTH 

o6paTHoro pacipocTpaHeHua. 

3.1.5 UACJIEHHBIN TPMMEP 
7 

Cnenyromee ABYCTOPOHHEee HpoOuoe YpaBHeHHe B 4WaCTHbIX MPOH3SBOHBIX 

du(x,t) a18 u(x,t) _ a} 8u(x,t) 
a e+ (XE) Tae tC (x,t) ——— 

O_x18 
+ s(x,t) (48) 

ObLIM pacCMOTpeHbI Ha KOHeYHOH oOmacTH 0 <x <2 ut >0 c KoospdulneHTom 

bynKunn c,(x,t) = 1(25)x1® u BIHyxgeHHoK byHKuMU 

s(x,t) = -32e7* [x? + (2 -— x)? - 25(x3 + (2-x)9) + St + (2- x)*)] (49) 

TaOnuua 1: nofTroTOBKa JaHHBbIX NO 3HaveHHAM rpaHH4HbIX yCNOBHH. 

x t UOd Yr, tx 078 

ol 4] O.M44 0.1678 

0.2 0 1.404 1.5493 

0.5 a 0.2500 0.9654 

3 a 3.3824 6.7412 

15 a 225 4.7759 

17 if) Lida S.TAL8 

2 0) a a 

2 04 (a 4) 

2 0.6 a 0 
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TaOmuua 2: cpaBHeHve TOUHOrO pelleHua u(x;,t;) WH MpHOnmwKeHHOrO pelleHua 

KOHTPOJIBHBIX TOYeK Y(X;, yi) MpH Ax; = 0.2, At; = 0.1 

2 t L(x, t) Y (x,t) 

0.2 a. 0.41 0.4246 

0.4 0.2 Ladi L.3752 

0.6 0.3 01,2490 0.2831 

0.8 0,4 2.006 2.0597 

1.0 0.5 2.4711 2.4244 

1.2 Qo 2.42h1 2.4997 

1.4 0.7 2.0331 2.0488 

1.6 0.8 0.7362 0.7651 

18 0.9 O.2KY 11.2239 

MakcuMalsibHad NorpelHocts 0,0736 

HayanbHoe ycnosue u(x,0) = 4x2(2—x)* u rpanwunpie ycnosua u(0,t) = 
u(2,t). Sto ApoOHoe ypaBHeHHe B 4aCTHBIX MpOM3BOQHbIX HMeeT TOYHOe pellleHve 

u(x,t) = 4e7°x?(2 — x), koTopble MoryT 6bITh MpOBepeHbI MPHMeHeHHeM BpobHol 

opMy BI 

Di. (x — Lye = OR [(p+1i-a) 

cm.[11] 

(x — L)P*, De_(R — x)? = 
l'(o+1) 

r'(pt+i-a) (R—x)P"* (50) 

TaOnuua 1 moka3bipaeT OOyuarollve TaHHble 10 3HaveHHAM rpaHHUHBIX ycNOBHit. 

TaOnmuua 2 mMoKka3biBaeT cpaBHeHwe ToyHoro pelieHua u uU(x;,t;) u 

MpHONMKeHHOLO pellleHHA KOHTPOJIbHBIX TOUKAX y(Xx;, y;) up Ax; = 0.2, At; = 0.1. 

TaOmmua 3 cpaBHuBaeT MaKCHM@JIbHy!O MorpelllHOcTh c MpHO1WKeHHEIM 
PeLUCHHEM MCTOAOM MCKYCCTBCHHbIX HeMpPOHHBbIX CeTel H MeTOa KOHCYHBIX pasHocTei 
YMCJIeEHHOrO MeToga [11]. 

Ta6muua 3: CpaBHeHwe MexIy MakcuMasIbHOM MorpeliHocTbIO WM TpvOmwKeHHBIM 
penicHHeM. 

Ax, At FDM NNS 

Maximum ercor Maximum error 

0.2 G1 O.1417 0.0736 
| 0.05 0.0501 aon 
0.05 0,025 1.0249 0.0217 
anes OOE35 Qt O.0K82 
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3.1.6 3AKJIFOUEHHE PUIABbI 

Bo3ppallaich K TaOmHuaM 1-3, acHo, YTO NpHOmMxKeHHe APOOHBIX ypaBHeHHii B 
4YaCTHBIX NPOH3BOOHbIX C MOMOLI[bIO HelipoHHOH ceTH c RBF no3BomseT xopollio 
MIpHONH3UTb pelieHve. Kpome Toro, oOcy2xxgaeTca cNOCOOHOCTb MeTONa MIA pelleHua 

TpoOOHBIX ypaBHeHHi B 4aCTHBIX MpOH3BOZHBIX c Goslee 4em UBYMA IlepeMCHHBIMH, re 

MHorve pyrve MeTOMbI He cpadaTEIBaroT. IIpenmaraemblli MeToq maeT oOuiee 

NpHOMKeHHOe pellleHve K HHTepBasly OMpeeseHUA M 3ABMCHT OT PpaHHUYHBIX yCNOBUH. 

3.2 PEHEHHE HEJIMHEMHbIX OBbIKHOBEHHbIX 
AU®®EPEHUMAJIBHbIX YPABHEHMH C TOMOLIbIO FFANN 

3.2.1 BBEJEHHE BITJIABY 

BpicTpoe pa3BHTHe B OONaCTH KOHHEKIIMOHH3Ma CBA3aHO Cc MOABIeHHeEM 
MapaWIeIbHBIX, PAaclipeyeueHHbIX MW allalITHBHbIX CHCTeM OOpaboTKH HHdopMallnu, 
KOTOpbI€ BKJIIOUaIOT B cebd TakWe MHCTpyMeHTEI, Kak TeHeTHYeCKHe CHCTEMBI 
O6y4eHHA, UMMTALMM OTKMTa CHCTeM, aCcoUMaTMBHbIe BOCTIOMMHaHMA M HeueTKHE 
CHCTeMbI OOy¥eHHA. OgHakO OCHOBHbIM MHCTpyMeHTOM, KOTOpBI npeacTaBiaerT 
HHTepec, ABIAKOTCA MCKYCCTBEHHbIe HelpoOHHble CeTH. 

TepMMH MCKyCCTBeHHO HepoHHOH ceTu OTHOCHTCaA K M1060 cucTeme o6paboTKH 
WHopMalMu, KOTOpbie UMeloT OvOMOrMYecKoe Hayao. OOEIYHO OHH MpHHHMarIOT 
(bopMy cTpykTyp HanpaBseHHBIX rpaos [22], BepuiMHaMH KOTOPBIX ABJIAIOTCA JaHHBIe, 
nomiexaue oOpaboTke epe3 MaTemaTH4eckue omnepanmu. Wndopmanna 
MipeAcTaByleHa B HHX C MOMOUIbIO YHCICHHOrO Beca, CBA3AHHOTO MexKZY BepLIMHAaMH 
CUcTeMbI. MaTematvyeckne oflepaliii, BbINOsIHAeMBbIe STHMH BePIIMHAaMH, cioco6 ux 
COCHMHEHMA C IpyrHMH y3slaMu M MOTOK MHOpMallMM CKBO3b CTPyKTYpy paciOsOxKeHbI 
M padoTaloT Ha npwHyune G6uonormyuecko HepBHoi cucTembl. Bonsulaa acts 
T€PMHHOJIOMH, CBA3AHHAaA C 3THMH CHCTeMaMu, TakxKe WMMeeT OTHOLUIeHHeE -K 
OMOIOTM4eCKHM CTpyKTypaM, MOSTOMY CeTH 4aCTO Ha3bIBaIOT TPeHHPOBaHHLIMY, a He 
MpOrpaMMMpOBaHHbIMH, 4M OOYYCHHEIMH, a He MOJeMpOBaHHBIMH. 

WHC 3apexomenyopanu ce6a kak YHHBepCcasIbHbIM MHCTPYMEHT JIA NOCTHKeHHA 
TOTO, YTO MO%KHO OblIO ObI Ha3BaTb 3aqayamu GOomee BbICOKOTO Kyacca, Take Kak 
AaT4UK CHHTe3a, pacno3sHaBaHHa OOpa3zo0B, KaccMukallMu MU BU3yabHoli oOpaooTku. 
Bee 9TH MpHiox%KeHuA MpepcTaBAOT Oonbol uHTepec B ObmacTH MHKMHUpHHTa, 
OfHaKo, HacTOAMMe NpHnoxeHua MHC co3qanu MHeHHe, YTO CeTH He MOZXONAT AA 
paooThl B  3amayax, TpeOylOWlMX aKKypaTHOCTH H TOWHOCTH, HalpuMep, 
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MaTeMaTHYeECKOrO MOJEMpOBaHHA WIM MH3HMYeCKOFO aHasiM3a HHXKCHEPHbIX CHCTeM. 

KoueuHo, 6HonormueckHe OCHOBBI Helipo-ceTeBolt KOHLeENWMH NpeslosaratoT, YTO ceTH 

paOotaim Ob! Tyulle Ha 3aqa4ax, Ha KOTOpbIX ONOMOrMYeCKHe CHCTeMBI IIpeBOCXOAT. 

B MpOTHBOMOMOXKHOCTh 9TOMY MHEHHIO aBTOPOB CUYHTAIOT, YTO AabHeliwme 

MCCNeOBaHHA B TIpHOMMWKeHHM BO3MOXKHOCTH CeTeli MOKa@KeT, 4TO HeHpoHHble ceTH 

MOTyT ObITb KaK YHCIICHHO TOYHOM uM MpegzcKa3yemol CHCTeMOM MCUMCeHMA, KaK H 

OOBIMHbIC BLIYHCIUTEIBHbIC METOLbI. CanTaeTca TakxKe, YTO pH paccmotpenuu MHC B 

BUe WHCTpyMeHTa U4HCIOBbIX HCUHCIeHHM, MO%KHO 3aMeTHTb OlpezemeHHEIe 

ocoOeHHOCTH B OOYYeHHH M aHaH3e CyLIeCTBYIOWIMX CKAaHHpOBaHHA apxuTextyp. B 

Goslee HEMOCpeCTBEHHOM CMBICIe MpevMyllecTBa 3TOFO MOg_XoZa No3sBoNAT Helipo- 

ceTeBoH TMapagqurmMe co BCeM CBOMM OoraTCTBOM MOBeeHHA HW CMOCOOHOCTEIO K 

amanTallMuH, KoTOpat B Mape c Oonee 4HCTO BBIYHMCIMTeIbHBIMM MapanMrmMaMu 

MaTeMaTH4eCKH OPHECHTHPOBaHHOrO NporpaMMMpoBaHHA, MCIOb3SyeTCA MHKeEHEpaMH B 

o6slacTH MOJeMpOBaHHA MW aHasu3a. 

B HactTositjee Bpema cambImM rfonynapHbim mpHiowKeHvem VHC B nayxe u 

TCXHHKE ABIACTCA IMYAWHM PU3H4eECKHX MpoleccoB NO apXHTeKType HCKYCCTBeHHbIX 

HeHpOHHBIX ceTeH Mpamol caa3H (FFANN) c Hcnosb30BaHveM alroputma oOy4eHHa. 

Tlotomy 4To 9Ta Mapagqurma TpeOyeT Bo3qelicTBHA MHOPOUMCICHHBIX MHO2KECTB BBOa- 

BBIBONa, 3TO MOXKET CTaTb OOJIbIUMM MH TpyYOCMKHM MIpOlleccoM, a TakxKe 3aHATb 

OombWIoH oObeM MaMATH. 3Ha4HTeNbHbIe yCHJIMA MO%KHO COXpaHHTb, ecu 

MaTeMaTHYecKy!O MONeIb v3H4ecKoro mMpollecca MOKHO OyeT BKIIOUNT 

HemocpeACTBeEHHO HW TOUHO B apxHTeKTypy FFANN 6e3 HeoOxogMMocTH TIpHMepos, 

Takum oOpa30M, COKpalliad HW yCTpaHaa da3zy o6y4eHna. 

B mpeabigyieh pa6ote paccMaTpHBalivch MaTeMaTH4ecKoe MOJeMpoBaHHe MI 

KOHHEKIIMOHHMCTCKOe pellleHHe€ ypaBHeHHii, kak HOBad oOOacTb, B KOTOpoOii 

MIpHMeHAIOTCA OOBIYHbI€ KOHHEKIWIMOHMCTCKHe mapanurmbi. Hanpumep, Takena u 

Tyqman [23] u bapuapyz u Casasent [24] ucnons3yror napagurMy ONTHMM3alMH ceTH, 

ocoOeHHO BapvauMu Ha ceTax Hopeld, o19 pemenua cucteM JIMHeMHEIX ypaBHeHnii. 

JIMHeMHbIe CHCTeEMBI, KOTOpbI€ OUKHbI OBIT peLICHbI, BbIPMKEHLI B Bue 
MMHMMH3alHu KBagpaTHuHOoH dyHKuUMH, uw Beca ceTH Hopeld o6yuarotca, noxa 

dbyHKWMa He CBOAMTCA K MHHMMyMY. JIM uv Kan [25] pactiMpstoT 3To McnomB30BaHHe 

ceTteH Hopeld ana pemenua qupdepenuuanbybix ypaBHeHuii. Wang u Mendel [26] 
HCHONb3yloT Oomee wiH MeHee CTaHaprHpile FFANN apxutextyppi c 3aHuM 

aITOPHTMOM paciipocTpaHeHHA Aid peleHHa 3aqa4u MHeHOM anreOpsi, mo_Bepras 
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CeTb HEONHOKPaTHOMY pelleHHIO C COeNMHeHHeM CTPYKTYpbI OrpaHw4eHua XapakTepa 
pelluiaemol 3aya4u. 

