Heitponnbie Mmoaeny mHGOPMAIMOHHBIX
IIPOLIECCOB M CUICTEM

EUPOHHBIE CETU — 3TO PA3aAE] UCKYCCTBEHHOTO MHTEJUIEKTA, B KO-

TOPOM J11 00paOOTKM CUTHAJIOB UCITIOJIb3YIOTCS SIBJICHUS, aHAJIO-

TUYHBIE TIPOUCXOISIIMM B HEMPOHAX XKMUBBIX CYLIEeCTB. BaxHeri-
11asi OCOOEHHOCTh HEMPOHHOM CETU, CBUIETENBCTBYIOIIAS O €€ IIUPOKUX
BO3MOXHOCTSIX 1 OTPOMHOM ITIOTEHIIMAJIE, COCTOUT B MapaJLICJIbHOMU 00-
paboTke MHbopMalMU BceMU 3BeHbsIMU. [Ipu rpoMaagHOM KOJIMYECTBE
MEXHEWUPOHHBIX CBSA3€H 3TO IMO3BOJSET 3HAYMTEIBHO YCKOPUTH TTPOLIECC
00paboTKM MHpopMaLud. Bo MHOTMX cilydasix CTAaHOBUTCS BO3MOXXHbBIM
npeodpa3oBaHUE CUTHAIOB B peajlbHOM BpeMeHu. Kpome Toro, npu 60Jib-
LLIOM YMCJIe MEXHEWPOHHBIX COEAUHEHUM CETh MPUOOPETAET yCTOMUMBOCTh
K OIIIMOKaM, BOZHMKAIOIIMM Ha HEKOTOPBIX IMHUSIX. DYHKIIMY TOBPEXKIEH-
HbBIX CBsI3ei OepyT Ha ce0sl UCTIpaBHbBIEC TMHUM, B pE3yJIbTaTe Yero AesITeb-
HOCTb HEMPOHHOM CETHU HE IIPETEPHEBACT CYIIECTBEHHBIX BO3MYILICHUIA.

[ pyroe He MeHee BaXXKHOE CBOMCTBO — CITOCOOHOCTb K OOYy4EHMIO U 0000-
IIIEHUIO HAKOIUIEHHBIX 3HAHUI B CUCTEME MEXHEUpOHHbIX cBs3eii. Ha-
TPEHUPOBAHHAsl HA OTPAHUYEHHOM MHOXECTBE JAaHHBbIX HEMPOHHAs CETh
crocoOHa 00001IaTh MOJYYeHHYI0 MH(MOPMALIUIO U ITOKA3bIBaTh XOPOIINE
pe3yJIbTaThl HA TaHHBIX, HE MCITOJIb30BABIIMXCS paHee B Ipoliecce o0yye-
Hus (puc. 5.1).

Bxoabl Cnon 1 Cnoin2 Belxogsl

Puc. 5.1. O6006111eHHAas1 CTPYKTypa HEUPOHHOIA ceTu
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[ToaToMy HanMuKe NepeurcaeHHbBIX CBOMCTB U TOBCEMECTHOE IPUMEHEe-
H1E KOMITBIOTEPHOM TEXHMKU BbI3BaJIM B OCAEAHME TO/ibl B3PLIBHOI POCT
MHTepeca K HEHPOHHBIM CETSIM U CYILECTBEHHBIM MPOrpecc B UX UCCIEI0-
BaHuu. Co3naHa 6a3a J1j1s1 BBIpaOOTKM HOBBIX TEXHOJOTMYECKUX PELICHU,
Kacalolluxcsl BOCIPUSITUS, UCKYCCTBEHHOIO pacrio3HaHus U 000011eHMs
BUAcOMH(pOpMaLMK, YIpPaBICHUsI CIOXHBIMUA CUCTeMaMHu, 0OpabOTKMU
pe-4eBbIX CUTHAJIOB U T. I1.

JIto6as HelipoHHAs CEeTh UCIIOJIb3YETCS B KAUECTBE CaMOCTOSITEIbHOM
CHUCTEMBbI TIPEACTaBICHMSI 3HAHUIA, KOTOpasl B MPAKTUYECKUX TTPUIIOKEHU -
SIX BBICTYMAET, KaK MPaBUIo, B KAYECTBE OJTHOIO U3 KOMIIOHEHTOB CUCTe-
Mbl YIIpaBJIeHs MO0 MOAYJISI IPUHSTUS PEIIEHUI, epeaaloIX pe3yib-
TUPYIOLLIMIA CUTHAJI Ha IPYTHE 3JIEMEHThI, HE CBSI3aHHbIE HETTOCPEICTBEHHO
C UCKYCCTBEHHOI ceThblo. [Ipr 3TOM BBITIOTHSIEMbIE 3TOM CEThIO (KaK CTPYK-
TYPHBIM 2JIEMEHTOM ) (PYHKIIMU MOXKHO pacrpee/IuTh Ha HECKOJIbKO OCHOB-
HBIX IPYIII: allIPOKCUMALIUsI ¥ UHTePIOJISILIMS; pacClO3HABaHMS U KJIaCCU-
(pukaiu 06pa3oB; cxaTusl JTaHHBIX; MIPOTHO3UPOBAHMST; UAECHTUMPUKALIMN;
yIIpaBJI€HMSI; aCCOLIMALINMN.

bnaronapsi cBoMM ananTalilMOHHBIM CBOMCTBaM B KaXK/IOM M3 Ha3BaHHBIX
MPUIOXKEHUI HEPOHHAsI CETh UTPAET POJIb YHUBEPCATbHOTO allpoOKCHUMa-
Topa QYHKIMU OT HECKOJbKUX ITePeMEHHbIX

y=s,

IJle X — 3TO BXOJHOM BEKTOp, a y — peajmn3alius BEKTOPHOI (DyHKINU
HECKOJIbKMX TepeMeHHbIX. [10cTaHOBKY 3HAYMTEILHOTO KOJIMYECTBA 3a-
Jady MOAETUPOBaHUSI, UACHTU(UKALMM UM OOpabdOTKM CUTHAJIOB MOTYT
OBITH CBEJICHBI K MOJOOHOMY almpoKCUMAallMOHHOMY MPeICTaBIEeHUIO.

Bosnbllioe 4YKMCIIO BO3MOXHBIX TPUIOXKEHU HEHPOHHBIX CeTeil B
pa3IMy-HbIX O00JIACTSIX HayKd M TEXHMKHU JeJlaeT MX aKTyaJlbHbIM
00beKTOM 151 uc-cienoBaHus. [loaToMy B paMKax HAcTOsIIEN TJIaBbl
MPOBOAUTCSA KpaTKUil 0030p JUTEepaTyphbl, Pa3IUYHbIX HEHPOCETEBBIX
apXUTeKTyp M (opMUpO-BaHUE METOAMYECKOro MaTepuana IIo
VCTOJIb30BaHUIO HEMPOHHBIX CeTell, KOTOPbIA MOXKET ObITh MOJIE3eH IS
CTYJICHTOB CIELIMAJbHOCTEH, CBSA3aH-HbIX C WHOOPMALMOHHBIMU
TEXHOJIOTUSIMU.
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5.1. OCHOBHbIe MaTemMaTU4eCckue Moaenu HeMpoHoB

M3 ckazaHHOTO BBIIIE CJIEAYET, YTO KaXKIAbIii HEMPOH MOXHO CUMTATh
CBOCOOpPa3HBIM IPOLIECCOPOM: OH CYMMMPYET C COOTBETCTBYIOIIIMMHU BeCaMu
CUTHaJIBI, IPUXOAAIINE OT APYTUX HEMPOHOB, BBITIOIHSIET HEJIMHEIHYIO (Ha-
MIpUMED, TTOPOTOBYIO) pelIaoNIyIo GYHKIIUIO U ITepeaacT pe3yIbTUPYIolee
3HAYEHME CBSI3aHHBIM C HUM HelipoHaM. B COOTBETCTBUM ¢ AeHCTBYIOIINM
MPaBUJIOM «BCE WJIM HUYETO» B IMPOCTEUIIMX MOIEISIX HEIIPOHOB BBIXOI-
HOI CUTHAJI IpUHKUMAET ABOMYHbIe 3HaueHus O win 1. 3HaueHue 1 cooT-
BETCTBYET MPEBBIIICHUIO ITOPOTa BO30YXIeHUs HelipoHa, a 3HaueHue () —
BO30YXIEHUIO HIKE TTIOPOTOBOT0 YPOBHSL.

