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Onucanbl IPUHITUITEL TTOCTPOEHMST MHOIOCJIONHBIX HEPOHHBIX CceTeill Ha OCHOBE
UMITYJIbCHOW HEHPOHHON CETH, COCTABJIEHHON U3 OMOJIOIMYECKH IIPAaBIONOIO00HBIX
wetiponoB. Ilokazamo, IYTO MHOTOCJIOWHBIN MEPIENTPOH MOXKET OBITh CMOIEIUPO-
BaH HEWPOHHON CETbIO, COCTOAIECH U3 MMIYJIbCHBIX HEHPOHOB U HCIIOJIb3YIOIIEi
UMIIYJIbCHOE KOJIUPOBaHUE NH(MOPMAIIH.

1. Bseaenue

Bormpoc o komupoBanun wHMOpMaIUl HEPBHBIMEA UMITYJILCAME SIBJIAETCS OCHOBOIIO/IATa-
IOIIUM JIJIsI MOJIE/IMPOBAHUS IIPOIECCOB 00paboTKN MHAMOPMAIIUKA B OMOJIOTUIECKUX Hell-
POHHBIX ceTsixX. PaKTUIeCKoe OTCYTCTBHE aJIeKBATHBIX MO/IE/IbHBIX IIPEICTaBIeHII OTHO-
CUTEILHO CII0CODa KOJIMPOBaHUA WH(MOPMAIUA B HEPBHOM CUCTEME SBJIAETCHA CEphe3HOM
pobJIeMOit Ha IYyTU MOCTPOEHUsT PEATUCTHIHBIX MOJiesieill OMOIOTmIecKuX HEeHPOHHBIX
cereii. HepBHBIE UMITYJIbCBI caMU 110 cebe He HecyT MHMOPMAIIN O KOIUPYEMOM CUTHAJIE,
IIOCKOJIbKY WX (popMa M aMILIATY/Ia OIPEIE/ISIOTCS TOJbKO BHYTPEHHUMHU CBOMCTBaMU
HepoHa U PaKTUIeCKN Hem3MeHHbI. TaknuM 00pa3oM, KogupyeMasi HH(pOPMAITUs Coaep-
JKATCA HE B OTJICIBHOM HEPBHOM UMITYJIbCE, & B UX ITOCIEI0BATE/IHLHOCTH, HO CaM CIIOCOD
KOJINPOBAaHUs OCTAETCs MIPEIMETOM 00Cy K aeHus. VIMmeeTcss HECKOIBKO PABHOIIPABHBIX T'H-
1I0T€3 OTHOCUTEJIBHO CIIoco0a KOAMPOBaHUA UH(MOPMAIMH TOCIEI0BATE/THLHOCTHIO HEPB-
HBIX UMIIYJIbCOB, IIPUYEM B 3aBUCUMOCTH OT HPUHSATON TUIIOTE3bI IPU MOJIEJTMPOBAHUN
OMOJIOTMYECKNX HEHPOHHBIX CeTeil NCIOIb3YI0TCs Te WIn nHble (bopMaJsibHble HeipOHHBIE
MOJIEJIN.

HauboJsiee cyiecTBeHHbIE yCIIeXW B IMOCTPOEHUHM UCKYCCTBEHHBIX CeTel, MOJeIupy-
IONUX T€ WM WHBIE aCIeKThl (DYHKIMOHMPOBAHUS HEPBHON CHCTEMBI (KJIaCCHMDUKAIINS,
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3aIllOMUHAHYE ), OB JOCTUTHY ThI IIPU UCIIOJIb30BAHUE B KAUECTBE CTPYKTYPHBIX 3JIEMEH-
TOB HEHPOHHO ceTn OHHAPHBIX W aHaJIOroBbIX HeiiponoB MakKasnoka—ITurna (MaOrO-
cJIOlHBI neprienTpoH, ceth Xomdmia). Heiipor MakKasmnoka—Ilurna canraercs ajek-
BaTHOI MOJEJIBI0 OMOJIOTMYECKOr0 HEfPOHA B paMKaX THIOTE3bl O YACTOTHOM KOJMPOBAa-
HUU, [IPU KOTOPOM HOCUTeJIeM MH(MOPMAIUU SBJIAETC TJIOTHOCTH TOTOKA HEPBHBIX MM-
yJIbCOB. ['MIioTe3a 0 YaCTOTHOM KOJMPOBAHUN O0JIAIAeT CYIIECTBEHHBIM HEJIOCTATKOM,
CBA3aHHBIM CO CBOMCTBEHHBIM JIJI Hee OI'PAHMYEHUEM Ha MAKCUMAJILHYIO CKOPOCTH 00pa-
6orku nndopmarmu. Tak, xapakTepHoe BpeMs T'e€HepaIlMy CIaiKa, /st OMOJIOrHIeCKOro
HelipoHa cocTaBiisgzeT 0KOJI0 20 MceK, a HeOOXOIMMOCTh OIEHUBATH Ha CUHAIICE CPETHIOI0
MHTEHCUBHOCTH ITPECHHANTUYECKON HEHPOHHON aKTUBHOCTHU JIA€T OINEHKY XapaKTePHOTO
BPEMEHH OTKJIUKA CHUCTEMbI, BXOJSIIYIO B IPOTUBOPEYNE C SKCIIEPUMEHTAIbHBIMU JIAH-
HBIMI O THUIINTHOM BPEMEHN OTKJIMKA HEPBHON CHCTEMBI |2].