B 9TUX CTaTbAX aBTOPbI HCNONL3yIOT NOAXON Ad UCcMenOBAaHHA BO3MO>xKHOCTElt 
MPOBOKNeHHA TMapalieneH Me@KTY CeTbIO HM OMpeeeHHbIMA MaTeMaTH¥ecKuMu 
OObeKTaMH M3 TeOpHH PyHKUMH npuOnwKeHus. Takum oOpa3om, OyzeT noKa3aHo, 4TO 
FFANNs moryT O6bITb mocTpoeHBI ya MOJeCJIMPOBaHHA 3aaHHbIX HeIMHeMHBIX 
OObIKHOBeEHHEIX WuhepeHuvabHbIx ypaBHeHHt 6e3 HeoGxozHMMOCTH oOyueHua HIM 
CO3qaHM MHOKECTB WaHHbIX. Beca sTHx ceteli MOryT ObITs onmpeyeneHb! nyTem 
PelleHHA CHCTEMbI JIMHeHHBIX MW HeNMHeMHEIX aylreOpamyeckux ypaBHennii. 
Tlony4eHHble ceTH apXxHTeKTypHO UyeHTHUHEI Tem, KOTOPbI€ HCMONb3YHOT 
TPaqMUMOHHBI€ MeTODbI OOyYeHHA, HO OHM OOaNatOT MOHOTOHHO yOpiBarolleii 
OWHOKOH yBeIM4eHUA YHCIa TIpOeccopHbIX 3yeMeHTOB. 

IIporpecc B STOM MOAXoge AomKeH TakxKe MpeycTaBNATE HHTepec 1A 
KOHHCKIMMOHHMCTCKOFO COOOMIeCcTBA, Tak KaK TaKOli MOAXON MOxeT ObITh HCHOMB3OBaH B 
KaYeCTBe OTHOCHTeIbHO MpsMoro MeToga ma M3YYeCHHA BUIMAHHA pa3yIMUHBIX 
MapaMeTpos, perymHpyromux FFANN. Kpome Toro, mpuMeHenue FFANN x pelleHHro 
AuddepenvanbHoro ypaBHeHHA MOxeT 2eKTHBHO OTICNHTh BIMAHHe Ka4ecTBa 
BbIOOPOK JaHHBIX, CeTeBOH apXHTeKTYpBI TPaHCNOpTHBIX PyHKUMH ia IpHOnwKenua 
ceTH. 

IIpoctsie FFANN ayia aceHHEIXx TIPHMEpOB C OHHM BXOJHBIM WH HECKOJIBKHMH 
BbIXONHBIMH HeHpoHaMH, C OMHMM CKpbITBIM cnoemM o6paGoTKH 3eMeHTOB Hc 
MCHOJIB3OBaHHEM KYCOYHO-JIMHEHHOTO OTOOpaxKeHHA B Be aKTHBAalHOHHOlt yHKUMH 
MCHONb3YIOTCA VIA TOUHOTO MpHONMWKeHHA pellleHua ABYX TECTOBBIX 3aNa4y M3 OOmacTH 
MexaHHKH %KMKOcTH mu ra3za. [leppai npo6mema sBosHuKaeT IIpH TeCTHpoBaHHH 
HeIMHeHHOTO OObIKHOBeHHOrO AMdepenuManbHoro ypaBHeHHa TpeTbero nopsyKa, 
H3BeCTHOrO Kak ypaBHeHHe WovskHep-CkaHa. Bropaax mnpoOmema 3akmroyaetca B 
CHCTeMe =TPeX CBA3AHHBIX HE/IMHEMHEIX OObIKHOBEHHBIX uddepenunasBHBIx 
yPaBHeHHM BTOPOrO HM TpeTbero NopayKa, a TaloKe ypaBHeHuii u3 OGnacTH MeXaHHKu 
*KMUKOCTH. Kpome Toro, GyaeT nNoKa3aHO, Kak MOXKHO yCTpaHUTb NOrpeliHOCTH B 
nocTpoenHol FFANN. 

3.2.2 TIPHBJIMKEHME ®YHKIMM 

Teopua npvOnmxenua bynkunii, KoTOpad pemlaceT 3aqa4H npuOnmxKenua wn 
MATepNONAUMH HEIMpepbiBHBIX PYHKUMH c MHOXKECTBOM MepeMeHHEIX. "TOT MeTOL 
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MCHOMb3yeTCA ApPYTMMH MccilegoBaTenamu [27] - [29] ana o6bacHenua o6yyeHUaA c 
yuuTenemM MH mopeneHua MHC B wenom. mea 3To B BHAY, CuHTAaIOT, 4TO Hanbonee 
paclipocTpaHeHHbIi MeTOA MpHoOnmKenua dyHKUMH saBnaeTca (PYHKIHOHAIBHOe 
paciiMpenue O6a3uca. yHKIMOHaNbHoe paciiMpeHue 6a3nca TipecTaBilaerT 
MpOH3BOJIbHy!0 QyHKUMIO y(xX) B BHe B3BeLIeHHEIX KOMOMHALMi smuHeliHo 
He3ABHCHMBIX Oa3HCHBIX byHKUMi (Y), KOTOpble sBIAIOTCA PYHKUMAMM He3aBHcuMoit 
Ml€peMeHHOH x, 

YQ) = Dya1 Yg(X)cq (51) 

rye - oOilee unco Oa3HcHbIx pyHKUH u Cg — OascHble Koo@uuMeHTH. TunHuHEIM 
MpHMepoM yHKUMOHaIbHOrO paciiMpenua 6a3Nca sABMAeTCA paclimMpeHve paqom 
@ypbe, KoTOpoe ucMomb3yeT PYHKIUMU Cc TPHTOHOMeTpH4ecKHM Oa3Hcom. JIpyrue 
Oa3sHcHbie yHKUMH MO%XKHO UCHONb30BaThb C TeM xe ycleXoM, HO 3HayeHHA 
KOIPPULMEHTOB Cy, BADLMPYIOTCA B 3ABHCHMOCTH OT BbIOpaHHbIX Oa3HCHBIX yHKunit. - 

VUiccnegopanue ypapuenna (51) fokaspiBaer, 4TO 3TO CKaJIApHOe MpOM3BeyeHHe 
OasHCHEIX (PyHKUMH uM pasoxKeHve KoappuuneHTos. Kpome Toro, MaTemaTuyeckHe 
OMepallHy, BBINOJIHAeMbIe TpoctoH FFANN (pucyHox 8) MoxHO WMHTeplpeTHpoBaTb Kak 
CKAIAPHOe MPOH3BeACHHe MepedaTOuHOM PyHKUMH BbIXONHBIX 3HaYeHUM WM BbIXONHBIX 
BeECOB. 

|__| 
Cmewenue 

(x) 

BbIXOAHOW y3en 

BXOJHOU y3en 

CKPbITbIe Y3NbI 

6,: CmejeHHblii Bec J -Toro cKpBITOrO y3ua 
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@q: BxoqHOH Bec AIA -TOrO CKpbITOrO y3na 

Cg: BarxoaHoii Bec WIA -TOro CKpbITOro y3ua 

PucyHok 8 - CranaapTHoe nocTpoeuve HeipoHHol ceTu 

AneuiMpya K TeopHH nNpvOnmxKeHua yHKUHH, MO%KHO pa3yMHO BbIOpaTb 

nepefqaTouHbie PYHKUMH UW paciipegemeHHe Beca, KOTOpble ONTHMM3HpyIoT paboTy 

FFANN 8B MpeacTaBiarouMx QyHKUHOHAIbHbIX cBA3AX. Kpome Toro, MbIl MO2%KeM 

Ha3HavaTb POJIM pa3IM4HbIX MapamMeTpos B ceTH. HanpHMep, BEIXOAHbIe Beca MOryT 

BBICTYMaTb B KayeCTBe KOS@MHUMCHTOB paclMpeHHA Wa Oa3uca u, B MpHHLuute, 

QOJDKHO ObITb BIYHMCMMBIM Mp MOMOWIM OOBIYHBIX MeTOgOB. Tloxomue 3ameyanua 

Haxoyatca B Cybenko [30]. 

Mb! Bbl6panu mHHeHHOe OTOOpaxeHHe no 4uactaM [31] Ha pucyHke 9 B KayecTBe 

aKTHBalHOHHOK yHKUHH IA CKpbITOTO CNOA, TaK KaK OHO ABJIACTCA ONHOM U3 

MpoctTeHiMx yHKUMH Wid BBeNeHHA Kak Ha UM@pOBbIX KOMIbIOTepax Tak HW Ha 

SJIEKTPOHHBIX almmapatax [32]. KycouHo-nMHeltHas @yHKUMA aKTHBallHH MOxKeT ObITb 

CMOJeJIMpOBaHa C MOMOLIbIO CIEAYIOWMX ypaBHeHuii: 

Yg =—-1.0 gna § < —1.0 

Yq = §(x) aia -—10<€, < 1.0 

Yg=+1.0 gana §, > 1.0 (52) 

rye mpoBepka plcyHka 8 NoKa3bIBaeT, YTO NepeqaTouHad PyHKUMA DelicTByeT Ha CyMMy 
B3BCIICHHBIX BXOJOB H cCMeleHHe 3HayeHMK (€, = a,x +6,), T.e. mMHelHOrO 

MpeoOpasoBpaHuA He3aBMcMMOi MepeMeHHO xX. DTa HOTAIIMA oxoxKa Ha He 

MacluTaOupoBaHHoe cmellenve Bpatjenuit Uo [33]. 
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PucyHok 9 - Kycouno-nuHelinoe oToOpaxkeHHe, HCMOsIb3yeMOe Kak AKTHBAalMOHHasl 

PYHKUHA. 

Ba3vcuble PyHKUMH B JIMTepaType O NpHONMKeHHM PyHKLMU OMMCbIBaeTCA Kak 

moKaibHad WM rmoGasibHad KaK TOBOpAT, ObiITs HOO MeCTHBIMH (S9KCHOHMpOBaHHe 

SHaYeHHA, OTMMYHOTO OT HYJIA B OrpaHWyeHHOM uacTH oOsacTH oMmpeyeneHHa) WIM 

THOOaIbHBIM (HeHyleBow B OoubueH uacTH B OONacTH ompezeneHHa). KycouHo- 

mMHeMHyIO §=6cpyYHKUMIO. = AKTHBAallMH )=0 MOKHO )=— paCCM@TpHBaTb ) =KaK~—s POO aH II 

NOJIMHOMHAIbHBIM Oa3Hc MHeEHHOH yHKUHH, OMpeMeeHHble YaCTHYHbIM OOpa3o0m Cc 

NOMOI[bIO NpeppaliieHua §,. Bce rmoOanbuble OasucHble PYHKIMM UMEIOT aHasOrMuHble 

HeOCTaTKH, B TOM 4Hcye u 2KaOepHOe KOHAMUMOHMpOBaHHe Np pellleHHH pa3ioxKeHHA 

KOS@MUUMEHTOB HW MWioxoe NpHOMMKeHHve MeEXxKTY TOUKAMH WuckpeTH3allMu (y31aMH) 

[34]. 

MoxkHo mpeanooxuTb, YTO MHOTHe H3 paciipocTpaHeHHEIX MpoOseM, CBA3aHHBIX 

c MpegeTapieHuem FFANN MOryT BO3HHKHYTb MpoOcTO OT HCMOb30BaHHA 

MaTeMaTH4eCKH IWIOXO NOAXOAAWMX Wid mnpuOnmxenua Oa3suca. B  Teopun 

npHOnmKeHua yYHKUMM HefocTaTKH rnoGanbHBIX O6a3HCHbIX dyHKUMH MO%KHO 

H30e%KaTb C MOMOLIbIO YacTHYHO MHOFOYWIeCHHbIX CIIAaMHOB. 

HanOoslee pacipoctpaHeHHbIM NMOMHOMHaIIbHbIM CIIalHHOM sBIaeTca Chapeau 

WIM WWIatHad PYHKUMA, kak 1oKa3aHO Ha pucyHKe 10 
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Pucyxok 10 - ®ynxuua Chapeau unu Lnannas @yHKUMA. 

Ona onpeyessaetca Tak 

X — Xj- 
OF — 74-1) AA X;4<X <x; 

(xi — Xi-1) 

Xia1 — X). 
o, = Sin =) AIA X; KX << X44 

(Xis1 — x4) 

O,=0 ANA X< Xj. WAM X> X44 (53) 

OTMeTUM, 4TO MHOTOUIeH BapbupyeTca B 3HayeHUAX oT 0 no 1. 