5.1.1. Mogenb MakKannoka-INurtca

B cooTBeTcTBMM ¢ TpyUHLMITIAMU (DYHKLIIMOHUPOBAHUS OMOJIOTUYECKUX
HEWPOHOB CO3[aHbl PA3JIUYHbIE MATEMAaTUYECKUE MOJMENU, B KOTOPBIX
¢ OoJbllIel MM MEHBIIIEN CTENIEHbIO PEAaTU3YIOTCS CBOMCTBA MIPUPOTHOMN
HepBHOU KileTKM. OO000IleHHass cxeMa, COCTaBJISIIONIass OCHOBY OOJIb-
IIMHCTBA TAKUX MOJIeJIeil, BOCXOIUT K MPEACTaBIeHHOM Ha pUc. 5.2 MoJe-
ym MakKainoka-ITurca, KoTopas 6b11a OAHOM M3 IIEPBbIX MOJIEJIe Hel-
poHa. B Heil HelipoH cuuTaeTcsl OMHAPHBIM 3JEMEHTOM, COIepXKalluM
CYMMAaTOp B3BEIIEHHBIX BXOAHBIX CUTHAJIOB U HEJIMHEMHbINA 0J10K 00pa-
OOTKM BBIXOAHOIO CcHUTHaja cymmartopa. CTpyKTypHas cxeMa OToi
MOJIEJIM TIpeICTaBIeHa Ha puc. 5.2.

Puc. 5.2. Monens HelipoHa MakKainnoka-ITurca
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BxomHbie curHamibl x;, j = 1, ..., N TOCTYIa0T Ha BECOBBIE YMHOXHUTEIIN
COOTBETCTBYIOLIMX BECOB W; (CUTHAJI B HAIIPABJIEHUM OT BXOJIA CYyMMMUPY-
€TCsI C YUYETOM i K y3J1y j) B CyMMaTope, MOCJje Yero pe3ybTaT CpaBHUBAET-
Cs1 C TOPOTOBBIM 3HaYEHUEM W;, BBIXOIHOM CUTHA HEMpOHa y; OTIpeaesIs -
€TCSI TIPY 3TOM 3aBUCUMOCTBIO

vi=f iwﬁxj(thwio ) (5.1)

N
ApryMeHTOM (DYHKIIMU BbICTYIIa€T CyMMapHbIA CUTHAT U; = Z WX (1) +W,.
j=1

Oyukuus ¢(¥;) HasbIBaeTCs Gyukyueli akmusayuu. B monenn MakKaiio-
ka-ITutca 3To nopocosas pyHxkuus Buga

()= 1, u >0 59
P10, u <o0. (5:2)

KoapduumeHTsl w; NpeACTaBIsgOT Beca CUHANTUYECKUX cBaA3eii. TTo-
JIOXKUTETbHOE 3HAYEHNE W; COOTBETCTBYET BO30YXIAIOIIMM CUHATICAM, OT-
puLaTesbHOE 3HaUeHKUe w; — TOPMO3SLIMM CHHArcaM, Toraa kak w; =0
CBUIETEJILCTBYET 00 OTCYTCTBUU CBSI3U MEXAY i-M U j-M HeiipoHaMmu. Mo-
nenb MakKaioka-ITurca — 3T0 1UcKpeTHast MOJeJib, B KOTOPOI COCTOSI-
HUE HellpoHa B MOMEHT (¢ + 1) paccuMThIBaeTCsl MO 3HAYEHUSIM €TI0 BXO/I -
HBIX CUTHAJIOB B MIPEAbIAYIIUI MOMEHT £. [TocTpoeHne AUCKpEeTHOM Moaen
00OCHOBBIBAETCS MPOsIBIIEHUEM pedpaKiiu Y OMOJI0rM4eCKUX HEMPOHOB,
MPUBOASIIEH K TOMY, YTO HEMPOH MOKET U3MEHSITh CBOE COCTOSIHUE C KO-
HEYHOI YaCTOTOM, IIPHUYEM JJIMTEIbHOCTb IEPHON0B 0e3/1eiCTBUS 3aBUCUT
OT YaCTOThI €ro cpabaTbiBaHUSI.

Yepes HeckobKo JieT . Xe00 B mpoliecce ucciaeaoBaHUs acColMaTUB-
HOW MaMATH MPEIOXMUII TEOPUIO 00ydeHUs (1I0100pa BECOB W;) HEMPOHOB.
[Tpu 3TOM OH MCOB30BaJ HAOJIOIEHUE, YTO Beca MEXHENPOHHBIX COeTU -
HEHU IIpU aKTUBALIMKU HEMPOHOB MOTYT Bo3pacTaTh. B Heauneiinoii mope-
7 Xe00a npupaiieHue Beca Aw; B IipoLiecce 00y4eHUs IPONOPLUOHAILHO
NPOU3BEIEHMIO BBIXOIHBIX CUTHAJIOB y; U J; HEUPOHOB, CBA3aHHBIX BECOM W

w;(k+1) =w; (k) +n-y,(k)y;(k), (5.3)

rIe kK o3HayaeT HoMep LuKIa, 1| — KoagduimeHT odydyeHusi. CorjaacHo
ypaBHeHUIO (5.3) B IIpoliecce 00ydeHUsT YYUTBIBAIOTCS KOPPeAsUUOHHbLE CB51-
3u MEXIy BbIXOJaMU HEMPOHOB.
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CBolicTBa HEIMHEWHOM (PYHKIINM, OCOOEHHO €€ HeTIPEePbIBHOCTh, OKa-
3BIBAIOT OIpeesiollee BIUSIHUE Ha BIOOp criocoba o0yuyeHusT HelipoHa
(mopGop BecoBbIX KOG GULIMEHTOB). IpyruM BaxKHbIM (paKTOPOM CTaHO-
BUTCSI BbIOOp cTpaTteruu o0ydyeHusl. MOXXHO BBIACIUTD IBa MOAX0Aa: 00)-
YyeHue ¢ yuumenem u obyueHue 6e3 yuumens.

[Tpu 06yyeHUY ¢ yuuTenaem MpearoaracTcsi, YTo IOMUMO BXOIHBIX CUT-
HaJIOB, COCTABJISIONIMX BEKTOP X, U3BECTHBI TAKXKE U OXKUIAEMbI€ BBIXOJI-
Hble CUTHaJIbl HelipoHa d,. KiltoueBbIM 21eMEHTOM Ipoliecca 00ydyeHust
C yUuTeJIeM SIBJISIETCSI 3HAHUE OXKMIAaeMbIX 3HAUCHUI d; BHIXOJHOTO CUTHA-
Jla HEMpOHa.

Ecniu Ttakoii momxom HEBO3MOXEH, OCTaeTcsl BbIOpaTh CTpaTeruio
o0ydeHus 6e3 yuutensi. [logdop BecoBbIX KO3(M(GUIIMEHTOB B 3TOM CiIyJyae
MPOBOJAUTCS HAa OCHOBAaHUM JIMOO KOHKYPEHILIMM HEMPOHOB MEXIy COOO
(ctparerun «Ilo-6enuteny mosydaer Bce» uau «llobemutenb mosydaeT
OoJiblIe»), MO0 C Y4e-TOM KOPPEISIUUM OOydyalollMX W BBIXOTHBIX
curHajaoB (ooydyeHue mo Xe60y).MoXHO BBIAEIUTb TPYU OCHOBHBIX THIA
(yHKUMI aKTUBALIMK, TpapuKu 3aBUCUMOCTEl KOTOPBIX MOKa3aHbl Ha
puc. 5.3. 6 6

1,2 1,2 1,2
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Puc. 5.3. AkTuBaliMoHHbIe PYHKIIMK: GYHKIMS €IMHUYHOTO CKayKa — a;
KyCOUYHO-JIMHEHAast GyHKUUS — O
W cUTMoMIaabHast GYHKIIMS A pa3IMYHbIX 3HAYeHU mapameTpa 3 — 6

1. Qynkyus edunuunoeo ckayka @(u;) WA TOoporosast (PyHKIIUS, COOT-
BETCTBYIOIIAS Ha puc. 5.3, a dopmyine (5.2), rae u; — 3TO0 UHIAYLUPOBAH-
HOeE JIOKaJIbHOE TT0JIe HelipoHa.

2. Kycouno-auneiinas ¢pyHkuyus, mokazaHHast Ha puc. 5.3, 6, OnMCbIBaeT-
co CIEAYIOIIMM BhIpaXkeHUEM:

0, u<-1/2
o(u)=1<\u|,—-1/2<u <1/2; (5.4)
L, u>1/2,

rae KoaOUIMEeHT yCUIeHUs B IMHEHOI 001aCTH ortepaTopa Imperosia-
raeTcsl paBHBIM eIUHUIE. DTY (PYHKIIUIO aKTUBALIMM MOXHO paccMaTpu-
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BaTh KaK alnmpoOKCUMAaIMIO HETMHEMHOTo yeuinuTess. Mcnoab3yloTcs Tak-
Ke 1Ba BapuaHTa 0co00ii (hOpMbI KyCOYHO-TUHENHOM (DYHKIINU:
e ¢cC/v JIMHeliHas 001acTh ornepaTopa He JOCTUTaeT Mopora Hachllle-
HUsI, OH MpeBpalllaeTcs B JMHENHBIN CyMMaTop;
e eciau KO3((PULIMEHT YCUIeHUS B JUHEMHOM 00JJaCTU MPUHSTh Oec-
KOHEYHO OOJIbIINM, TO KyCOUHO-JIMHEeHast (DYyHKIIMS BbIPOXIAETCS
B ITOPOTOBY10 (DYHKIIMIO.