PucyHok 10 MoxkaspipaeT, KaK UWIaMHad dyHKuMA ZouKHA GbITh pacmpenenena 
Wid OOecheveHHA IHHeHHOH HHTepnonauMel Mexny y3namu B MpoGmemHoli obnactu 
[x1,%y], muckpequtuposanHoh c N=3 y3namu (x1, X2UX3). AmreGpanyeckaa 
CHCTeMa, paspaOoTaHHaa [Id OLeHKM pa3oOxKeHUA KOSPMUUMeHTOB ANA Yactu4HOoro 
NONHHOMMaIbHOTO CIlaliHa, O4CHb peyka M B XOpollleM cocTosHuH. TlockonpKy 
MaKCHMalIbHOe 3HaveHve crvlafHOB paBHo 1, 3HayeHHA paclMpenua KosphunnexHTos 
ABIAIOTCA MCHTHYHBIMH 3HaYeCHHAM MpHOMWKeHHBIX PYHKUMH B y3nax. HenocraTKoM 
ABNACTCA TO, UTO MPHOMMKeHHe pa3pbIBHBIM Mocue NepBO Npov3BoLHON. 
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PucyHok 11 - [[papunbHoe pacnpegenenue winanHo @yHKUMH Ha npoOeMHoli 

oOnactTu. 

3.2.3 TPAHC®OPMAUMA KYCOYUHO-JMHEHMHBIX ®YHKIMM 

AKTHMBAIJMM CIJIAMHOB f10 OTPAHHYUEHHIO BECA 

Bce MaTemaTH4eckHe NIpeHMyllecTBa WANHOK PyHKWMH MpeANoNarator, 4To ee 

mpeoOpa3oBaHva ObWIM Obl BBITOQHI MpH MpecTaBNeHuH KYCOUHO-HHeMHOrO 

oTobpaxeHua FFANN B uinanHyto dynkunto. K cyactb1o BbIGop KyCO4HO-sMHeHMHOrO 

oTO6paxkeHia B BAZe PyHKIUMH aKTHBaLMH yMpomlaeT 3TH MOMEHTHI. 

PaccmoTpuM OHOMepHy!0 OOacTb Kak Ha pucyHke 12. DyHkMA pacnomoxKeHa 

MexKTY X; WU Xi41, 3ATeM OHA YMHOMKaeTcA Ha —1 Hu MpHOaBaeTcA KO BTOpOi 

He€W3MeHHOM MyHKIMH (pucyHoK 13), 4 B pe3ybTaTe NomyyaeTca WWIANHad yHKUMA Cc 

MaKCHM@JIbBHBIM 3Ha¥eHHeM, paBHbIM 2. IIpeBpaliieHue KycouHO-mMHeHOH byHKUMH 

aKTHBalMM B WIAMHy!0 (PyHKUMKO MOXKET ObITb OMMCaHO CIeAYIOUIMM ypaBHeHHeM: 

Yi -Vf = 20, (= 1,2,...,N) (54). 
rye cylep CKpHMTb akTHBalMOHHOM dyHKuun A u B oTHOocATCA K MpHserarollumM 

MHTepBalaM Xj-4 SX <Sx,UxX;SxX <Xj4, coorBetcTBeHHo. Dynxnnu Y/ u ¥? 

ONpeWenAOTCA KaK HOMb B CepeMMHaX COOTBeETCTBYIOLIMX HMHTepBalax. CmeqcTBHeM 
STOH OPMY/IMPOBKU ABIAeTCA TO, YTO YHCHO AKTMBALMOHHEIX (YHKUM MoxeT ObITE 
CBA3aHO C HEOOXOAMMBIM 4MCJIOM WWIANHEIX pbyHKuMi. Haw nopxog Tpebyer B 7Ba pasa 
Oombille KyCOUHO-NMHeHHBIX (PPyHKUMA, 4eM wuAMHEIx byHKuMl (T = 2N). 
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PucyHok 12 - OrpaHuueHHoe pacnpeyzenenve KycOuHO-sMHeMHOM aKTHBAaLHOHHOL 

@YHKUMH To ocH OX, HcMosb3yA BXOJHBIe HM CMeLIeHHBbIe Beca. 

A 

A oe y 

PucyHox 13: [JpapoctopoHHad akTHBallHoHHad dyHKUMaA (MyHKTUp), MOBepHyTad 10 

H3MCHEHHIO 3HaKa BbIXOZHOrO Beca. B cyMMe JBe aKTHBaLHOHHbIe PYHKUMM WaroT 

INWJIANHY!O PYHKUMIO. (CM. pucyHoK 10) 

Tenepb ofpegenmmM ocTaBuiMecd orpaHwueHva, HeoOxogumble = auA 

YPaBHOBeIICHHA MpeAcTaBeHHA aKTMBalMOHHOM dyHKuUMM (ypaBHeHHe (51)) u 

wsiamHoK yHkuuu. Jlapaiire guckperu3upyem mnpo6emyy1o oOsnacts [a,b] c 

MOMOLIbIO y310B X; Cle ZyIOWIMM O6pa30mM: 

A=X,< Xp <i <Hyiy < Xy =D 

Mpi 0603Ha4HM 93Ty [McKpeTH3alMio Kak mpoOslemMHaa ceTKa. Jina co3qanna 

COOTBETCTBYIOWMX UWANHIX @YHKUMM Ha TrpaHuwax HeoOxoqMMO Hanmune ByXx 
BCNOMOFAaTeJIbHEIX Y3I0B Xq H Xy4i TaKHe, YTO Xy9 < AUXy4, >b. Ucnons3ya 
orpaHnyenne T = 2N, mpi MovKeM MeperucaTb ypaBHeHue (51) Tak 
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Lge Yq(x)eq = Lgar Vq(*)eq + Leen Yq (X)Cq: | | (95) 

rye claraemble NpaBoli CTOPOHb!I MOXKHO MepelmvcaTb Oe3 NOTepH OOLIHOCTH, Kak 

yo=1 Ygeq = wh Yiu; u ane YQCq = th YP %. (56) 

Tlostomy 

wget Vg )eqg = Lies Yous + DIL, VP y;. (57) 

Tora MO%KHO MOKa3aTb, YTO OCHOBHOe pa3zIOKeHHe NO KYCOUHO-MHeHHON 

aKTHBallMOHHOH @YHKUMH MO%KeT ObITb MpeoOpa30BaHO B OCHOBe pa3slOx%KeHUA 110 

UWIATHbIM PYHKIMAM, BEIOpaB culeAyrouMe 3HayeHHA BIA FFANN Becos Ha pucyHkKe 8 

[35]. Ha BXOZHbIX BECOB H CMELICHHA Beca: 

A 2 B 2 A _ 2Xi~1 B 2Xj P= OS OS — - 1,07 = - — - 1 58 
(xi-xin-a)? '  Xiga mi)? (4j-xi-1) (inr-x) (58) 

‘A 

rue af’, a?, Of, OF coorpeTcTBYIOT aKTHBallMOHHEIM yHKUMAM ypaBHeHHa (54). na 
BBIXOAHOFO Beca: 

Can = == 1,2,.4,N) (59) 
re HYMepallMa BeCa NO OTHOLIEHHI0 K (akTHYeCKOl ceTeBoM apXUTeKType MOET OBITS 

B JIKOOOM Nopadke. 

IIpumMenenue ypapHenwii (54) - (59) no3sBonaer cyenaTb clemyromme 

3KBUBAICHTHOCTH: 

Valx) = Lga1 Vg (X)eq = LIL Oi (x); (60) 

Inanubie byHkuuu O,; onpeyensoTcaA Kak MMeIOWMH 3HayeHHe | B y3yle x, KaK 4 

B dopmyuie (53), H W; Oa3sucHBle KOSMUUHEHTH!, CBASAHHBIC C WWIATHBIMH (yYHKUMAMH. 

B To BpeMA Kak Beca GBWIH OrpaHH4eHbI B 9TOM MONXOMe, apXHTeKTypa ceTH 

Obuia coxpaHeHa. PucyHox 14 mMoKa3bIBaeT pe3yJIbTMpyIOWy!O apXxUTeKTypy WA 

OOpaOoTkH IWeCTH SyIeMeHTOB, MCHOb3yeMbIX DJIA POPMMPOBAHHA Tpex MWWIATHEIX 

yHKUMH C TpeMsa y3laMu MC ABYMA BCIOMOraTesIbHBIMH Y3/1aMH, Kak Ha pucynke 11. 
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Tpynnb! o6pasyrot 3 
WINANHbIe chyHKyMn (1, II, III) 

Cmewenne Ha Tpex y3nax 

) 
4 

a 
1 

, 

a 4 . 

PucyHox 14 - CeTb c O2HMM CKPEITBIM C/OeM H OrpaHW4eHHBIMM BecaMH (T= 

6,N = 3) 

CrefyeT OTMeTHTb, 4YTO HeT HMKaKOl TpeHHpOBKH ceTH B 3TOM Mogxone. 

3HaveHMA BXOJOB M cMelleHHa Beca UKCHpOBaHbI JIA 3ayaHHoro 4NCNa y30B B 
MpoOseMHol OOacTH H sctbdeKTUBHO OTCOeEAMHAeTCA OT ONPeAeNeCHUA BBIXOAHOLO Beca. 
Tlocrpoenuve ceTH Obino yMeHbIIeHO JIA HaxXox%KNeCHHA COOTBETCTBYIOIUMX 3HayeHHit 
KOSPULUMEHTOB W;, H 3aTeM C MIOMOLUBIO W; OMpesenaeTcA 3Ha4eHMe Maps! BLIXOAHBIX 
BeCOB U; H V;. BEluncneHve pa3oxKeHHA KOSpPULUMeHTOB W; MOTYT OBITS Nomy4eHI c 
MOMOIbIO pa3vIM4HbIX YCeHHBIX MeTOZOB. MbI NpHMeHMM Tpowlerypy, BbITCKArOLLYy1O 
H3 MeTOa B3BeLUCHHBIX HeBA30K [36]. 
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3.2.4 ONPEXEJIEHHE BbIBOJA BECA: METO] B3BELIEHHbIX 

HEBA3OK 

TuddepenunaibHoe ypaBHeHue, NpexctTaBieHHoe B Buge L(y) = G(x), rue L(y) 

ABNACTCA HEKOTOPbIM DH@PepeHUMAIbHbIM OMepaTopoM, AelicTByIOWWMM Ha 3aBUCHMOii 

NepeMeHHOH Y, MpHOMM3HTesIbHOe pacluiupeHuve y 3aMeHAETCH Ha Y,, re 

Ya (X) = Dien Pix): (61) 

urge ®;(x) Oa3sucHaa dyuKuna. Tlostomy L(yq) — g(x) = R(W4,...,Wy, X), THe - 

HekoTopad (yHKUHA HeHyseBOrO 3HaYeHHA, KOTOPOe MOET ObITh ONMCaHO Kak OLUMOKU 

WIM WuddepeHuMasibHoe ypaBHeHHe OcTaTOYHO!. 

B MeTOe B3BeLICHHBIX HEBA3OK, OCTATOUHad yMHOMKAaeTCA WIM HarpyrkKaeTca 

dyHkune F(x) (TecToBad yHKUMA), MHTerpHpoBaHHOH no mpoOemHol o6nacTu 

[a, b], u paBua 0, 

fF Rdx =(F,R) =0, (62) 

rye (F,R) apnaeTca BHYTpeHHMM MpousBeqeHHem dyHkunit F u R. 3amerum, uTo AaxKe 

TIpH TOM, 4TO UHTerpasl paBeH HyJtO, WuddepeHuManbHoe ypaBHeHHe ocTaTouHbie R 

CTpeMHTCA K HYJIIO TOJIBKO B CpeqHeM H TOKO B TOM Cylyyae, eCHH Xj41 — X; 

CTpeMUTCaA K HyJIO. B KOHHEKIIMOHHCTCKOH cxeMe 3TO paBHOCHJIbHO CTpeMJIeHHIO 

KOJIMYECTBA IIPOWeCCOpHbIX 3JICMeHTOB (7) B CKpbITOM cloe K OecKOHe4HOCTH. 

YpaBueune (12) skBuBasIeHTHO 

(F,L@e) — g(x)) = 0, unm (F,L(yq)) = (F,g) (63) 

Muorue u3 HanOonee MonyApHbIX MeTOgOB NpHOmMxKeHUuA yHKUMH, Take Kak 

KOHEYHbI€ Pa3HOCTH, CyOQOMeHHbIM MeTOZ, KOHeEYHbIe 3/IEMeHTbI, paCCTaHOBKa HU 

CHeEKTpaIbHbI MeTOX MoryT ObITb NonyyeHbI M3 ypaBHeHua (63) mpu 

COOTBETCTBYIOUIEM BbIOope PyHKuUMH F(x) [37]. Mel 6yfeM HCMOb30BaTb TEXHHKY 

Iletposa-l'anepkuua [37], roe F(x) sBnaetca mMogudukarueit Oa3HcHbIX byHKHii, 

HCMONb3OBaHHOH WIA OMMCaHHA NPHOMMWKeEHUA Vy, 

F(x) = Fy(x) = a(x)®,(x),k = 1,2,...,N (64) 

rye a(x) ppi6upaetca, Hampumep, YTOObI yHOBNeTBOPHTb rpaHM4Hble ycnoBna 3alauu. 
Texuuxa Ilerposa-anepxuua Opiia BbiOpaHa oa oMmpefxeneHua BEIXoOqHOrO BeECa, 
MOCKONbKy OHA OOseryaeT BpoOmeHHe BbICOKO HeNMHeMHO MIM MpepbIBUCTEIX 
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mipo6siem. CmrenqyeT OTMeTHTb, 4TO TexHHKa [IleTpoBa-I'anepkuHa paOoTaeT TObKO 

Torga, KOrga ACMONb3yeMble Oa3vcHble PYHKUMU JMHeEMHO He3aBMCHMBI, Kak WWIATHaA 

yHKuHA. 