3. Cuemoudanvras ¢ynkyus, TpaduK KOTOPOIl HaIlOMUHaET OYKBY S, SB-
JISIeTCs, TOXKaJIyii, cCaMOil pacnpoCTpaHeHHOM (PyHKLME, NCIOJIb3yeMOM
JUIS1 CO3AaHMST UCKYCCTBEHHBIX HEMPOHHBIX CETEl. DTO OBICTPO BO3pacTalo-
1ast pyHKIMsI, KOTopas IMoiep>XKMBaeT OasaHC MeXXIAy TMHEWHbBIM U HEJTU -
HelHbIM MoBeAeHueM. [IprMepoM curMmoraanabHO (PYHKIIMK MOXKET CITy-
>KUTb JIOTUCTUYECKAs (PYHKIIMS, 3aaBaeMasl CJeayI0IIUM BblpakeHUEeM:

1
1+exp(—Bu,)’
rIe 3 — nmapamMeTp HaKJIOHa CHTMOMIAJIbHOM (hyHKIIMK. M3MeHsIs1 3TOT nmapa-
METP, MOXHO IMOCTPOUTH (DYHKIIMHU C pa3IMIHON KPYTU3HOM (CM. puc. 5.3, 8).
[TepBoIit TpaduK COOTBETCTBYET BEJIMUMHE MapamMeTpa, paBHoi [ = 1/4.
B npenene, koraa nmapaMerp HaKJI0OHa JOCTUTAeT OECKOHEYHOCTH, CUTMO-
uaanabHash GyHKIMS BbIPOXKIAETCS B MMOPOroByo. Eciau moporopast pyHK-
LIMSI MOXET MMPUHUMATD TOJIbKO 3HaueHus1 0 u 1, To curMmourgaibHast (pyHK-
LM IPUHUMAaET OECKOHEYHOE MHOXECTBO 3HaUeHUI B Auana3oHe ot 0 1o 1.
[Tpu 3TOM ClleayeT 3aMeTUTh, YTO CUTMOMAAIbHAsT (PYHKILIMS SIBIASIETCS U -
(bepeHLIIPYyEMOIi, B TO BpeMsl KaK ITOPOroBasi TaKOi BO3MOXHOCTbIO HE 00-
Jlajaer.

O6sacTb 3HaYeHUI (YHKLUN aKTUBALMU, ONpeaeeHHbIX (hopMya-
mu (5.2), (5.4) u (5.5), npencrapisieT coboit orpe3ok oT 0 no +1. OgHa-
KO MHoTraa TpedyeTcs (pyHKIIMS aKTUBALMY, MUMEo1Iast 00J1acTh 3HAYEHU I
oT —1 go +1. B aTOoM ciyyae (pyHKIIMSI aKTUBALIMU JOJKHA ObITh CUMMeE-
TPUYHOM OTHOCUTEIBLHO Hayajia KOOpAWHAT, T. €. HEYETHOM (DYHKIIMEH NH-
JyLMPOBAHHOIO JIOKAJIBLHOIO MoJjist. B yacTHOCTH, MOPOTOBYIO (DYHKIIMIO
B JAHHOM CJIy4yae MOXHO OIPEIEINUTh CJIECIYIOLIINM 00pa3oM:

o(u;) = (3.5)

-1, u,< -0
o(u)=1 0, u =05 (5.6)
I, u,20.

DTa (pyHKIMS OOBIYHO HA3bIBAECTCS CUCHYM VIV 3HAK.
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Jna crmaxuBaHus (pyHKLIMY 3HaKa (5.6) 4acTo MCHOIb3yeTCs (PYHKIIMS
ruInepooJMYeCcKOro TaHreHca

o(¢,) = tanh(Bu,). (5.7)

BaxnbiM cBoiicTBOM pyHKIIMM (5.7) saBsieTcs ee nuddepeHIInpyeMOCTb.

5.1.2. NepcenTpoH

IIpocToii nepcenTpoH — 310 oObIYHas Modesib MakKanoka-Ilurca
C COOTBETCTBYMOILLIEH cTpaTerneii ooyueHus. CTpyKTypHasi cxema U 000-
3HAYEHMUS DJIEMEHTOB j-TO MIepCcenTpoHa MpeacTaBieHbl Ha puc. 5.4. Beco-
Bble KOO DUIIMEHTHI BXOA0OB CyMMAaTOpa, Ha KOTOPbIE IMOCTYIal0T BXOIHbIE
CUTHAJIbI X;, 0003HAYAIOTCS W, a TOPOTOBOE 3HAYEHNUE, MIOCTYIAKOLLEE C TAK
Ha3bIBa€MOTO MOJIIpu3aTopa, 0003HavyaeTcst wy,. HenuHeliHast @yHKIMs ak-
TUBALIMM MEPCENTPOHA MPEACTABISIET COO0I TUCKPETHYIO (DYHKIIMIO CTY-
rneHyaToro tura (5.2), BCIeACTBME YEro BHIXOJHOW CUTHAJ HEeMpoHa MO-
JKeT MPUHUMATh TOJIbKO ABa 3HaueHus1 0 uiu 1:

U = iwi,x,(t), (5.8)

r1e #; 0003HaY€H BBIXOAHOUW CUTHAJI CyMMaTopa.

B npuBeaeHHOI (popMysie mmoapasymMeBaeTcs, YTO UMEIOIU JIMHY N
BEKTOP X =[X,,X,,X,,..., Xy | IOITOJIHEH HYJEBLIM WIEHOM X, =1, popmMupy-
IOIIMM CUTHaJI noJisipusanyu. O0ydeHue repcenTpoHa TpedyeT Haaudus
YYUTETIS U COCTOUT B TAKOM TIOA0OPE BECOB W;;, YTOOBI BBIXOIHOM CUTHAII
ObU1 HanboJiee OJU30K K 3aJaHHOMY 3HAYEHUIO d;. ITO 00yYEHUE TETEPO-
aCCOLIMAaTUBHOIO TUIIA, IPY KOTOPOM KaxK10¥ 0Oy4Jaroleii BHIOOpKe, Ipe/-
CTaBJIIEMOI BEKTOPOM X, allpMOPHU MOCTABJIEHO B COOTBETCTBUE OXMIAe-
MO€ 3HAUYE€HUE d;, Ha BBIXOJE i-TO HEMPOHA.

Hau6onee monyasipHbIiA MeTOI 00YYEHHUS TTEPCENTPOHA COCTOUT B IPU-
MEHEHUU Npasula nepcenmpond, B COOTBETCTBUU C KOTOPBIM ITOJ00P BECOB
OCYLIECTBJISIETCS MO CJIEAYIOLIEMY aITOPUTMY.

1. Ilpu nepBoHavYaabHO BBIOpAHHBIX (KaK MpaBUIIO, CIIy4YallHbIM 0Opa-
30M) 3HAYEHMAX BECOB W; Ha BXOJI HEMPOHA TOJAeTCs 00yJarOIInii BEKTOP X
1 paCCUMTBIBAETCSI 3HAYECHKE BBIXOIHOTO cCUrHazia y,. [1o pe3yabrataM cpaB-
HEHUS (DAKTUUYECKU TTOJYYEHHOTO 3HAUYECHUS ; C 3aJaHHBIM 3HAYECHUEM d;
YTOUHSIIOTCSI 3HAYEHUSI BECOB.
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2. Ecnu 3HaueHue y; COBITagaeT ¢ OXKUIAEMbIM 3HAYEHUEM d,, TO BECO-
Bbl€ KOG (OULMEHTBI W; HE UBMEHSIIOTCSL.

3. Ecin y; = 0, a cOOTBETCTBYIOIIIEE 3aJaHHOE 3HaUeHue d; = 1, To 3Ha-
YEHUsI BECOB YTOUHSIOTCS B COOTBETCTBUU € hopmyioit w; (£ +1) =w, (1) + x,,
rae ¢ 0003HavYaeT HoMep MPeAbIAYIIEero Mukia, a (+1) — HoMep TeKyIie-
rO LIMKJIA.

4. Eciu y; = 1, a COOTBETCTBYIOIIIee 3a1aHHOE 3HaueHue d; = 0, To 3Ha-
YEeHUsI BECOB YTOUHSIOTCS B COOTBETCTBUU € hopmyrioit w, (1 +1) = w; (1) — x;.