Tlocne toro, Kak F(x) oMmpemenena, BbIYHCeHHA MHTerpasioB MpMBOQHT K 

cucTeme anreOpawueckux ypaBHeHHii. OOpmHO 39TO CHCTeMa JIMHeHHBIX ypaBHeHHi, 

eclH mpvOnwxKeHve QuddepeHuManbHoro ypaBHeHHaA ABAeTcA IMHelHbIM. B 

IIPOTHBHOM cylyyae ayreOpamyueckve ypaBHeHHA ABMIAIOTCA HenMHeHHEIMH. Jia 

NOMYYeHHA ONHO3HAYHOTO peUleHHA 3TH ypaBHeHHaA MoOryT ObITb OLeHeHBI 10 

CTaHapTHbIM MeToguKaM [38]. 

3.2.5 WACJIEHHbIE IIPHMEPbI 

3.2.5.1 YPABHEHHE ®OJIKHEP-CKAHA 

B nepBoM 4HCeHHOM MpHMepe MBI B3AJIM OHH BXO, MHOMKECTBEHHBIM BEIXO] 

FFANN guia npHOnmxKeHHaA pelleHHa, nepBble HM BTOpble MpOW3BOAHbIe pelleHuA AIA 
a 

CHeWyOlWero HeIMHeMHOrO OOBIKHOBeHHOrO ANepeHUMaIbHOrO ypaBHeHHA: 

a*f df 
an3 + fon 

4+e[1-(§ (f fy'|=0 (65) 

C COOTBCTCTBYIOUIMMH rpaHH4HbIMu YCJIOBHAMU 

f =F = Onpa 1 = 0; > Lnpun > 0 (66) 

Kpome TOPO, MIO CbaBHeHHW C MIpeAbIAYUWIMM rpaHHyHble YCJIOBHA 

d da? 
ay? LMpun > cosarem Sf > Onpun > 0 (67) 

YpaBueHue (65), u3BecTHOe Kak ypaBHeHve MomkHep-CkaHa, MpOMCXOMHT OT 

TipeoOpa30BaHHaA NosoOua cHCTeMbl ypaBHeHHii B YaCTHbIX MPpOM3BOAHbIX IIpH 

YCTOMUMBOH MOC Cc TByMepHbIM HM HeC)KHM@€MbIM MMITyJIbCOM B TpaHH4HOM cyioe. 

[leHTpasIbHOe MeCTO B MpeoOpa30BaHHH NoAoOuA 3aHMMaIOT CleAyIOWMe OrTpanHyeHuA 

x20,y 2 0,u(x%,y) = T(x) = (a), U(x) = Kx8/2-8), n = A cares (68) 

re X MW y MpOCTpaHCTBeHHble H3MEPeEHHA B MPOOMbHIX HallpaBleHHaAx HOpMasleli K 

MOBEpXHOCTH cOOTBeTcTBeHHO. IlepemMeHHas u U(x,y) ABIAeTCA NMpocTpaHcTBeHHOH 
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CKOpocTBHO rpaHuynoro cros. U(x) apnsetcs IIpOCTpaHCTBeEHHOH CKOPOCTbIO BHELIHero 

cmos, K- 3TO KOHCTaHTa MpOMOplMOHaNbHOCTH co 3Ha4eHHeM +1, Vv saBnaeTCHA 

KMHEMA@THYeCKOH BA3KOCTbIO 2KHAKOCTH, a TakoKe 7(X,y) ABMaAeTcA momoOuem 

TepeMeHHOH. JleTambHoe oOcyxTeHHe MpovcxoxKMeHHA M CBOMCTB ypaBHeHua (65) 

MO2KHO HaliTu B paOote [39]. 

PeleHve ypaBHeHua (65) HeMOHCTpHpyeT MHOrHe ABJICHHA NOPpaHWyHOro CIIO“ , 

TaKHX KaK CHJIbHbIe¢ OylarOmpHATHble TpadMeHTbl, OTPbIB NMOrpaHwyHoro§ cyios, 

TIpeBbILeHHe CKOpOcTH HM HeOZHO3HayHOCTb. Ilapametp B saBnaeTcA u3MepeHHem 

WaBleHHA rpaqueHta U MOx*KeT ObITh HeMOCpeACTBEHHO CBA3aHO C MOrpaHH4HbIM CcyOeM 

OKOJIO KIIMHbEB MH pacluMpeHHa NOBOpoTa yrs GO, rye 

_ ou 
F=9 

Ec Mbl OrpaHH4uHM Hallie BHHMaHHe Ha CJly¥av, B KOTOPbIX ypaBHeHHe (65) 

MOKeET MH3HYECKH MOJeNMpOBaTh MOZXOAALMH NOTOK %*XMAKOCTH u Korma U(x,y) 

MOHOTOHHO Bo3pactTaeT No y, TO —0,19884 < B < +00. Kak cneacTBHe ypaBHeHua (68) 

u Uu(x,y), df/dy MOHOTOHHO Bo3pacTaeT 0 7 AJA OrpaHwueHHoro yuana3zoua P. 

CnenyeT OTMeTHTb, 4TO ya—0,19884 <B < +00 B padote [41] noKazaHo, 4TO 

cyllecTByeT Mo KpaifHeli Mepe Ba pellieHHa ypaBHeHHa (65) aa moOot 3ananHon B, 

HO TOJIbKO OAHO H3 pellieHHii MaeT MOHOTOHHO BospacTarouleli U(x, y)). Ja mpumepa 

3TOK MpoGbseMbI MbI 6yemM UcciesOBaTb Tp 3HayeHHsA Bf 

B = —0,15 o6TekaHue pacimpeHua NoBopota yria 8 = 13.5° 

fp = 0 oOTekaHua BOON Ha WacTHHbl 

B = +0,5 oOtexaHue kuna nonopunHoro yria 8 = 45° 

B Hallem mWonxone kK pellleHvro ypaBHeHua WomkHep-CkaHa OTMeTHM, 4TO 

He3aBHCHMOH NMepeMeHHOH 7 B ypaBHeHHH (65) nosyOeckoHe4Hble, H CaMO ypaBHeHHe 

WMeeT KOHCYHBbIe YCOBMA, MpHMeHsAeMble Ha OecKkoHeuHocTH. TeM He MeHee, AIA 

Halero OrpaHH4eHHoro 3HayeHua 8 MpocTol acHMNTOTHYeCKHM aHalu3 ypaBHeHHua 

(65), Hctonb3yA OrpaHvyeHve MOHOTOHHO Bospactaroulelt df/dn , ompenenset, 4To 

3aBHCHMasd TlepeMeHHan f, a TakxKe BTOpad HM TpeTbA ee NPOM3BONHad, H3MCHAIOTCA 

MOHOTOHHO 110 7. [akHm o6pa30M, JOJDKHO ObITb BO3MO%KHO npeoOpa30BaTb ypaBHeHHe 

(65) B dopmy, B KOTopow 3aBvcuMad NepeMeHHad WIM ee MpOM3BOnHbIe OynyT 

NelicTBoBaTb B KayecTBe He3aBHCHMoH mMepemeHHOM. Kak ymomuHamocb pauHee, 
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UVIAHat PYHKUMA McMoNb3yeT 6a3Mcbl NpH MpHOnWKeHHOM pelleHuu NMHeMHBIX 
ypaBHeHHH, 4YTO O3HaYaeT, YTO BTOPad, TpeTbA U Gosee BLICOKHE NpOU3BOTHEIe 6asncos, 
TOKACCTBEHHO paBHb! Hys0. Jia Toro, 4YTOObI NOMYYHTb HETPHBHANIbHOe pellleHve MBI 
He TOJIBKO MCHACM HE3aBHCHMYI0 IepeMeHHYI0 7) Ha U, HO HC TeM 2Ke ycllexoM MeHaeM 
3aBHCHMYIO MepeMeHHy!0 f Ha T, re 

=Y o<usiur=¥ (69) 

C mpuMeHeHvem ypaBHeHusa (69) u WenHOro mpapuna, ypaBHeHue @oukHep- 
CkaHa CBODMTCA K 

eo a+ ftp = | (70) 
XoTa Mpow3BoqHad Oosbiloro nopaqka B ypaBHeHHH G6bila ymeHbuena, 

ypaBHenne (70) Bce ele comepxuT f B aABHOM Buge. Jia ycrpaHeHna f Bo3bMem 
MIpOW3BONHy10 ypaBHeHHa (70) OTHOCHTeNbHO U H NIpHMeHHM UenHoe MpaBMo , 4TO 
IIpHBeLeT K H3MCHEHHIO ypaBHeHuA MonKHep-CkanHa Ha ypaBHeHHe: 

d2t u d f1\ _ Sat 1-26)" + pd -uw2)= (2) = 0gm0<usi. (71) 

OOpaTuTe BHMMaHHe, 4TO HemMHelHoe OObIKHOBeHHOe AMddepeHUManbHoe 
ypaBHeHHe TpeTbero mopsqka Ha HeorpaHiyeHHo mpo6memHo o6macTu G6BLIO 
mpeoOpa3opaHo + =MyTeM 3aMeHbI epeMeHHbIX Ha Gomee ympaBmaeMble 
nubepenuManbHble ypaBHeHHA BTOpOro MopayKa Ha eMHHYHOM Homeue. I paHH4HBIe 
yCNOBHA B ypaBHeHuax (66) u (67) Mepemvcanel c ccbiKoH Ha npeobpaz0BaHHBIe 
TlepeMeHHEIe: 

u=OHan=0uuU> oHaNn > 0 

tT=Onau=1 

IIpuMeraa ypaBHenne (62) k ypaBHeHuto (71), momyuaetca cna6aa dopa, 

2 

(Fei) = ~1- 28) (Fo) -B (Fe -w)Z(2)), k= 12, 000M, (72) 
rye, HanpuMep 
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71st MOHWKeHHA NMopsqKa npow3BoqHOH K NeBolt yacTH ypaBHeHua (72) 
HeoOOXOJMMO IIPHMe€HHTb MHTeErpHpoBaHue M0 yacTaM. DTO NIPHBeLeT K: 

(aigs) =~ 200 (Fed) +2 (Rot -w2(2) + [rest o 
Bpezem rpHOnMxKeHHoe pellienve Ty. Kak ynOoMHHanoch B pasnene 3.1, 

mpoOslemMHaa OOsacTb Aa HelicrByroulei He3aBucuMoli NepeCMeHHOH KM AMCKpeTu3allua B 
N y3m0B, 

O=uy<un<-<uy=1 

C JBYMA BCIIOMOraTesIbHbIMH y3s1aMH 3a nipewesamu mpoOsemHoi o6nactu. C nomoulpto 
BxOWa HM CMeLICHHA Beca KYCOUHO-NMHeMHad aKTHBallMOHHaad dbyHKuna FFANN ue 
cmocoOHa cPopMupoBaTb WWIANHYy!O dyHKIHIO, HallpaBleHHylO Ha KaxKObI y3el B 
mpoOmemHow oOnacTu. OgHaKo, BMecTo mpHoOmmxKeHUA T Cc NpOcTBIM paciilMpeHHem 
Oa3vca, Kak B ypaBHeHun (61), MbI Hcromb3yem 

a 

a = (1—u) diL, O,b1; (74) 
CilemqyeT OTMeTHTb, 4TO TIpHOmMKeHHe T paBHO HymI0 ipH u=1, Takum 

o6pa3om, npeoOpasoBaHHoe rpaH4noe yculoBHe BbINO/IHAeTCS aBTOMaTHY4ecKu. BéecTo 
TOFO, YTOOb! HcHONb30BaTb OOpaTHyto dopmyzy (74) aA npu6nmxKenua 1 /T Mbt Gynem 
MCHOIb30BaTb MeTOA NpHOnMmkeHHA mpov“sBeyzeHua [40] u BBemeM oTZeMBHOE 
pHOmMKeHHe 

1 1 
To = (1—u) 4 @;b2; 

(75) 

ba3vcHoe pacuimpenue 1/t apromaTwuecku HeOrpaHHyeHHo npw u = 1 4u, kak 
ypapHeHve (74), Oa3ucHbie KosuNMeHTEI He TpeOyeT yZoBeTBOpeHHa rpaHH4uHomy 
YCJIOBHIO. 

CBa3b M@%KY MHOXKECTBOM Oa3HCHbIX KOIPUUMEHTOB MOXKeT OBITb ompeyenena 
TYTeM NPHpaBHUBaHHs 1/Ty W OOpaTHas Ty BKAKIOM yale uy AIA j = 1,..,N: 

1 1 N 1 = ,D,;u; b2; = 
Ta(uj)  (1-uj) = 4 iY b2; (1-uj) ON, bj(uj)b1j (76) 

Alia wuianHok byuKuun 

O(uj)=1j=iu (uy) =0,j +i (77) 
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Takum o6pa30m, mocne 3aMeHbI (UKTHBHOH nogMucKe jua i B ypaBHeHuu (76) 
HMeeM 

b2; = a anai=1,..,N (78) 

KOTOpbIH OOecHeyYHBaeT NONOMHUTEMBHOe MHOMKECTBO HEOOXOAMMBIX ypaBHeHuil. 

Metog mpvOmmxeHua npov3BeyeHus MpHMeHUM TaloKe K Tipo6semMam c Goyee 
4eM OHO 3aBHCHMOM NepeMeHHOM, Ha3Hayad KadKDO! MYJIBTHIWIMKaTHBHOH rpyrine 
M€peMCHHBIX OTCJIbHbIe OasHCHble pa3noxKenua. IIpumeHeuue MeTosa NpHOMKeHHA 
MpOMSBeNCHHA He OKa3bIBaeT BPCAHOTO BIMAHHA Ha TOYHOCTb pellleHHA 3aqa4H, HO 
YBCIMHHBaeT BbIUMCIMTCIbHYIO 3PMeKTHBHOCTb, B TO BDe€MA KaK 3Ha4MTeNbHO 
YMpOUlaeT BbINOJIHCHHEe HeJIMHEHHBIX 3aa4 C MOMOLIbIO B3BeELICHHOTO OcTaTOUHOrO 
meToga [37]. 

loycTasnaa mpuOmmKeHve Mu ux MpoM3BONHBIe B cnabpie opMysIMpoBKH 
pe3yJIBTaTOB, MONy4aeTca ’ 

> (Gate, bu= 0-29) * ®;) b2; + 
du 1l-u 

(1-u?) dP; dr} +B", (oo (ca — uj )) b2; + [Fi an (79) 

OtTMeTuM, 4TO TIOCKOJIBKY MIpHCYTCTBYeCT, STO BBI3OBeT TPYHHOCTH B OLeCHKE (1-u) 
BHYTPeHHETO NPOM3BeQeHHA, CCH CTO He YCTpaHHTb. DITO MoxeT ObITb CHeNaHO MyTeM 
NIpHMeHeHHA TEXHUKH Ierposa-l anepKuHa OIA ypaBHeHua (79). BosbMem 

Fy = (1 — u)®, 

TlosTomy ypaBHeHHe (79) nepexoguT B 

N N 
d®d d®; ». (1-u)—*—- &,, (1 —u) ~~ ©; b14,=(1 — 28) Y (4, u,)b2; + 

i=1 i=1 

+B, (e. (1+) (aa - u) =! + »,)] b2;, + a — Uj, < (80) 

Eciv MBI onpeeIMM chenyroule MaTpHUbl 
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dP, d®; 
M1 = M1, (a- u)—* — 0, (1 - oF-«) 

M2 = M2x; = (®,,u®,) 

M3 = M3,; = (2 (1+u) (a- u) t+ +) (81) 

3aTemM allreOpavueckylo CHCTeMy c(OpMHpoBaHHy!0 C MOMOIIbIO ypaBHeHua (80) 
MO2KHO IlepelucaTb Tak 

Dici M1gi b1; = (1 — 28) DL M2; b2; + BOL M3; b2; + [a - U)P, ak (82) 

ASA 

k = 1,..,N 4 b2; =— anni =1,...,N (83) 
? 

XapaktTep WWIANHOH PyHKUHH M0 Oa3Hcy NOKa3bIBaeT, YTO MaTpHubI M1, M2, 

M3 momoKUTeIBHO oMpeyeneHbl WH TPHAMAarOHabHbl, H MOsTOMy mMpeoOperaloT 

nopaqoK N (O (N)) [37]. PaccmotpuM Tenepb TepMHH 

l(a oS] =| -we, =| -[a-wo,2 

Tak kak u = 0 = uy HU = 1 = Uy, NpHMeHeHHe ypaBHenna (77) NoKasbiBaerT, 

| at] _ dt _ _ (1 —u)®, alo = ®;,(0) = (0) =Oanak =2,..,N (84) 

y dt] _ at _ 
(1 — u)®;. =| . de (0) anak =1 (85). 

(1 —ujyPx oo], = Oanak = 1,..,N (86) 

Onpegenenve ypaBHenna (70) npu u = 0 u, yantoiBaa, uTo f(0) = 0, 

(1 - u?) dt 5, (0) = -|pp a 

Takum 00pa30M, TepMHH Ill MOXKHO 3alMcaTb B Bue 
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dt}! . . 
[a - uo, = = D = BY, ;(0) b2; = 6 b2; anak =1 (87) 

OnpegeuM MatpHlly M4 

M4,; = (1—2B8)M2,y,+ BM3, +6 aink =1ni=1,..,N. 

u 

M4 = (1 — 28)M2i + BM3q¢ anak = 2,...NMi=1,..,N (88) 

rye M4 nonoxutTenbHo ompefesena M TpHquaronanbHa. C MOMOUIbIO ypaBHeHHit (82), 

(83), (87) u (88) nomy4aetcs anreOpaneckad CHCTeMa: 

; | 

ye M14; b1; — Dik M4 ni 5 = Oa k=1,..,N (89) 

[Ipu6mmxeHve 3aBHCHMoli MmepeMeHHOH T 6yHeT B KOMIVIeKTe C pellleHHeM ypaBHeHia 

(89). 
a 

3.2.5.1.1 IPOWETYPA PEWIEHHA 

Cuctema, omvcanHat ypaBHeHvem (89), MoxeT ObiTb pelea nyTem soOoro 

MeTONa, CHOcOGHOFO pellMTs cTaHJapTHoe HesIMHeiHoe ypaBHeHHe. MoI mipHOeraem K 

MeTOHY MCY4MCIeCHHA, B 4aCTHOCTH, MeTOAY Tlaysmna. STo ObLIO peayM30BaHO C 

MOMOLIbIO py THHHEIX DNEQN] 43 4MCIICHHBIX 6uOnnoTek IMSL [42]. 

AnropvTM MHHMMM3HpyeT CKanapHy!0 PYHKIMIO: 

E€ (b1,, b1,, veep b1y) = v1 (Ex)? 

rue 

1 

Ex = ye M1xi b1;- an MA x; ba; 

Kak WB sOG0M MHOroMepHOM asIropurme movcKka, MeTog Ilayanna 

loxpa3syMepaeT CHCTempI MaTpHit Ako6u. B 3Tom mpHmepe nmpoOsembl 1koOvaHa J B 

anropHTM Oblla MoctTapyeHa @HaNMTH4ecKH [a YyBeHYeHHA BbIYHCJIMTEIBHOM 

adbdexTHBHOCTH. AkoOuan paccuvTbIBaeTCA CHeyIONHM OOpa3oM: 

2 
d 1 J = uj = AE = My + M4e; (SE) (90) 
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OOpaTuTe BHHMaHHe, 4TO, kak MaTpuubl M1 u M4, tak u sakoOuaH TakoxKe 

MOJOKUTEIBHO ONpeseneH H TpHAMaroHasen. 

Ilpollenypa pewienua MOryT ObiTb MocTaBsleHa CieZYIOLWHM O6pa3om: 

1. UncneHHbIe BbIUMCIeHHA MHTerpanoB ypaBHeHHA (81), -yTo6nI cdbopmupoBaTS 

MaTpHubl M1, M2 u M3. 

2. Bai6op 3HayeHH O14 P WM BLIYHCCHHA KOMMOHEHTOB MaTpHLb M4. 

3. Bri6op HauasIbHBIX 3Ha4eHH Wa b1;. B stom mpumepe b1; = 1 anai = 1,...,N. 

4. TIpumeHum Metog anroputma Ilayana, uroObI MMHMMM3HpoBaTb OUeHKH J, j We, B 

Kako wTepaumM. KonpepreHitua ocTuraetca, Kora W3MeHeHMe €;, MeXKIY 

TOCHeOBaTeIbHbIMH HTepallMAMU MeHbILe HEKOTOPOrO 3aaHHOro 3HayeHUA. 

3.2.5.1.2 NOCJIEXYIOWASA OBPABOTKA PELUEHHA 

C w3BecTHBIMH 3Ha¥ueHHAMH b1;”paciliMpeHve Ma NaHHoro T B ypaBHeHHe (74) 

3aBeplieHo. IloctpoeHue pa3ioxenua 6a3vca Ana Hen3BecTHEIx f,7 u d2/dn?, 

MCIOJIb3YA T WU, ABJIACTCA OTHOCHTCJIbBHO YCTPeMJICHHbIM Bhepeg. 

IIpeqnonaras, uro mpuOnmxKenHe f MokeT ObITb 3aMHcaHo kak 

fa(n) = fu) = Dhar Px (u) w1, (91) 

roe N u @® tTaxwe Ke, KaK HW Te, KOTOPbIe HCNONb3yIOTCA ANIA MpHOnMxKeHUA T, 

VCHOIb3yA WpeoOpa3s0BaHHA KOOPAUHAaT ypaBHeHHa (69), MbI NOKa3bIBaeM: 

df du 1 
=—: = =—' =—du u dni tf udn ut ani" 

Tlo3TOMY MBI MO2KeM HaliucaTb 

u df = (=) du (92) 

VUcnomb3ya y3Ibl, MOoKHO MHTerpHpoBaTb ypaBHeHHe (92) 

Sit df = fate) ~ Fey) = SI (Z) du = fate) ~ fats) (93) 
M3 rpanwunpix ycnosni f(u, = 0) = 0=/f,(0) u m3 cBotcTB WanHOM byHKuMH 

fa (ux) = wl, ypaBHeHne (93) mepexoguT B 

53



wi, = fv (=) du | | (94) 

Tlocme MoAcTaHOBKH COOTBETCTBYIOWIero pacllMpeHHs Mosyyaetca 

u N N N 

=| s 18% au=)'([™ ~__ ©, du \.b2, = S'G1,; b2 Wik » G-wZ i 94; a, » G-u j GU }- =) ki 94} 
t=1 t=1 i=1 

miak = 1,2,..,N—1 (95) 

rye 

G1y; = f.*——®; du anak =1,2;..,N—-1 (96) 
0 (1-u) 

Ecnu mpH k=N mpi MCHONb3yeM y3e/l Uy = 1, TO 3HaYeHHe W1y crTaHeT 

6ecKOHeEYHBIM. 

Takum o6pa3om, B HallieM IpHMepe MBI ycTaHaBIMBaeM 
? 

0.99 Why = Shh (GAs 1 du) 2; = Tihs Gy; b2i (97) 

C omeHkol w1, pacummpenne 6a3uca aya f 3aKOHYeHO. 

7{1a npHOnmKeHHA OpHrHHasbHO He3saBHcHMol MepeMeHHOH 7 B BAe TepemeHHol u 

3allHleM 

Na = Na(u) = D1 Py (u) w2, (98) 

BcrtioMHHM 

_ du dn= (<)a 
T= an y= . Uu 

Muterpauua dy u npu3uapag, uto n(0) = 0 = ,(0), uMeem 

UK 1 

Na(Uy) = i} (=) du = w2, 
0 

Tak 4TO 

w2y = Yih, G2yj b2; anak = 1,2,...,N (99) 

rae 
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G2: = fi" an Gap Pidu anak =1,2,..,N-1 4 G2yj= atom t du (100) 

Octaetca mpwOnu3HTb BTOpyo mpousBogHyio f c yuetom y jfelcTByromel 
He3aBHCHMOM MepeMeHHOH U. 3anuluiem 

ot (u) = Year Px (u) w3, (101) 

Yro6sl ompexenvTb w3,, HYKHO MpHpaBHATb mpHOnmxKeHHe T c npH6nwKeHHeM 
d*f /dn? wa y3nax c mpo6nemHolt o6nacTBIO. 

err 
N 

Tq (uy) = (1 - uy) > ®; (uz) b1; = (ux) = y P;(uy) W3z 
i=1 

STO NpHBOMUT K 

w3, = (1 — ux) D1, , (102) 

Ilockoubky AMcKpeTu3aluaA ABNIAeTCA MOxoxKel AA Bcex 6a3HCHBIX pacwMpeHuit, 
MIpiMeHeHve ypapHenns (59) k W1,w2,w3 pa3pelllaeT Hcnomb30BaHHe OAHOrO BxOdA, 

MHOXKECTBEHHOO BbIXoa FFANN (pucyHox 15). Jaa nanHoro 3Hayenua df /dn, certs 
OyeT BEIBONHTS 3HayeHHA AA 4, f, Fu d?f/dn?. 
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Tpynnb o6pasyiot 3 
wunAnHble cbyHKumn (1, I, IL) 
Ha Tpex y3nax 

Cmewenue 

uP 

f,, 

df 
—— —_ > ; 

dn d‘f, 

dn? 

PucyHok 15 - Cetb c o2HHM BXOJOM VM MHO2KeECTBEHHBIM BBIXOZ0M Jia [Ipumepa 

1(T =6,N = 3). 