ITo 3aBeplIeHNN yTOUHEHMST BECOBBIX KO (DUITMEHTOB MPEIbSIBISIOTCS
MepCenTPOHY OUepeaHOM 00YJaIOIINil BEKTOP X M CBI3aHHOE C HUM OXM-
JaeMoe 3HaYeHUe d;, U 3HAYEHUST BECOB YTOUHSIIOTCS 3aHOBO. DTOT ITPOLIECC
MHOTOKpPaTHO ITOBTOPSIETCSI HAa BCeX 00yJaloIInX BLIOOPKaX, oKa He OyayT
MUHMMU3UPOBAHBI PA3INIMsI MEXKIY BCEMU 3HAUCHUSIMU J; 1 COOTBETCTBY-
IOIIMMU UM OXKUAAEMbIMU 3HaUYeHUSIMU d; [38].

5.1.3. CurmomnpanbHbIi HEAPOH

HeitpoH curMonaaibHOTO TUIIA UMEET CTPYKTYPY, MOJOOHYIO MOAEI
MaxkKannoka-ITurca (cM. puc. 5.2), ¢ Toii pa3Huleit, YTo (PYHKIIMS aKTH-
BaLIMU SBJISIETCS HEMPEPBIBHOM W MOXET OBITh BBIpAXKEHA B BUIIE CUTMO-
UIATbHOM YHUIIOJSIPHON U/WUKU OUITOJSIpHON (yHKUMIA. YHUNONSIpHAs
(yHK1IMSI, KaK paBUIIo, TIpencTaBisieTcs popMynoii (5.5), Torga kak ou-
nossipHast (yHKLMS 3a1a€TCs B BUIE (PYHKIIMU TANEPOOJIMIECKOTO TaH-
reHca (cm. BeipaxeHue (5.7)). B atux ¢popmynax napametp 3 mogoupaeTcs
noJib3oBaTesieM. Ero 3HaueHue BiausieT Ha (QyHKIIUIO aKTUBALIMU.

CurmouaajibHbIN HEMPOH, KaK MPaBUJI0, 00y4aeTCs ¢ YYUTEIeM MO MPUH-
LIMITY MUHUMM3ALWK LIeJIEBON (DYHKIIMU, KOTOpas 11 ETMHUYHOTO 00yJaro-
1ero Habopa <x, d> HeKOTOpOro i-ro HelipoHa orpeaesieTcs o hopmyiie:

E=2(n-d) (5.9)

N
roc y; = (P(ui) =0 Zwijxj
=0

[TpumeHeHne HenmpepbIBHOM (PYHKIIMY aKTUBALIMM MTO3BOJISIET UCITOJIb-
30BaTh NpU OOyYeHMU TpadreHTHBIe MeToabl. [1poliie Bcero peain3oBaTh
METO/J HaucKopeliuieeo cnyckda, B COOTBETCTBUM C KOTOPbIM YTOUYHEHUE BEK-
TOpa BECOB W =[W,, W,|,W,y,..., W,y | IPOBOAMTCSI B HAIpaBJIEHUN OTPUIIA-

TeJIbHOT'O I'paieHTA 1IeJ1eBOM (DYyHKIINMU:
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vp dE . dfw)
dw, 7 du,

ij

(5.10)

rae ¢, =(y, —d;) o3HavaeT pasHUIY MeXIY (PaKTUYECKUM U OXKHUIAEMbIM
3HaYe€HMEM BBIXOJHOTO CUTHaJjia HelipoHa [38].

5.1.4. HeiipoH Tnna «apananH»

Mopenb HellpoHa TUNa «anajdalH» (aHri.: Adaptive Linear Neuron —
aZJalTUBHBINA JTMHEWHBIN HelipoH) OblIa TpeanoxeHa b. Yunpoy [36]. Ee
CTPYKTYpHasi cxema, IeMOHCTpUpYIollas aJganTUBHbIN CIIOCcO0 moadopa
BECOBBIX KO3 (PuULIMeHTOB, n3o0paxkeHa Ha puc. 5.4. [1o meTony BecoBo-
o CyMMHPOBAHMSI CUTHAJIOB HEMPOH TUIA «afajailH» aHaJIOTUYeH TIpe/l-
CTaBJICHHBIM paHee MojieJIsIM HelipoHOB. DYyHKIIMS aKTUBALIMUA UMEET TUII
«3HaK» (cM. hopmyiy (5.6)).

X1
X2
! Vi
.X»; —-1
o o o
n o
S ALanTUBHbIN + d
anroputm nogbopa @ !
BECOB

Puc. 5.4. CtpykTypHas cxema HeilipoHa TUTA «aganaiH»

AnanTUBHBIN TOAOOP BECOBBIX KOA(DGULIMEHTOB OCYILECTBISIETCS B ITPO-
1iecce MUHMMM3AIIMM KBaIpaTUYHOM OLIMOKM, oTipeiesisseMoii Kak

2

N
E(w)=tei=1 d; =2 WX, | . (5.1D)
27 T2~

CrnenyeT oOpaTUTh BHUMaHNE Ha TO, UTO, HECMOTPS Ha HEJIMHEWHBIN
XapakTep MOJEIH, B 1IeJIeBOi (PYHKIIUM TTPUCYTCTBYIOT TOJIBKO JTUHEIHBIE
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YJIeHbl, TIPEICTaBIISIONIMEe COO0M CYMMY B3BEILIEHHBIX BXOJIHbBIX CUTHA-
JI0B. B CB$131 ¢ BBIMOJIHEHMEM YCIOBUSI HETIPEPBIBHOCTU 1I€1€BOM (hyHK-
LIMU CTaJI0 BO3MOXHBIM ITPUMEHEHME aJITOpUTMa IPAIMEHTHOIO O0yYeHMSI.
Kak 1 B cuTyaumy ¢ CUrMOMIaJIbHbIM HEMPOHOM, B aJITOpUTME YUAPOY
JUIS1 MUHMMU3ALMU 11e1eBOM (PYHKIIMU MPUMEHSIETCS METO/ HaCKOpet-
1LIeTOo CITyCKa.

5.1.5. HeiipoHbl TUNAa WTA

Heitponnt Tunta WTA (anrn.: Winner Takes All — nobenutenb moyda-
€T BC€) UMEIOT BXOJAHOI MOJYJIb B BUAE CTAaHIAPTHOTO CyMMaTopa, pac-
CUMTBIBAIOIIETO CYMMY BXOJHBIX CUTHAJIOB C COOTBETCTBYIOIIMMU Beca-
MU Wy BbIXO},%/[HOI?'I CUTHAJI [-T0 cyMMaTopa OIpeAelisieTCsl COTJIacHO
dopmyne u, =Y w,X;.

=0

I'pyrnina KOHKypUpPYIOLIMX MEXAY COO0M HEMPOHOB (pUC. 5.5) TToydyaeT
OIHU U T€ € BXOAHbIE CUTHAJIBI X;. B 3aBUCUMOCTH OT (haKTUYECKUX 3HA-
YeHH BECOBbIX KOA(DDUIIMEHTOB CyMMapHbI€ CUTHAJIbI i; OTIEIbHBIX HEll-
POHOB MOTYT paziudatbcs. [1o pesynbTaTaM cpaBHEHUSI 3TUX CUTHAJIOB
nobdeauTeseM MpU3HAeTCsI HEMPOH, 3HAUEHUE U;, Y KOTOPOro 0Ka3ajaoCh
HanOoJbIKUM. HelipoH-1106e 11 Te b MepexoauT Ha CBOEM BBIXOJI€ B COCTO-
sgHue 1, a octajabHbIe (MPOUTPaBIINE) HEHPOHBI TTIepexoasaT B cocTostHue ().

Vi

MexaHnam L

KOHKYpPEHLMK o
HEMPOHOB °
[ ]
Vi

—

Puc. 5.5. Cxema coequHeHus HeiipoHoB ThITa WTA
st o6yyeHust HeiipoHoB TMIa WTA He TpeOyeTcsl yduTeab, OHO MPOTe-

KaeT ¢ MCMOoJIb30BaHMEM HOPMaJIM30BaHHbBIX BXOJHbBIX BEKTOPOB X. Ha Ha-
YyaJIbHOM 3Tarne cly4aiiHbIM 00pa30oM BbIOMpPAIOTCsl BECOBbIE KO DUIIM-
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€HTbI KaXJI0ro HeiipoHa, HopMaJin3yeMble OTHOcUTeIbHO 1. [Toce mogauu
MepBOIo BEKTOpA X oIpeesseTcs: mnodenutenb atana. [lodenusiimii B 3ToM
COPEBHOBAHUM HEMPOH MEPEXOAUT B COCTOSTHUE 1, UTO MO3BOJISIET EMY ITPO-
BECTH YTOYHEHUE BECOB €TI0 BXOIHBIX TUHUIA W;. IIpourpasiire HEHPOHEDI
(opmupylOT Ha cBouX Bbixomax coctosiHue (), 4yTo OJIOKMPYET Ipoliecc
YTOUY-HEHUS UX BECOBBIX KOO (DUILIMEHTOB.