3.2.5.1.3 PESYJIBTATDbI 

71a mpumepa ypapHeHua DomkHep-CkaHa BXODHbIe JaHHble, cMelleHHa H 

BBIXOAHBbIC BECbI JIA CeTH OBIWIM paccC4HTaHbI C MOMOWbIO O6pHOro Fortran kona. Bce 

pacueTbl ObIIM CHeaHbI c HBOMHOH ToUHOcTHIO. Kak ynoMHHas0cb pakee, Jia pellenua 
CHCTeMbI H@JIMHeHHbIX anreOpawueckHx ypaBHeHHi Opiia Hcnosb30BaHa NOAMporpamma 
IMSL - DNEQN]. Takoxe 6biia ucnonb30BaHa NoANporpamMMa DQDAG gua 4wicnenHoro 
MHTerpHpOBaHHA KOMIOHEHTOB KOSPHUMEHTOB MaTpHLIBI. 

XOTA ypaBHeHHe MomKHep - CkaHa OTHOCHTeBHO MpocToe M0 BHelIHemy BULy, 
HO OHO He MME€CT aHasIMTHYeCKOrO pellleHHa B HacTOalee BpeMa. OnHako ypaBHeHne 
(65) pemlaetcd  YMCHeHHbIMM MeTogamu. [na Toro, 4TOOBI AaTb HeKOTOpoOE 

TIpeAcTaBleHwe O TOYHOCTH, MocTpoeHHow FFANN, peulenve ana HenMHeiHoro 
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muddbepeHuvalbHoro ypaBHeHHa OblIO paccMOTpeHO Y4epe3 MeTO Pyure-KyTTa c 

TlepeMeHHBIM WaroM YeTBepTOro-MATOrO NopsDKa M HTepallMOHHbI MeTOX monOopa. 

FFANN Oplla mocTpoeHa c HCMOsb30BAaHHeEM OZHOTO CKpbiToro cos u3 42 

MIpOWeccopHBIX 3eMeHTOB Win cayyan BP =—O0,15 uw 22 cKpbITBIX 93eEMeHTOB 

o6pa6oTkH gana coyyaa P=OnNfP=0,5. DTO cooTBeTCTByeT OMHAKOBbIM 

paccTosHuaM B Mpegenax mpoOmemHoh oOnactu, 21 uw 11 y3n0B, COoOTBeTCTBeHHO. 

Pa3mMep mepemeHHOro lara Pyure-Kytra npoxogutT oT 7 = 0 20 7 = 5, B 89 maros mp 

B =—0,15, 103 mara npu 6 = 0 u 128 maros B = 0,5. Pemenwe mo Pyxre-Kytra 

YROBJICTBOpAeT PPAHHYHBIM YCJIOBMAM C IOPpellHOCTbIO He Gonee 1,0 x 107° ana Bcex 

coy uaes. 

B pucynkax c 16 no 18 cpaBHuBaloTca BbIXOQHbIe JaHHbIe FFANN c pemennem 

m0 Pyure-Kyrra (criowHas MHA) mpu 10 paBHOMepHO pa3HeceHHBIX TOUKaX o6pa3ia 

(S = 10) aia B = 0,15, B =0, 6 = 0,5. Utpuxu osHayatoT aMpdepenuupopanne 

3aBHCHMBIX MepeMeHHBIx mo 7. Uncng uTepaui (J), HeoOxonHMoe AIA pelleHua 

6a3vcHEIx Kosbuuventos 6pumu: | = 9 npu B= —0,15 ce = 2,336x 107%, 1 =7 

mia B =Oce = 4,611 107% ul = 8 pu B = 0,5 c € = 8,596 x 10716, 3HaueHua 

cpeqHeKBanpaTu4Hol pasHocTv (RMS) Merkay BbIXOqHBIMM JaHHbIMH pelleHua Pyure- 

Kytta 4 FFANN npmpeyenti B BAe OTAebHOK (burypbl. 

Tlporpamma 3amyckaslacb Ha cTaHyapTHOK SUN Microsystems Sparcstation 2 

C BBINOHeHHeM NopsnKa JByX CeKYHA Wis MCbITaHMa (pucyHKu c 16 no 18). 
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PucyHok 16 - # = —0.15: CpaBHenue pellienui Pynre-Kytra uv BbIXOaHBIX JaHHbIX 

ceTH IIpH KomMuecTBe oOpaaTbIBalOWMx sleMeHToB T = 42. f:RMS = 3.033 x 

10-?;£; Rus = 7.200 x 10-2; ££: RMS = 1.067 x 1072 
dn an 
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Pucynok 17 - 6 = —0: CpapHeune pemenuli Pynre-KyTtTa 4 BEIXOHBIX J@HHbIX CeTH 

Ip KomMUeCTBe OGpaGaTbIBaIOLUMx aeMeHTOB T = 22. f: RMS = 3.563 x 
2 

10-?;: RMS = 6.215 x 10-2; 4: RMS = 1.788 x 107? 
n dn 
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PucyHoK 18 - 8 = 0.5: CpapHenue pewieHuii Pyure-KyTTa M BBIXOAHBIX JaHHbIX CeTH 

Ip KOIMYeCcTBe OOpabaTbIBaIOWHX BIeMeHTOB T = 22. f: RMS = 2.554 x 
2 

10-2; Rus = 3.534 x 107-2, 24: RMS = 1.741 x 1072 
dn dn? 

3.2.5.1.4 CKOTHMOCTb 

OmpezemeHve momyyeHHbIx NorpeliHocte gia metoga Iletpopa-l'anepxuna 

MO3BOJIAIOT ORKHTATb, YTO HopMa Ly 06 omMOKe OyZeT orpaHH4MBaTbCA KBatpaTH4HBIM 

WICHOM B pacCTOAHMe MexKHY y3laMu (CeTKH) MpH MpwOmKeHHM JIMHeMHBIX 

OObIKHOBeHHBIX AMdepenuHabHEIX ypaBHeHuii [43]. DToT craHAapTHBI pesyiETaT 
YMCeHHOrO aHasiv3a Obi NoATBepxkgaeH B padote [35] aa ceTeBoro pemeHus 

MMHeHHBIX OObIKHOBeHHBIX AudepeHuHaIbHbIxX ypaBHeHuii. Mpu npvOnmxennu 

HeNMHeHHBIX WuddepenuManbHEIX ypaBHeHHii KBagpaTHad CKOPOCTb cxoqMMOCTH 

HerpayupyeT UW He MOET OBIT JIerKo MmpeACKa3aHo. 

J\14 paBHOMePpHOTro Iara CeTKH 
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1 
Uj+1 — mi = Uy Mina = = Oy 

Takum oOpa3om, Wia own6xu E B mepemenHot d*f/dn? nopma L, ot E 
Ope TenAecTCA Tak 

ye = Veda = |p (SL- £2) du (103) 
Ha mpakTuke QHckpeTHas HopMa L» MOrpeliHOCTH HMCMOIb3yeTCA TAKUM OOpa30M, 

yTOObI H30e2KaTb BBINOMHEHHA PakTHYeCKOH MHTerpallM B ypaBHeHHH (53): 

d2 d2 fy 2 

EI = adh (S (u;) - “£ (ui)) ; 

rile HHTerpas bla MpHOnwoKeH MacluTaOHupoBaHHbIM CYMMMpoBaHHem. byyem cunTats, 

uTO HopMa L2 MOrpelHOcTH MpaxMO MpoMopluHOHaIIbHa WO HeKOTOpOrO NopsyKa A u3 

ceTku h r 

|E || = h4 nan ||E|| s Ch4, (104) 

rye C - nocTosHHas urge A HekoTopoe gelicTBuTembHoe YMC. Hoka3atenb A TomKeH 

pire <2 ana HemuNelnEIx auddepenuvanbHBIx ypaBHeHuii. [lepemennaa d*f/dn 

BbIOpaHa Id WCCeHOBaHHA, MOCKOMbKy CXOMMMOCTb YMCIICHHBIX SKCIMEpHMeHTOB 

noka3aulv, YTO 3TO PyHKiuA HavOosee NMOAXOMALAad H Ce CKOPOCT CXOAMMOCTH AOIKHA 

o6ecneuHBaTb BepXHH mpeves CXONHMOCTH Apyrx NepeMeHHBIX. 

Tlockonbky HeT TOYHOFO pellienva ypaBHeHHa WomkHep - CkaHa, CKOpocTs 

CXOZMMOCTH Oba MpoTecTupoBaHa Yepe3 MOCMeMOBATCIBHOe YTONHEHHE CETKH Yepe3 

ciemyroulve marH: 

1, Bri6pars HayasbHpIit HHTepBal hy U MHOxKeCTBO k = 0. 

2. PewiuTb ypaBHeHue Ha ceTKe hy = ho /2* 4 hes = hy 2th, 

3. Haittu gquckpeTuyto Hopmy Lz pasHOcTH MexKAy peweHHAMH Ha OCHOBHBIX y3max, 

4. Yeenuunpaem k u Bosspaliaemca k wary 2. 

Ilenpro 2Toi mpouemyps! 3akmo¥aeTCA B W3MePCHHM CKOPOCTH, C KOTOpOH 

Npu6mMKAaeTCA HeEKOTOpble TOUHbIe pellleHHa B AMCKPeTHBIX TOUKAX. Ecnu B3ATb 

norapudo or ||E|| B ypasHenuu (104), Torda NoryaHTca: 
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log(IEI]) < log(C) + Alog(h) | | (105) 

Cyaa mo dopme ypaBHeHua (105), Obiio Obl pa3yYMHO OXKHAaTb, TO 

norapH@mMuyeckul yuacToK HOpMbI Lz MOrpelHOCTH B 3aBMCHMOCTH OT morapudma 

CeTKH 2acT MpaAMyI0 JIMHHIO HaKJIOHHOH A. 

THoxxogsmuit yaacToK CXOMMOCTH 3TOFO THMa NOKa3aH Ha PHCYHKEe 19 ayia Tpex 

sHauennii £. TlyHkTupHadt JIMHMA MpeccTaBlAeT MHCTO JIMHeHHY!O ©CKOPOCTb 

exonumoctu. Macuita6bi mpoOsembl ceTKH BapbHpOBaJIHCb OT h=0,1 goh = 0,0125. 

3HayueHHe moKa3aTena A Oplo oMmpeyeieHo AA B= 0,15,0”0,5 u paBHO 

0,892, 0,679 410,598 CcOoTBeTCTBEHHO. O6paTHte BHHMaHHe Ha BbICOKYIO CKOPOCTb 

CXONHMOCTH, COOTBETCTBYIOLTYFO OTPHLaTesIbBHOMY 3HadeHHIO B . 

4 ' , t --+-—_+—_ +} 

¢|—a—B = 0 
Tt] p=05 | 

t| 2-8 =-0.15 

0.4 $1777 O(N) bs 

Sl 

0.01 = 

+—4 t—+—} 
0.001 

¥ 

0.01 h ; 

“4 2 2 

PucyHok 19 - YuacToK norapHdMHyeckou cxonumocTu aia d“f/dn*. 

B = —0.15: slope = 0,892; B = 0:slope = 0.679; B = +0.5: slope = 0,598. 

olleHeHa, NOKa He Tosly4eHo pellieHue 
6bITb 

yvunHa oummOKu He MOXKET 

i” 
19 moKa3biBaeT, 4TO omm6Ka MOoOxKeT 

ypapHenua (89). Kpome Toro pucyHOK 
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YIIPaBJIATbCA ITYTCM H3MCHCHHA KOJIMYECTBA oOpabaTbIBarollux SJIEMCHTOB B CKPbITOM 

cyIoe CeTH. 

3.2.5.2 CBA3AHHbIE HEJIMHEMHBIE OBbIKHOBEHHDBIE 

JM®®EPEHIMAJIbHbIE YPABHEHHA 

Jina BToporo uHcnoBoro MpHMepa MbI NOCTpOWIM OHH BXOd, MHO?KECTBCHHBIN 

BbIXon FFANN ayia mpH6nMKeHHA pellleHva H MpOW3BOMHBIX H3 CBA3AHHOM CHCTeMBI 

HeNMHeHHBIX OObIKHOBCHHBIX AMdcdepeHUMaIbHBIX ypaBHeHHHM BTOporo HM TpeTBEero 

nopsyqKa: 

a? a? 
oa — (Aif + Ag) a =0 . (106) 

d®g ds, afdg_ 4 (49\"_ 4 (4f\"_gg_a = 
ap Ath + 429) oa As an an Ag (i) As 9) Ach— Ar =0 (107) 

a? da d2g\? dfd’f _ 
ae — Pr(Aif + A29) = — Ag (=) = Ag(Aif + Azg an dn? 0, (108) 

rye n > 0. Kosdcuunentsi A}... _,A7 KOHCTAHTBI H MpefctaplaroT coOo KomOuHallan 

pasIH4HBIX (u3HueckHx NapaMeTpOB H Kosppuunent Ag mMpesctapiset cobok 

(byHKHi0 Mapametpa Pr. Caa3aHHble 'paHW4Hble YCNOBMA ANA ypaBHenuii (106) - (108) 

f= 0,2 = 0,9 =0,22=0,4=0npan=Ou 5 > Inpan ~ (109) 

Kpome Toro 13 rpaHH4HBIXx yCuIOBHH, Tak Kak 

4-5 1 npun >  torna 3 O mpm > & (110) 

(108) mpexcTaBisaroT 
Kak uw B Tpembinyujem MpHmMepe, ypaBHeHHaA (106) - 

O6bIKHOBEHHEIC 
mpakTH4eckuii MHTepec B o6jacTH MexaHHKH 2%KHKOCTH. 

6pa30BaHHA CHCTeMB! ypaBHeHhit 
uddepeHUMabHble ypaBHeHHA MOsyuaroTca OT peo 

jibca HW TeMOBOrO 
B UaCTHbIX MpOH3BOTHBIX. Ta MojesIb TpexMepHoro MMITy. 

© HakNOHHOM mpaMoro KpyroBoro KOHYca B 

(106) - (108) ucnonb3yroTca AA 

df/dn o™kHO MOHOTOHHO 

norpaHv4Horo CJIOA OTHOCHTCJIBH 

cBepXx3BYKOBOM l10ToKe [44] - [46]. Ecnu ypaBHeHHa 

MofemMpoBaHHa v3MuecKH 3HaYMMBbIXx cuTyaunii, 

BospacTaTb 10 7. To MoxeT ObITh MOCTHTHYTO nyTeM OrpaHvyeHua 3Ha4eHHi 

(bu3sH4eCKHX MapaMeTpoB, 4YTO IKBMBA/IeHTHO orpanuyenuto A, — Ag. Jia Konyca ¢ 

TIONOBHHHBIM YIJIOM °, B BO3yxe CO CBOOOZHbIM moTOKOM 4vcno Maxa paBHoe 7 H B 
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CBOO6OqHOM ToToKe uucyo PeliHonbaca papHo 5X 10°, mMbI uMeem cneqyroule 

YHMCJICHHbIe 3HayeHHA Oa Al qo A7 ana yrna ataxu 10°: 

Al = —0,960428; A2 = —0,395063; A3 = 0,640285; A4 = 0,395063; 

A5 = 0,946661; A6 = —0,665229; A7 = —0,665229 (111) 

Mb! AOJDKHbI Takoke HCMOb30BaTb orpaHuyenue 0,7 < Pr < 1,0, uTo cootBerctByeT 

0 < Ag < 0,86. 

Tlonpo6Hoe o6cyxaeHHe BbIBOMa ypaBHeHHH (106) - (108), HeoOxogumocTs B 

MOHOTOHHO Bo3pactaroulel df /dn u olleHKH KospulvenTos A, — Ag, MO2%KHO HaliTH B 

ccbuiKe [47]. 

Jiia noctpoenus FFANN, koTopad MofesIMpyeT CBA3AHHBIC CHCTeMBI, MBI 

JOUMKHI TPaHCOpMUpOBAaTb OCHOBHbIe YpaBHeHHs B Ooulee ynipaBsiaemble PopmpI. Ha 

MOmXo K pelieHuio ypaBHeHuli (106) - (108) OygeT oveHb noxox%xK Ha nogzXoL, 

VCHOJIb3yeMBIM UIA pellieHia ypaBHeHua DonKHepa - CxanHa. Ilocxonpxy df /dy 

MOHOTOHHO H3MeHseTca MO 1 JIA BBIWeyKa3aHHbIX orpaHMyeHHii A, — Ag, 

IIpOH3BOQHaA MO2xKeT ObITb HCMONb3OBAHa B KaNecTBe RelictBytollei He3saBucuMmoit 

llepeMeHHOH. BBezeM cyleqyIOUy!0 3aMeHY MEpeMeHHBIX. 

= < < rait 
u 1 Osus 1, 2? 

B Halliem mipeo6pa30BaHHuu CBA3AHHbIX ypaBHeHHii MbI OJDKHbI YCTpaHHTb ABHY!O 

3asucumocts f ot g. [leperpynmuposka ypaBHenna (106) naer 

-1 43 

of. ap, aes (aef) of 4 
dn* = (4.5 + A mabe dn? + dn? (=) dn3 

(114) 

d3g __ d°f (d’f 1 q2g df ag +A af AA+A 115) - 

dn? dn ( =) dn? + Asa, dn dn + Ag (5 2) 5 (4) + Aga + Az ( ) 

2 3 
d?A a*f (a?f\ "da df a3 f af 116 

A = ppl (EL) 2 4 Ag (St) + Asean (116) 

TIpu nogctTaHoske mpeoOpasoBaHHBIX 3aBHCHMBIX MepeMCHHBIX H MCIONb3OBaHHE 

llenmHoro MpaBwya, MbI HMeeM AJA ypaBHenui (114) - (116) 

2 

oP = p (117) a? = Ayu + Apr + (2) 
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Z(H ram(Qra()eaaeraQea’) aw 
“ = Pr(®) (2) + Agr + Agu (?) (119) 

Micnomb30BaHve WenmHoro mpaBusia Ha TepeMeHHbie ypaBHeHusa (112) 3aBepuiaeT 

MpeoOpa3oBaHve IyTeM YMe€HbIIeHHA MepBOHaYaIbHO CHCTeMbI TpeX CBA3AHHBIX 

H@JIMHeEHHBIX CMeLIAaHHEIX M@epenMabHbIX ypaBHeHH BTOporo u TpeTbero 

nopsqKa K CHCTeMe WiecTH ypaBHeHHH NepBoro MopasyKa: 

oP _ Ayu Agr - @) = 0 

2 

ga (CQ) Asn) -4(Z) aoe ()-a)-a(@) = 
sa?) @) ~ Aor (2) =0 
a (@)=05-(Q=90-()=° (120) 

Tenepb ocTalocbh HaliTH HOBbIC¢ TpaHH4Hble YCNOBHA ANA TipeoO6pa30BaHHont 

cuctempl. Ha ocHoBe ompeyesieHHA ypaBHeHul (106) - (108) np n =Onn > 00 B 

coueTaHHH c ypaBHeHuem (110) 4 ypaBHeHHeM (112) craHosButca o4eBH HO, 4TO 

p=r=A= Onpuu=0;tT=q=5= Onpuu = 1 (121) 

Tenepb MBI MO%KeM HCIIOIb30BaTb Oa3HcHble pa3sloxKeHHA Wiad MpuOmMKeHHA 

ipeoOpa30BaHHBIX 3aBMCHMBIX T¢peMCHHBIX. Vicnomb3ya MeToq mpHommxKenna 

IIpOM3BeXeHHA, MOKa3aHHoro B ypaBHeHHA @oukHep - CkaHa, mouwy4atoT cuemyrouHe 

MIpHONWKeHHA, KOTOpble MO%KHO 3allHcaTb AIA MpeoOpa30BaHHA 3aBHCHMBIX 

NepeMeHHbIx 

N N N N 

Tq = (1 -u)) % b1,,%, = x b2;,Aq = >> b3i,Pq = >.> b4,, 

i=1 t=1 i=1 i=1 ; 

N N 

da = (1=W) D5, 54 = (A-W) ) 0126 
i=1 i=1 

WWJ MYJIbTHIVINKATHBHBIX rpymn 
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p 1 1 S 1 
=. ®@; b7,, 22 = ®; b8;,— = ay Pi b9;, Tq (1—u) T (1-u) T (1-u) 

Pe)! 1 (Pa) (%) 1 ro — = ——_ ©. bl ,(— — | = —-—___ &. ‘, = . . (= Gnu? ®; b10; tN \te) = Gow? ®,; b11, Ga) ®; b12;, 

1 Na Pa\ (Sa 1 

By Caw MONEE = Ga ay % Otto (4) (=) = Gaye 818, 
Ta _ 1 

la = (1—u) a; b16;, (122) 

rye N uvcno y310B B mpoOnemHolt o6nacTu. O6patuTe BHUMaHHe, 4YTO YMHOXKeHHe U4 
Wenenue Oa3vcHbIx pa3zoxKeHHi Ha (1—1u) nomoraeT B oGecneyeHHH rpaHH4HEIXx 

yCuIOBHH. 

V3 Oa3ucHbIx KosuUMeHTOB ToNbKO oT b1; no b6; nuHeiHO He3aBHCHMBIe. 

COOTHOLIeHHE ME%KY MHOIKECTBOM OCTAJIbHBIMH Oa3HCHBIX KOSpHUMEHTOB MOxKeT 
ObITb ONpeyeleHO MyTeM HCMOMb30BaHHA ODHOrO UM Toro %xKe apryMeHTa 

3IKBMBa@JICHTHOCTH, CeaHHOrO B lIpHMmepe | (ypaBHenua (76) - (78)): 

b7; = b4; b13;, b8; = b5; b13;, b9; = b6; b13;, 

510; = (b4,; b13;)?, b11; = b4;b5;( b13;)?, b12; = ( b2;)*b13; 

b13; = or b14; = b3; b13;, b15; = b4,b6;( b13;)?, b16; = b2; b13,; (123) 

miai=1,...,N. 

rob cibopmysupoBaTb areOpamueckHe CHCTeMbI, pellleHHe KOTOPbIX WacT 

KOIPQOUUMEHTE PasiOKeHHA Npeo6pasoBaHHoro ypaBHeHHa (120), MbI MpHMensem 

metog Ilerposa-lanepxuna c F,(u) = (1 — u)®,(u): 

N N N 

M1 yj D4; — Ary ~ Az) M3, b2;— ) M4, b10; = 0 
= i=1 1 t=1 

ry 
t 
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». M1; b4; -2, M2yj(Aq b12; + Ay B13; + Ag b14;) — ». M4,; 611, 
i=1 

YH b16, - =A YM 8, =0 

N 

Yr Pr ty 5 ~A, » MB,; b1, -Y'5y07) = 
=1 

> Ma bi; _ M2x; b7; = 0 

i=1 

yo M1; b2; — M2, b8; = 0; YL, M1); 63; — M2; b9; = 0, (124) 

rye MaTpuupi M1, ... , M8“ BeKTop V ompezesAIOTCA Kak 
a 

d®; Mig =(1- uj, 4), M2 = (2-2), ), 
M3xi = ((1 — u)? Px, Pi) 

M4g; = (Py, ®,), MS = (U1 — ux, Pi), — MOxi = (U2 (1 — u) Oy, 9;) 

do; 
M7 =((A—w)2@,, (A -w) Ft- 9), MBq = (Au)? oy, &}) 

v,((1 —u)?®,, u) (125) 

[paHvuHble ycnoBua ypapHenna (121) AaroT 

b2, = b3, = b4, =0(u=0); bly = boy = b6y =1(u=1) (126) | 

Kak u B IpHMepe ypaBHenua DouKHepa - Cana, 9TH OrpaHHeHHA BKIIOYCHE! B 

cucTemy alreOpav4eckux ypaBHeHHii yTeM 3AMCHBI COOTBETCTBYIOWINX CTPOK MaTpHLl. 

3.2.5.2.1 IPOUETYPA PELE 

Illects cucTem ypaBHeHHH B ypaBHeHHl (124) nomkHBI ObITb pellleHbI WA 

Kospduunentos b1;,b2;,..., 6;. Kak 4 B ypaBHeHHa @ovuikHepa - CkaHa, CHOBa 

mpu6eraem k MeTogy Ilayouna aa peuleHHa HeJIMHeHHBIX ypaBHeHHi. B 3Tom ciryyae 

asIrOpHTM MHHUMH3MpyeT CeZyIollyto cKasIapHy!0 DYHKLIHIO: 
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€(B1 yon, ly B2y on, D6» b6n) = Shea (ef?) +(e) +--+ () }, 
rae 

N N . 

ef = M1 yj b4; — ArVe — Ap ». M3 yi b2;— ) M4: b10; 
i= i=1 i=1 

6 = » M7 qj BS; — -Y M2yi(Aq b12; + Ay B13, + Ag b14;) — > M4,, b11, 

— A, » M5y; 516; =) M6yq b13; 

N 

= ». M7 pj b1; — M2xi b7; 

N 

ce) = ». M1; 2; — M2xi 58; 
i=1 

ef) = YN Mg b3; — M2xi 9: (127) 

Kak u B Mpedbinyiem NpHMepe, akOOMaH (J) BBIMHCJIACTCA AHANIMTHYCCKH WA 

TIOBbILUeEHHA 3deKTHBHOCTH BbIUHCHeHHH. B stom cmyyae AkoOwvaH HMeeT pa3sMep 

(6N) x (6N). OH cocTouT 43 36 pa3qeoB, KaKIbIM M3 KOTOPBIX MO2KCT 

paccMaTpHBaTbcs, KaK cy6- -akoOHaHa pa3sMepHoctpio N Xx N. Hanpymep, ec pasqel 

onpetesiAeTCA Kak 

(A) 

wroe A,B = 1,...,6 j4® = 

J 

Torga 

jo» ves jos 

61) a J66) 
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Kaabii pa3ge akoOvaHa MaTpHUbl TpHAMaroHaleH, BCIeQCTBHe CBOHCTB LWWJIANHOM 

odyHkunu. B pe3yibTaTe NONHOH AkoOMaH MAaTPHUbI ABJIACTCA peXKMM. 