5.1.6. CtoxacTnyeckas mogesib HepoHa

B oTtnume ot Bcex 1eTepMUHUPOBAHHBIX MOJIEJIEN, OTIPEIECICHHBIX pa-
HEe, B CTOXAaCTUYECKON MOJIEJIM BBIXOAHOE COCTOSIHUE HEMPOHA 3aBUCUT
HE TOJILKO OT B3BEIIEHHOM CYMMBI BXOJIHBIX CUTHAJIOB, HO U OT HEKOTO-
poii cllyyailHOM NepeMeHHOI, 3HAaUeHUSI KOTOPOI BEIOMPAIOTCS TIPU KaxkK-
noil peanu3auuu u3 uHtepnana (0,1).

B croxactuyeckoit Moae HepoHa BBIXOMHOW CUTHAJ ); TPUHUMAET
3HayeHus 1 ¢ BepoSITHOCTBIO

Pr(y, =+1)=1/[1+exp(+¥2Bu,)], (5.12)

rae u; o0o3HaueHa B3BellleHHasi CyMMa BXOJIHBIX CUTHAJIOB i-r0 HelpoHa,

a 3 — nmojoXuTeabHasi KOHCTaHTa, Yalle Bcero paBHas 1. I1poiecc oOyue-

HMSI HEMPOHA B CTOXaCTUYECKOI MOIEI COCTOUT U3 CIICAYIOIIMX 3TaroB [38].
N

1. PacueT B3BELIEHHOI CyMMBbI U, = ) W, X; [UIsl K&XJIOTO i-T0 HeipoHa
CETH. J=0

2. PacueT BepOSITHOCTU TOTO, UTO ¥, IPUHUMAET 3HaUeHUe =1 B COOTBET-
cTBUM ¢ popmyroii (5.12).

3. I'eHepalius 3HaueHUs1 cydaitHoli nepemeHHoi R e (0,1) u popmupo-
BaHMe BbIXogHOTro curHana y; =+1, ecaum R <Pr(y, =+£1) uam y, =1 B ipo-
TUBHOM CJIyyae.

4. OnpenesieHHbI TaKUM 00pa30M IMPOLIECC OCYLIECTBIISIETCS Ha CIIy-
YailHO BBIOPAHHOM rpyIne HEMPOHOB, BCJIEACTBUE YETO X COCTOSTHUE MO-
IUPULIMPYETCS B COOTBETCTBUM C TIPEIJIOKEHHBIM ITPABUIOM.

5. Ilocne puKcanmnm cocTosTHUSI OTOOpaHHBIX HEHPOHOB UX BECOBbIE KO-
a3 dULMEHTH MOAN(MULIMPYIOTCS 10 TIPUMEHSIEMOMY TTPaBUITY YTOUHEHUSI
BecoB. Hanmpumep, ripu oOydyeHUHU ¢ yuuTeaeM no npaBuiy Yuuapoy-Xodg-
¢a aganTainus BeCOB IIPOBOAUTCS MO opMyIie

Aw; =n(y, —d,). (5.13)
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5.1.7. CpaBHeHue mogenen abCcTpakTHbIX
1 Guonornyecknx HelipoHoB

buonornyeckuit HeipoOH — CJIOXKHAsI CUCTEMa, MaTeMaThUJecKast MOJIE/b
KOTOPOTO JI0 CUX ITOP MTOJHOCTBIO HE TTOCTpOeHa. BBe1eHO MHOXXECTBO MO-
JeJiei, pa3InJaroXcsl BBIYMCIUTEIbHOM CI0XKHOCTBIO U CXOJCTBOM C pe-
aJIbHbIM HEAPOHOM, HO BCE OHU UMEIOT PSiJi OrpaHUYEHU I 110 CPABHEHUIO
¢ OMOJIOTUYECKUMU HEVPOHAMM.

BbruncieHust Bbixoaa abCTpaKTHBIX HEMPOHOB MPEAIOIaraltoTCss MrHO-
BEHHBIMM, HE BHOCSIIMMMU 3aepXKU. HermocpeacTBeHHO MOaeIMpoBaTh
JVHAMUYECKME CUCTEMbI, UMEIOIIME «<BHYTPEHHEE COCTOSIHUE»,, C TTOMOILbIO
TaKMX HEMPOHOB Heb3s1. B MOaeIM OTCYTCTBYIOT HEPBHBIE UMITYJILCHI, HET
MOIYJISILIMU YPOBHSI CUTHAJIA MJIOTHOCTBIO UMITYJIbCOB, KaK B HEPBHOM CHU-
cTeme, He TOSIBIISIIOTCS 9P EeKThl CHHXPOHU3ALMU, KOT1a CKOIJICHUS Hel-
POHOB 00pabaThiBalOT MH(MOPMALIMIO CUHXPOHHO, IO/ YIIpaBJIeHUEM I1e-
PUOINYECKUX BOJH BO30YXKIEHUSI U TOPMOKEHMUSI.

B ab¢cTpakTHBIX HEMipOHAX HET YETKUX aJrOPUTMOB JIJIsI BbIOOpa (pyHK-
LIMM aKTUBALIMU, OTCYTCTBYIOT MEXaHU3MBbI, PETYJIUPYIOLINE PadOTy CeTU
B LICJIOM, HallpuMep, TOPMOHaJIbHAsI PETYJIsILUs aKTUBHOCTU B OMOJIOTH-
YeCKUX HEPBHBIX CETSIX.

bonbiioe BHUMaHue B pOpMabHBIX MOAESX YACAEHO MTOHITUSIM «I10-
por» 1 «BecoBble KO3 UILIMEHThI». B pealbHOM HelipOoHEe HET YHUCI0BOTO
nopora, OH IMHAMMWYECKU MEHSIETCS B 3aBUCMMOCTH OT aKTUBHOCTH CaMOTO
HelpoHa 1 0011ero coctossHus cetu. BecoBbie KoaDuULIMEHTH OMOJIOTH-
YeCKHX CMHAIICOB TOXE HE MOCTOSIHHBI M 00J1a1a10T MJIaCTUYHOCTBIO U CTa-
OMJIBHOCTBIO, BECOBbIE KOA(P(PUILIMEHTHI HACTPAUBAIOTCSl B 3aBUCUMOCTU
OT CUTHAJIOB, MPOXOAsIIuX yepe3 cuHarc. CyliecTByeT 00JIbII0e pa3HOO-
Opasue 61oJIornyecKrx CMHarncoB. OHU BCTPEYalOTCs B pa3IMYHBIX YACTSIX
KJIETKM W BBIMOJHSIOT pa3inyHble GYHKIMU. TOpMO3HBIE 1 BO30YXKIat0-
1LIM€ CUHATIChI peaIu3yloTcs B (POpMaJIbHOM MOJIE]IN B BUJI€ BECOBBIX KOA(-
(pMLIMEHTOB MPOTUBOIOJOKHOIO 3HaKa, HO pa3HOOOpa3ue CUHANCOB 3TUM
He orpaHuyuBaeTcs. JeHapo-aeHApUTHbBIE, aKCO-aKCOHAJIbHbIE CUHAIICHI
He peau3yloTcs B MOJeIU (DOPMaIbHOTO HEMpPOHa.

B abcTpakTHBIX MOJEIISIX HE TIPOCIEXMBAETCS pa3anuyue MeXIy rpaiy-
aJbHBIMU MOTEHLIMAJIaMU Y HEPBHBIMU UMMYJIbcaMu. JIt000i curHa rpeai-
CTaBJISIETCS B BUIE OAHOTO YMCIa.

Hrtak, mozaenb popmMaabHOIro HEMpOHa He SBJSIETCS OMOITOA00HOM 1 CKO-
pee 1oxoxka Ha MaTeMaTUYeCKY10 a0CTpaKIIMIO, YeM Ha XX1BOIi HelipoH. Tem
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YOAUBUTEIBHEC OKAa3bIBACTCsA MHOFOO6pa3I/Ie 3aga4d, p€racMbIX C IIOMOIIBIO
TaKHNX HCprOHOB, 1 YHUBEPCAJIbHOCTD ITOJIy4a€MbIX aJITOPUTMOB.

5.2. Moaenu HelpoHHbIX ceTen

Cyl1ecTBEeHHYIO YacTh B TEOPUU HEHPOHHBIX ceTeli 3aHMMAalOT OModu3u-
yeckue mpobiiembl. s mocTpoeHus afeKBaTHOM MaTeMaTUIYeCKO MOJIe-
JIU CETU HEOOXOAMMO AeTaJbHO U3YYUTh padOTYy OMOJIOTMYECKUX HEPBHBIX
KJIETOK U UX B3aMMOJICMCTBYIOIIMX CUCTEM C TOUKM 3pEHUSI XUMUU, (PU3U-
KU, TeOpUU MHDOPMALIMU U CUHEePTreTUKU. J{0KHBI ObITh U3BECTHBI OTBE-
Thl Ha CJI€AYIOIIEe OCHOBHBIE BOITPOCHI.