3.2.5.2.2 TOCIELYIOWAA OBPABOTKA PEIMEHMS 

C HOMOUIbIO H3BECTHBIX Kosp@uuneHToB b1;,b2;,...,b6; MoxHO BBIMMCIIUTS ; 

b7,, b8;, ...,b16;. TipHOnwxenve 3aBHcHMBIX MepeMeHHBIX MpeoOpa30BaHHA ABIIAIOTCH 

nomHbimu. Tlocne ucnonmp30BpaHne u = df/dn B kKayecTBe BXOJHBIX MepeMeHHBIX K 

CeTH, ocTaeTcd OMpeesMTb BbIXOM BeCOB JIA MCXOMHBIX MepeMeHHBIX 

d“f dg d*g 4, da 
nf, 219:7>-) 2? ye 

dn dn an dn 

3anuilem 6asvicHoe pazloxkeHHe Id NpHOMMKeHMA CeqytOllMM oOpasom: 

N N d*f. N 

Ne = > 1) wi1;, tu =) ou) w2;, dn? =) ow w3; 

i=1 i=1 i=1 

N dg d*g 
Ja = >. @;(u) w4;, an » @;(u) w5;, dn? = » ®,(u) w6; 

i=1 

Ja = ici PiU) W7;, as = Dh, Ou) w8; (128) 

Haut momxon K onmpemeneHuio 6a3MCHbIXx Kos@uunentos wij,...,w8; OyaeT 

HICHTHUHbIM TOMY TODXOLy, KOTOPbIM HCIIOUb3yeTCA B MIpHMepe ypaBHeHHA @oskHep- 

Cxaua. Ilostomy “3 ypasHeHul (92) - (102) MbI MOoKeM Cpa3y HallHcaTe: 

N N 

wl, =) G2 b13,, w2rx =) Glu b13,, w2r = (1 — ux) bi, 

: i=1 
i=1 

N 

w4, = > C2y, B16, Wy = 2x WE = (1 Uy) BS 

i=1 

W7 x = D1 G2xi 59, WB, = A Uz) 6x 
(129) 

BRIXOMHOrO Beca OT W1y HO W8,, a TaloKe 
rie k =1,...,N. Tlpu ompenemenun 

» FFANN ypapuenui (106) - (108) 6yaert 

MpHMeHeHHe ypaBHeHHA (9), moze 

3aBeplulieHa. 
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3.2.5.2.3 PES YJIBTATHbI 

Kak H B MpHMepe ypaBHeHua Momknep - CxaHa, 97a cucTema 6bina pelea c 
NOMOUIbIO HT€pallHOHHOH TexHHKH nogGopa Pyure-Kyrra c TIEPCMEHHBIM IWaroM B 
TeyeHHe AByX WlaroB, COOTBeETCTByIOWWMX Pr = 1.0 (Ag = 0.0)u Pr = 0.7 (Ag = 
0.853837), a TakoKe pe3yIbTaTbI, CpaBHeHHble C BbIXOJHBIMH WaHHBIMM u3 FFANN, 
NOCTpOeHHOH Cc MOMOLIbIO TexHHKH [letpoBa-lanepkuna (pucyHku c 20 no 23). 
TloctpoenHaa ceTb ucnomb3yeT 162 mpoweccopHbix 37emMeHta B CKPbITOM cJloe, 
COOTBCTCTBYFOlMHe PaBHOMePpHOM pacHosloxKeHHh 81 y3JIOB H Ba BCNOMOraTeJIBHbIX 

y310B. Pe3ybTaTbl CpaBHHBalcb B 10 npoOHBIx TouKax (S = 10), H TOMbKO NAT TOUeK 
BbIOOPKH NOKa3aHbI Ha YepTe%Kax Mla AcHocTH. Pa3smep nepemeHHoro mara Pynre- 
Kytra 6bu1 or 7 = 0 407 = 10 B 40 maros ana Pr = 1.0 u 46 maros ana Pr = 0.7, 
MOrpeliHOcTb MeHee yem 1.0 x 107° 

PucyHok 20 - Pr = 1.0: CpapHenne pemienuit Pyure-KyTTa 4 BBIXOTHBIX JaHHBIX ceTu 

IIpH KOJIM4eCTBe O6pabaTbIBaIOLIMX 3IeMeHTOB T = 162 (moKka3aHbI 5 TOUeK). 
2 

fi RMS = 2.740 x 10-7; 2: RMS = 1.907 x 107*; a RMS = 2.740 x 
7] 

1073; A: RMS = 1.223 x 1076 
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PucyHok 21 - Pr = 1.0: Cpapyenue pemenuit PyHre-Kytra v4 BBIXOJHBIX JaHHBIX CeTH 

IIpH KoMYeCTBe OOpabaTbIBarOLUIMX 3IeMeHTOB T = 162 (nioKa3aHBI 5 Touex). 

g: RMS = 1.178 x 1077; 2: RMS = 4.153 x 107%; 2: RMS = 1,524 x 

10-3; o RMS = 2.739 x 1073 
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PucyHoK 22 - Pr = 0.7: CpaBHeHHe pemeHHit PyHre-KytTTa 4 BbIXOHBIX TaHHBIX CeTH 

TIpH KOIM4eCTBE o6pabaTbIBalOLHXx 3eMeHTOB T = 162 (moKa3aHbl 5 TOUeK). 

f: RMS = 1.628 x 10-3; 2: RMS = 2.854 x 107%; a°f. RMS = 1.102 x 
n dn? 

10-3: A: RMS = 3.050 x 107? 
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Pucynox 23 - Pr = 0.7: CpaBHeHHe pemenui Pyxre-Kytra 4 BbIXOQHBIX JaHHBbIX CeTH 

IIpH KOMMUeCTBE OOpadaTbIBarollUx aeMeHTOB T = 162 (noka3anpi 5 TOUeK). 
2 

g: RMS = 1.274 x 107?;22: RMS = 1.325 x 10-7; ©; RMS = 1.385 x 
} dy? 

1072: © RMS = 2.706 * 1072 

@u3uuecku Pr = 1.0, 4To HMIyJIbC TeMJIOBOM MOrpaHH4Hbiit CsIOH HACHTHUHBI. 

MatematuueckH c Pr = 1 TosIbKO B ypaBHenil (106) 4 ypapHenun (107) qomKHBI OBITS 

JIMH€HHO H€3aBHCHMBI, Kak 3TO MOMKHO OKa3aTb, 4YTO B ITOH CHTYalMH MbI JOJDKHBI 

umetb A = df /dn, u Taxxe S = Tt. 

Konwuecrso urepanuti (/ ), HeoOxogquMoe Avs pelleHHa  Oa3HCHbIX 

Ko3xppunnentos, Spite: | = 19 aia Pr = 1.0 ce = 1.834 x 10°" #2 T = 36 mim 

prem O7%coe=2711x10°. Snarene cpeqHeKBapaTH4ABIx pasiM4Hli MexKTY 

meronom Pyxre-Kytta  BbIXOAHDIMH JIAHHBIMH CCTH TIpHBeAeHbI B OT/{eIbHOM 

rpadbuxe. [Iporpamma paboraeT ya SUN Microsystems Sparcstation 2, ¢ BpeMeHeM 

BpITIOHeHMA ropssiKa 200 ceKYHA WA CPU c Pr = 1.0 4 700 cexyna aia Pr = 0.7, Ha 

81 y3ue. 
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3.2.5.2.4 CKOJMMOCTb 

JlorapubmMuyeckad CXODMMOCTb MepeMeHHoH d*f/dn? (pucyHox 24) nonyyanu 

MyTeM MOCIeEHOBaTeIbHOTO YTOUHEHMA ceTKH. 3HaYeHHA NoKasaTeA ana Pr = 1.0 

cocTaBiaeT oxono 0,899. CxoguMocTb KpHBoi aia Pr = 0.7 He uMeeT NocTOAHHBIi 

HAKJIOH, XOTA ero cpeqHAA, Ka3as10cb Obl, Takad Ke, Kak Oa Pr = 1.0. 

HEI] 

0.01 = 

[v2 
2 2 

4 - YyacToK nlorapuMH4ecKOu cxogumoctn aia d*f/dn*. 
PucyHoK 2 

Pr = 1.0: slope = 0.899; Pr = 0.7: avg.slope = 0.899 
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3AKJIFOUEHHE 

MoxkHo mocrpoutb FFANN c KYCOUHO-JIMHEHHEIMA MYHKUMAMH AKTHBAUMM TIA 

MODeIMpoBaHHa pellleHHii HeIHHeMHBIX OObIKHOBCHHBIX HpMepeHIMasIbHBIX 

ypaBHeHHii 6e3 HeOoOxoZHMOCTH o6y4eHHa B OOBIMHOM KOHHCKLUIMOHHCTCKOM CMBICIE. 

TloctpoeHue tpeOyeT BBeqeHHA Ope esIeHHBIX orpaHHuennit Ha 3HaueHHA BXODHBIX . 

TaHHbIX, CMeIIeCHHA HU BBIXOJHbIe BeCbI, NpHHadIexKHOCTH HEKOTOPBIX poner KaxkKOro 

M3 9THX MapaMeTPOB, a TaKKE HCMONb3IOBAHHE YCTOABLUIMXCH MaTe€MaTH4ecKHX MeTOAOB 

M3 TeOopHu nmpHOmMKeHHA pyHKuni. Tako moaxog AomKeH 6bITb MPHMeHHM H K 

MCHONb3OBaHHIO THNepOomM4ecKHXx TaHreHCOB, CMrMOWAa HM pajHallPHbIX 6a3HCHBIX 

yHKUHH. 

Ssuple POpMyY Ib yA BXOZa H CMCLICHHA Beca Ob CPOpMyMHPOBaHEl, H MeTOA 

B3BCIICHHBIX HeBI30K (B 4aCTHOCTH, OMHA M3 ero BapwauMi texHuKxa Iletposa- 

TanepkuHa) ObLI BBeqeH Kak MaTeMaTHUecKHii alropH™ Jia onpesenenua 3HaveHhit 

yoro Beca FFANN. j{Ba mpumepa B3ATbI W3 MeXaHuKH ‘KMIKOCTH ObUIH 
BbIXOL 

NpHOMWKeHbI MW pellicHbl TakHMH *meTOHaMH, MW pe3yJIbTaTbI MCMONb3yIOTCA ANA 

MocTpoeHHA HepOHHBbIXx ceteii, BBIXO CeTH CpaBHHBaJIM C pellleHHAMH, NOsy4eHHbIMH 

C TOMOLIbIO HTepall[MOHHOH TeXHHKH ron6opa Cc HCHONb30BaHHeM = TowaroBoro 

anroputma Pyxre-KytTa. 

Kak uw MeTObI o6y4eHHA, aJITOPHTMB!, HCIIOJIb3yeMBIC B naHHoi paOoTe, HMeuIM 

VTepallHOHHbIM xapakTep. Tem He MeHee, alreOpamyeckwe CHCTEMBI ypaBHeHHii 

xopomlo O6ycOBJIEHbI M Tipu Bo3pacTaHHH YMCA WIeMeHTOB oumM6Ka B C€TH BbIXOJHBIX 

JAHHbIX MOHOTOHHO YMeHbIUUaeTCA. Kpome Toro, airopHTMbl JOBOJIBHO OOBIMHEIC, HE 

TpeOyromve HAKAaKHX CHelMaJIbHbIX nonylleHun u paOoTaioT Ha OOBIMHBIX alimapaTax 

3a pa3yMHOe KOJIMYeCTBO BpeMeHH. 

ij BIMAeT HA MHTEPMOMANMM, XpaHeHHA, 

crpoenus FFANN, pa6ota wget Ha 

MCHOMb3OBaHHeM THMepOoM4ecKoro 

ca cpyHkuni. Cravnpr BBICIIero 

Qpmuta HW B-cnmavinos. Tloaxoa, 

» Gomee NOAXOMALMe arOopHTMbI 

e ceTH Ayla npuOmmKeHna 

Tlockombky Ka4¥ecTBO 6a3HCHBbIX (byHKUH 

CKOpOcTb HM CBOMCTBa CxOAMMOCTH MeTofa 10 

co3naHue ciilaiHOB 6omee BEICOKOrO MopAAKa © 

TaHreHca, CMrMOBHAHOTO H payHasbHoro 6a3u 

MopagKa UCcIeAYIOTCA metonamu = JlarpaHKa, 

Mo3BOMUT HCCeAOBAaT 

Sigma-Pi, 4 pekyppeHTHBI 

# B UACTHBIX MpOMSBOAHEIX. 

W3OKCHHbIM B 3TOM CTATbE, 

wid TOCTpOCHHA FFANNS, 

MMHeHHBbIX H HesIMHeHMHbIX ypaBHeHu 
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Becb mporpecc oT MccleqoBaHHH B 9ToH ccbepe BefeTcA eH MOCTpOecHHaA 

FFANN ana oOy4ueHua c yunTenem. B HacTosiee BpeMa pa3paOaTbiBaeTca He 

MTepallHOHHbIM asiropHTM O6yYeHHA, KOTOPbI MO3BONMT PeWIMTh HaHHyto mipo6semy 

HalipaMyto Yepes HeoOxomMMbie Beca UM KOMMYeCTBA CKPbITBIX cyoeB. AJTOpHTM 

moTpeOyeTca TOJIbKO CAMHCTBCHHOS pellieHve B CHCTeMe JIMHeHHBIX anreOpavueckHx 

y paBHeHHit. 
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