1. Kak paboTaet HepBHas KJieTKa — Ouojiornyeckuii HelipoH? HeoO-
XOJUMO UMETh MaTeMaTUUECKYIO0 MOJIeJIb, aIeKBaTHO OMUCHIBAIOIIYIO NH-
(popMaioHHbIe TIpoliecchl B HelipoHe. Kakue cBoiicTBa HeiipoHa BaxKHbI
MpU MOJICIMPOBAHMUM, a KaKue — HeT?

2. Kak nepenaercst uHopmaliys yepe3 CoequHeHUsT MeXIy HelpoHa-
MU — cuHanchl? Kak MeHsieTcs MpoBOAMMOCTb CMHArca B 3aBUCMMOCTH
OT MPOXOSIIMUX [10 HEMY CUTHAIOB?

3. ITo kakuM 3aKOHaM HEHpPOHBI CBSI3aHBI IPYT C APYTOM B ceTh? OTKY-
Jla HEpBHasl KJIeTKa 3HaeT, C KAKUMU COCENSIMU JOJKHO OBbITh YCTaHOBJIEe-
HO COeaIUHEHUE?

4. Kak Onojornueckre HelipoHHbIE CETH O0ydJaloTCs pelaTh 3amadmn’?
Kaxk BbIOMpatoTcst mapaMeTpbl CeTU, YTOOBI 1aBaTh MPaBUJIbHbBIE BbIXO/I-
Hble curHajbl? Kakoii BBIXOIHOM CUTHAJI CUMTAeTCsl «ITpaBUIbHBIM», a Ka-
KO — OIIMOOYHBIM?

[1Ipu 1r060M 060BbeAMHEHUN OOBEKTOB, UMEIOIIMX Pa3IMYHbIC CBOMCTBA,
BO3HUKAIOT cUCTeMHbIe 3(pdekThl. TeM Oosiee OHU TOSIBIISIIOTCS TIPU CO-
eIMHEHMUU HeMPOHOB KaK (popMasibHbIX, TaK U Ouonorndyeckux. OTMeTumM
BaxKHEMIINE U3 CBOMCTB OMOJOTMYECKUX HEMPOCETE.

1. ITapannenbHOCTL 00pabOTKM MH(popMauun. Kaxabiit HelipoH dop-
MUPYET CBOI BBIXOJI TOJIbKO Ha OCHOBE CBOMX BXOJIOB M COOCTBEHHOI'O BHY-
TPEHHETO COCTOSIHMS MO/l BO3AEMCTBUEM OOIIMX MEXaHU3MOB PETYJISILIUU
HEPBHOI CUCTEMBI.

2. CrtocoOHOCTh K MOJIHOM 00paboTke mHpopmauuu. Bece ussect-
Hble YeJIOBEKY 3aJauu pellalTcs HEMpPOHHbIMU ceTsiMu. K aToit rpymn-
€ CBOMCTB OTHOCSTCS aCCOLIMAaTUBHOCTD (CETh MOXET BOCCTAaHABJIMBATD
MOJIHBIN 00pa3 IO €ro 4acTu), CIIOCOOHOCTb K KJIacCupUKauuu, 0000-
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LIEHUI0, a0CTparnpoBaHUIO 1 MHOXKECTBO npyrux. OHM 10 KOHIIA HE CU-
CTEMATU3MPOBAHBI.

3. Camoopranmusanus. B mpouecce paboTel OMoI0ornuyeckue Hepoce-
TU CAaMOCTOSITEIbHO, 101 BO3EeCTBMEM BHEIIIHEN cpelibl, 00y4aroTCs pe-
LLIEHUIO pa3HOOOpa3HbIX 3a1a4. Hen3BeCTHO HUKAKMX TIPUHLUITMATbHBIX
OrpaHUYEHUI Ha CIOXHOCTb 3a/1a4, pellaeMbIX OMOJTOTUYECKUMU HEei-
pOHHBLIMU ceTaMU. HepBHas cructeMa cama popMUPYET aITOPUTMBI CBOEI
JIesITEJIbHOCTU, YTOUHSISI Y YCIIOXHSIS UX B T€UeHME XXKU3HU. YeloBeK moka
He CyMeJ CO31aTh CUCTEM, 001adalolIMX CAaMOOpraHU3aleil 1 cCaMOyCIOX-
HeHUEeM. DTO CBOMCTBO HEMPOCETEM poKaaeT MHOXECTBO BOITPOCOB. Beab
Kaxkaasl 3aMKHYyTasi CUCTEMA B MMPOLIECCe Pa3BUTHUS YIIPOLLIAETCS, Aerpaau-
pyet. CienoBaTesibHO, MOABOJ YHEPTUU K HEUPOHHOM CETU MMEET MPUH-
HuIuanbHOe 3HaueHue. [louemy e cpenu Bcex AUCCUIATUBHBIX (pacceu-
BaIOIINX SHEPTUIO) HEJTMHEMHBIX JTMHAMWYECKNX CUCTEM TOJIBKO Y XKMBBIX
CYLLECTB U, B YACTHOCTH, OMOJIOTMYECKUX HEMPOCETEI MPOSIBISIETCS CIIO-
COOHOCTS K ycloxkHeHn0? Kakoe MpuHLMIaIbHOE YCJIOBYE YITYIIIEHO Ye-
JIOBEKOM B TIOTIBITKAX CO31aTh CAMOYCIOXKHSIIOIINECS CUCTEMbI?

4. buonornueckne HEMPOCETH SIBIISIOTCS aHAJIOTOBBIMU cucteMaMu. H-
(popmans mocTynaeT B CETh O OOJIBIIOMY KOJIMYECTBY KAHAJIOB U KOAUPY-
€TCSl 10 MPOCTPAaHCTBEHHOMY MPUHIIUITY: BUA MH(MOPMALIK OMIPEAEISIeTCS
HOMEPOM HEPBHOTO BOJIOKHA, II0 KOTOPOMY OHa IepeaacTcs. AMIUIMTYIa
BXOJIHOTIO BO3IEUCTBUSI KOAUPYETCS MJIOTHOCTbHIO HEPBHBIX UMITYJILCOB, e~
penaBaeMbIX 110 BOJOKHY.

5. HapexHocts. buonornueckue HeiipoceTn o0amaloT (paHTacCTUYE-
CKOIi HaJIeXKHOCTBIO: BBIXOJ 13 cTpos Jaxe 10 % HelipOHOB B HEPBHOI CH-
cTeMe He TpephiBaeT ee paboThl. M 3To 1o cpaBHEHUIO C MOCIEA0BATEIbHbI-
mu DBM, ocHoBaHHBIMU Ha TIpuHLIMNAx poH HelimaHa, raoe cOoit omHOMI
STYEeMKU TTaMSITA WM OJHOTO y3J1a B alIapaType NpUBOAUT K Kpaxy CUCTEMBI.

CoBpeMeHHBbIEe UICKYCCTBEHHbIE HEMPOCETHU T10 CIOXKHOCTU U MHTEJITIEK-
Ty IPUOJIMKAIOTCS K HEPBHOI CUCTEME TapaKaHa, HO YK€ ceiluyac JeMOH-
CTPUPYIOT LIEHHbIE CBOMCTBA:

1. O6yuyaemocTh. BbIOpaB omHy 3 Mojaeleit HelipoceTeli, co31aB CeTh
W BBITIOJIHUB aJITOPUTM O0yUE€HUSI, MOXKHO OOYUYUTh TaKylO CETh PELIEHUIO
3aJa4u, KoTopas eil mo cuiaMm. Het HUKakuX rapaHTUii, 4TO 3TO yaacTCs
caesiaTh MPU BIOPAHHBIX CETU, aJITOPUTME 1 3a1a4e, HO €CJIM BCE CASTaHO
OpaBUJIbHO, TO 00y4YeHME ObIBAET YCIICLIIHBIM.

2. CniocobHOCTh K 00001meHMn10. [Tociie oO0yyeHUs ceTh CTAHOBUTCS
HEUYYBCTBUTEJIbHON K MaJIbIM U3MEHEHUSIM BXOJAHBIX CUTHAJIOB (LIyMy
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WX BapvalMsIM BXOAHBIX 00pa3oB) M JlaeT MpaBUJIbHBIN pe3ysibTaT
Ha BBIXOJIE.

3. CniocoOHOCTB K abcTparvpoBaHuio. Eciiv mpeabsiBUTh CETU HECKOJIb-
KO MCKaXXEHHbIX BApMaHTOB BXOIHOI0 00pasa, TO CeTh caMa MOXKET CO3/1aTh
Ha BbIXOJ€ UaealbHbIl 00pa3, ¢ KOTOPLIM OHA HUKOTAA HE BCTpeyaiach.

5.2.1. Buabl HEUPOHHbIX ceTen

B Hacrosiee BpeMsi KpoMe MHOTOCJIOMHOTO MEPCENTPOHA CYILIECTBYET
MHOXECTBO CITOCOOO0B 3aIaHUs HEMPOITOAOOHBIX CTPYKTYp. Bce BUIbI Heli-
POHHBIX CETEM MOXHO YCJIOBHO Pa3IeJIMTh HA CETU MPSIMOTO pacIpocTpa-
HEHUS U CeTU ¢ OOpaTHBIMM CBA3sIMU. Kak ciienyeT 3 Ha3BaHUS, B CETIX
MEPBOTO TUIA CUTHAJIBI OT HEMPOHA K HEMPOHY PaCIIPOCTPAHSIIOTCS B YET-
KO 3aJIaHHOM HampaBJIE€HUU — OT BXOJIOB CETH K €€ BbIxoJaaM. B ceTsax BTo-
pOro TUIIA BBIXOAHbBIE 3HAYEHUS JIIOOOTO HEMPOHA CETU MOTYT IEPeaaBaTh-
CsI K €ro XKe BXxoJaM. DTO M03BOJIsIeT HEMPOHHOM CeTU MOJEIMPOBaTh OoJiee
CJIOXHBIE MPOLIECCHI, HAIIPUMEDP BPEMEHHBIE, HO JI€JIAET BBIXOIbI OTOOHOM
CETU HECTAOMJIBHBIMHU, 3aBUCSIIIUMU OT COCTOSIHUS CETU HA MPEAbIAYIIEM
uukie. Ha puc. 5.6 mpencraBieHbl HamOojiee pacIpOCTPaHEHHBIC TUIIbI
HEUpOHHBIX ceTeli. Pa3HOOOpa3re HEMipOHHBIX CETel YBEIMUMBAETCS €llIe
OoJblie 61aromapss OTPOMHOMY KOJIWYECTBY aJITOPUTMOB Y METOJIUK O0Y-
YEHMSI, a TAKXKE HAJTMYMIO HECKOJBKUX BUIOB ITOPOTOBBIX (DYHKIIWIA.

B yuebHOM mocobuu OyaeT paccCMOTPEeH CaMblii pacOpOCTpaHEHHBIN
KJ1acc ceTeil — ceTu MPSIMOIo paclpoCTpaHeHUs. DTO — MepCenTPOH U
MHOTOCJIOMHBIN IIEPCEOTPOH.

5.2.2. MHOrocnouHbIN NepCcenTpoH

®opmajibHble HEHPOHBI MOTYT OOBEIMHSTHLCS B CETU Pa3IMYHBIM 00-
pa3oM. CaMbIM paclpoOCTpaHEHHBIM BUAOM CETU CTaJl MHO2OCAOUHbLI nep-
cenmpoH, N300paxkeHHbI Ha puc. 5.7. CeTb COCTOUT U3 MPOU3BOJIbHO-
ro KOJMYecTBa CJI0eB HeilpoHOB. HelipoHbI KaXXI0ro ¢/10s COeIUHSIOTCS
C HelpoHaMHu TMPEeIbIayIIero M MOCAEAYIOIIEro CJIOeB I0 MPUHLMITY
«KaxX-Iblii ¢ KaxnbiM». IlepBblii cioii (clieBa) Ha3bIBAETCSI CEHCOPHbIM
WIN 6X00-HbiM, BHYTPEHHHUE CJIOM Ha3bIBAIOTCS CKpbmMbIMU WA
accoyuamueHbiMu, OCAEAHUIA (CaMblii IpaBblii HA PUCYHKE, COCTOUT U3
OIHOIO HeMpoHa) —
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BbIX0OHbIM WU pe3yabmamuénbim. KolmdecTBoO HEHPOHOB B CJIOSIX MOXET
OBITb MPOU3BOJbHBIM. OOBIYHO BO BCEX CKPBITHIX CIOSIX OMHAKOBOE KO-
JIMYECTBO HEUPOHOB.

CaMmble usBecTHbIe BUAbI
HEeWpPOHHbIX ceTenr

Mpamoro pacnpocTpaHeHud C obparHbiMu CBA3AMU
| n | BeTtpeuroro
EpcenTpoH pacnpocTpaHeHuns
| MLP (mMHorocnoviHbi |
nepcenTpoH) Cetn KoxoHeHa (SOM)
| RBE-cetv | Cetu Xondwmnga

(accounaTuBHas NaMaTh)

CeTn KackagHoW
— A — CeTtn 3nmaHa
Koppenayuu

— AOATINH — ART-ceTn

CroxacTudeckue cetu
(mawwnHa bBonbumaxa)

— Time Delay-ceTtu

Puc. 5.6. OcHOBHBIEC BUbI HEPOHHBIX CETEM

Puc. 5.7. MHOrocn0iHBI IEPCENITPOH
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O003HaYNM KOJIMYECTBO CJI0EB 1 HEMPOHOB B cj10e. BxogHo11 ciioit nme-
eT N, HEipOHOB, B KaXIOM CKPBITOM cJioe N, HEHpOHOB 1 N, BBIXOTHBIX
HelipoHOB. [1ycTh, Kak u paHee, X — BEKTOP BXOIHBIX CUTHAJIOB CETH, Y —
BEKTOP BBIXOJHBIX CUTHAJIOB.

CylecTByeT IyTaHU1Ia ¢ MOJICYETOM KOJIMUeCTBa CI0€B B ceTu. BxonHoit
CJIO HE BBINOJIHIET HUKAKUX BBIYMCICHUI, a JIMIIb PACTIPEaEIISIET BXOI-
Hbl€ CUTHAJIbI, TO3TOMY MHOTIJA €r0 CUUTAIOT, MHOTAa — HeT. O003HauuM
yepe3 N, TOJTHOE KOJIMYECTBO CJIOEB B CETU, CUMTAsT BXOAHOM.

Pa6ota mHorocnoiiHoro nepcentpona (MCIT) onuceiBaeTcst (hopMynamu:

NET, = ZWiﬂx"f"; (5.14)
OUT, = F(NET,-6,); (5.15)
Xy = OUT,, (5.16)

e MHAEKCOM i Bceraa OyneM o003HauaTh HOMEp BXoja, j — HoOMep Helpo-
Ha B cJ10€, | — HOMED CJ1041, X;; — i-ii BXOIHOM CUTHaJI j-Io HelipoHa B CJIo€ /
W;; — BECOBOM KO3(P(HULMENT i-TO BXO1a HelipoHa HoMep,/ B cioe [; NET,, —
CUTHAJI CETH j-T0 HelpoHa B cioe /; OUT); — BbIXOAHOM CUTHAI HEPOHa,
0, — NMoOpOroBLIi ypOBEHb HEMPOHA/ B cJioe /. BBeneM TakKe 0003HaYeHU:
W, — BEKTOP-CTOJIOe1] BECOB [IJIsl BCEX BXOA0B HelipoHaj B ciioe [; W, — ma-
TpHU1la BECOB BCEX HEMPOHOB B cJioe /. B cTonb11ax MaTpU1Ibl pacIiooXeHbI
BEKTOPbI W;;. AHaJIOTUYHO X; — BXOJIHOM BEKTOP-CTONOEL €105 /.

Kaxnabiii ciioii paccuuThIBaeT HEJIMHEHOE MpeoOpa3oBaHue OT JIMHEH -
HOIl KOMOMHAIIMU CUTHAJIOB Mpeablayiiero ciaos. OTciona BUAHO, YTO JIU-
HelHas (PyHKIMS aKTUBALIMU MOXET MPUMEHSIThCS TOJIBKO JIJIsI TeX MoJiesei
ceTeit, rae He TpebyeTcs Mocjien0BaTeIbHOE COeIMHEHUE CI0EB HEMPOHOB
JpyT 3a ApyroMm. Jjisi MHOTOCJIOMHBIX ceTeld (DyHKIIMS aKTUBALIMM TOJKHA
OBITb HEJIMHEMHOM, THAY€ MOXHO MTOCTPOUTH SKBUBAJIEHTHYIO OJTHOCJIOM -
HYIO C€Th, U MHOTOCJIOMHOCTb OKa3blBaeTCsl HEHykHO#. Eciu mpuMmeHeHa
JIMHEHas1 QYHKLMS aKTUBALIMM, TO KaXKIbIi CJI0M OyAET JaBaTh HA BBIXOJIE
JIMHEIHY0 KOMOMHALMIO BXOI0B. CleayIoLIMiA CJI0M JaCT TMHEMHYI0 KOM-
OMHALIMIO BBIXOA0B MPEAbIAYILIETrO, a 3TO SKBUBAJIEHTHO OAHOM JTMHEMHOMU
KOMOMHALMU C APYTUMU KO3 (DULIMEHTAMU U MOXKET ObITh peali30BaHO
B BUJIE OJTHOTO CJIOS HEMPOHOB.

B MHoOroci0iMHOM nepcenTpoHe HET 0OpaTHBIX CBs3eil. Takue Moaeaun
Ha3bIBAIOTCS cemamu npsamoeo pacnpocmparnenus. OHU He 00J1aal0T BHY-
TPEHHUM COCTOSIHUEM U HE TO3BOJISIIOT 0€3 JOMOJHUTEIbHBIX TPUEMOB
MOJIEIMPOBATh Pa3BUTUE TMHAMMUYECKUX CUCTEM.
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MHorocoitHas ceTb MOXeET (h)OPMUPOBATh HA BBIXOAE MPOU3BOJBHYIO
MHOTOMEPHYIO (PYHKIIMIO ITPU COOTBETCTBYIOIIEM BBIOOPE KOJIUYECTBA CJIO-
€B, IMarna3oHa MU3MEHEHUS CUTHAJIOB U TapaMeTPOB HEMPOHOB. Kak 1 psifibl,
MHOTOCJIOMHBIE CETH OKa3bIBAIOTCSI YHUBEPCAIbHBIM MHCTPYMEHTOM arl-
npoKkcuMauuu QYHKIWMA, OJHAKO HAOJII0JAETC OTINYME PaOOThl HEUPOH-
HOWM ceTn

o F(Zn Wil/'ll*ejll)
F 2’2 212 ucnoiz‘l 1 _6.2
cioit 2 2
) =F L (5.17)
z iN wiNfNN _0
cron N MV

OT pa3JIoXKeHUST (PYHKIIUM B PSILI
f)=Y gx). (5.18)

3a cyeT rmoouepeHOro pacuera JMHEMHBIX KOMOMHALIMI U HEJIMHEMHBIX
npeodpa3oBaHUI JOCTUTAETCS allMPOKCUMALIMs TPOU3BOJIbHOI MHOTOMED-
HOI (PYHKLIMU MPU COOTBETCTBYIOIIEM BbIOOpE MMapaMeTPOB CETH.

5.2.3. PeweHne nupopmaLmMoHHbIX 3aaa4 ¢ nomoybio MCI

Yr1oosl moctpouth MCII, HeoOxoauMo BeIOpaTh ero mapaMmeTphl. Yaiie
BCEro BbIOOp 3HAUYEHMIA BECOB U TIOPOTOB TPEOYET 00yueHus, T. €. ToIIaro-
BbIX UBMEHEHUI BECOBBIX KOI(PPUIIMEHTOB U MOPOTOBBIX YPOBHEIA.

OO01IMit aITOPUTM PElIeHUSI COCTOUT M3 CIEAYIOIIMX 111aroB.

1. OnpenennTh, KaKoii CMBIC BKJIaJAbIBA€TCSI B KOMITIOHEHThI BXOJTHOTO
BeKTOpa X. BxomHoM BEKTOp N0JKEH coaepKaTh (popMaain3oBaHHOE YCI0-
BME 3a/1a4H, T. €. BCI0 MH(MOPMAIIMIO, HEOOXOIUMYIO JIJIs TTOTYYEHMS OTBETA.

2. BriOpaTh BBIXOAHOM BEKTOP Y TAKMM 00pa30M, YTOOBI €r0 KOMITOHEH-
ThI COIEPKAIY MOJHBIM OTBET IMOCTABJIEHHOM 3a1a4K.

3. BeiOpath Bua HEeIMHEHHOCTU B HellpoHax ((pyHKIIMIO aKTUBALIUU
¢(u)). IIpu 3TOM KemaTeabHO YyYecTh CrielU(UKY 3aJauu, T.K. YIauyHbII
BBIOOD (p(#) COKpATUT BpeMsI OOyUeHMUSI.
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4. BeIOpaTh YMCJIO CJIOEB U HEMPOHOB B CJIOE.

5. 3agaTh nMana3oH M3MEHEHHUSI BXOIOB, BbIXOAOB, BECOB M MOPOTO-
BBbIX YPOBHE!, YYUThIBasi MHOXECTBO 3HAU€HUI BbIOpaHHOU (DYHKIIMU
aKTUBAlIMM.

6. [IpucBONTL HaYaTbHBIE 3HAYECHWS BECOBBIM KO3 GUIIMEHTAM U T10-
POTOBBIM YPOBHSIM U JOTIOJIHUTEIbHBIM MTapamMeTpaM (Harpumep, KpyTU3He
B dynkimm akTuBanuu @ (u), ecim oHa OyaeT HacTpanuBaThCs IMPHU o0yde-
HuM). HauanbHbIe 3HAUeHUST HE JOJKHBI OBITH OOJIBIIMMU, YTOOBI HEHPOHBI
HE 0Ka3aJMCh B HACHILLIEHUU (Ha TOPU30HTAJbHOM yJyacTKe (PYHKIIMU aK-
TUBALIMN), UHA4Ye 00ydyeHue OyaeT oueHb MeaIeHHbIM. HavyanbHbIe 3HaYe-
HUSI HE JOJIKHBI ObITh M CIMILIKOM MaJIbIMU, YTOOBI BBIXO/AbI OOJIbIIeH Ya-
CTU HEMPOHOB He ObLIM PaBHbBI HYJIIO, MHAUe OOyUYeHUEe TaKXKe 3aMeIJTUTCSI.

7. IIpoBecTtu oO0yyeHue, T. €. HoA00paTh MapaMeTphl CETU TaK, YTOOLI 3a-
Jaya peluajach HawIydinum oopa3oM. [1o okoHUaHUM 0OydYeHUSs CETh T'O-
TOBa PeIIUTh 3a/1a4M TOrO TUIIA, KOTOPBIM OHA O0OyYeHa.

8. [TomaThb Ha BXOJI C€TU YCJIOBUS 3a/1a4uM B BUIe BeKTopa X. PaccuntaTh
BBIXOJTHOI BEKTOP Y, KOTOPbIH 1 JacT (hopMaIM30BaHHOE pellieHNE 3aa4ul.

MHoOTrOoC/I0IHbI! MEPCENTPOH MOXKET PAaCCUMTHIBATh BHIXOJTHOMN BEK-
TOp Y [U1s1 11000TO BXOJTHOTO BEKTOpA X, T. €. JaBaTh 3HAU€HUE HEKOTOPO
BekTOpHOI (hyHKuMU y = f (x). CinenoBaTesbHO, YCJIOBUEM JIIOOOI 3a1a-
YK, KOTOpasi MOXET ObITh MOCTaBJIeHA MEPCENTPOHY, AOJXKHO SIBISIThCS
MHOXeCTBO BeKTOpoB {X',X’,..,X'} ¢ N, KOMIOHEHTAaMM KaXXIblii:

X' =[x, %, X;,....xy |" . Pemienuem 3anauu OyaeT MHOXECTBO BEKTOPOB

{y',y%,...,¥*}, xaxaplit Bektop Y' ¢ N,, xommonentamu y' =f(x*), e
s=1,2,...,§ — HOMep npeabsaBIeHHOro obpasa, ar =1,2,...,R — Homep no-
JIy4eHHOTrO TocJjie 00paboTKu oOpa3za.

Bce, yTo criocobeH cnenath repcenTpoH, — 3To chOpMUPOBATHL OTOOpa-
xeHue X =Y mia Vx € X. JlaHHOe 0TOOpakeHMeE TTOJTHOCTBIO «U3BJIEUb»
13 MepCcenTPOHA HEBO3MOXKHO, MOXKHO TOJILKO TTOJIYUUTh OTOOpaXKeHMe
x5 )
x>y
MPOM3BOJILHOTO KOJMYECTBA TOUYEK | x° —> y* |, rie MHOXECTBO BEKTOPOB

xS N yr

{(x',X",....X"} — opmasuzosannoe ycaogue 3adauu, a MHOXECTBO

166



...........................................................................................................................

¥ ,...¥%} — gopmaruzoseannoe pewenue. 3anaua bopManusaimu, T. €.
BBIOOP CMBICJIA, KOTOPBIM HAJEISIOTCSI KOMIIOHEHTBI BXOIHOTO U BBIXOI-
HOTO BEKTOPOB, ITOKA PEIIAeTCsI TOJIBKO YeJIOBEKOM Ha OCHOBE MTpaKTUUe-
cKoro orbITa. 2KecTKnx pelenToB ¢hopMaanu3aly IJIsl HeMPOHHBIX ceTei
TOoKa He CO3/IaHo.
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