CorytacHO aybTepHATUBHON TUIIOTE3e 00 MMITYJIbCHOM KOJUPOBAHUN UHQOPMAIAA B
HEPBHOII cHCTeMe IPEJCTABIAETCs JJOKAJIbHBIMI BPDEMEHHBIMI XapaKTePUCTUKAMU TOTO-
K& HEPBHBIX UMITYJILCOB — MHMBULYAJIbHBIME JTTHHAMHE ([IPOJOJIKUTETHHOCTAMIE) MK~
CHAWKOBBIX MHTEPBAJIOB JIUOO MHIMBU/IyaIbHBIMA MOMEHTAME CIAHKOB OT/IE/IbHBIX Heli-
poroB. Tunmanasi HeffpoHHast ceThb, OCHOBAHHAS HA MMIIYJIbCHOM KOJIUPOBAHUU WHMOP-
Malluu, TPEJICTaB/IAeT COOO CUCTEMY B3aMMOCBA3AHHBIX UMITYJILCHBIX HEHPOHOB, JIJId
Ka2KJI0r'0 U3 KOTOPBIX MOMEHT TeHEePAINH CIaiKa OIPeJIeIsIeTCs BO3/IeHCTBUEM CO CTOPO-
HBI OCTabHBIX HefipoHoB [1|. B pamkax sToro mojxoja GbLIn peajn30BaHbl HEHPOHHbIE
CeTU C UMITYJIbCHBIM KOJIMPOBaHUEM WHMOPMAIINY, MOJIEJIUPYIONIEe MHOTOCIONHBIH TIep-
nenTpoH (2] u cers Xonduiaa [3]. B arux paborax B KadecTBe CTPYKTYPHBIX 9JIEMEHTOB
CETHU MCIOJIL3YIOTCS IIPOCTERIINE NHTEIPATUBHO-TIOPOTOBLIE 3JIEMeHThI. B nannoii pabore
JIEMOHCTPHUPYETCS BO3MOYKHOCTD ITOCTPOEHUs] MHOT'OCJIONHOTO TEPIENTPOHA C UMITYJIbC-
HBIM KOJINPOBaHWEM WHQOPMAIMA Ha OCHOBE OMOJIOTMYECKH MIPAaBIONOI00HON MOJIETN
HelpoHa, IpeJIoKeHHoi B paborax [4, 5.

2. Mojgenp HelipoHa-aBTOreHepaTopa C XUMUYECKIMU
BS-cunamncamm

B pab6ore [4] 6bL1a mpe/iozkeHa GHOJIOMMYIECKN MPABIONOI00HAS MOJETh UMILYIbCHOIO
HelpOHA-aBTOTeHEPATOpa, OCHOBaHHAsI Ha YDPaBHEHUU C 3aras3/blBaHneM, a B pabore [5]
9Ta MOJIeJIb ObLIA JOTMOJIHEHA MOJIeIbI0 XUMIYeCKoro cuHarca. B paborax |5, 8] pacemor-
peHa 3ajiada BBIUUC/IEHUs JIATEHTHOTO mepuojia (MHTepBajia BPEMEeHH MeXKJly HadajioM
BHEIITHErO BO3JIEHICTBUS U HAYAJIOM HMHIYIMPOBAHHOIO CHANKA) JIsi CJIydasi CHHAIITHIE-
CKOT'0 B3aUMOJECTBUS HEePOHOB-aBTOreHEPaTOPOB.

Bynem paccmaTpuBaTh MMITYJILCHBINH HEUPOH ¢ MOIUMPUITMTPOBAHHON MOJIETHI0 XUMU-
YEeCKUX CHHAICOB, JJIsi KOTOPOTO JUHAMUKA MeMOpaHHOro noreHnmasa u(t) > 0 omuchl-
BaeTCsl CJICIYIONIUM yPaBHEHUEM:

=X [=1 = fya(u) + fi(u(t = 1)) + aw(t)O(u(t — Ts) = A7H)] u. (1)

3neck A > 0 — OOABINOI TTapaMeTp, OIMPeIedONN CKOPOCTh IPOIIECCOB TTOIAPU3AINN-
b

JIENOJIApU3aIui MeMOpaHbl HelpoHa; fna(u) n fk(u) — riajkue nooxuTenbHbe (HDYHK-

I MOHOTOHHO CTPEMSIIIUECs K HyJII0 Ipu u — 00; w(t) — cyMMapHOe BHEIIHee CHHAII-
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THYIECKOE BOS,Z[efICTBHe; TS — Ha4daJiO MHTEpBaJila 9YYBCTBUTEC/JIbHOCTHU K BHEIIHEMY BO3-
,ZLeI'?ICTBI/HO. By,[[eM CYUTAThb BBIIIOJIHCHHBIM YCJIOBUE

a = fk(0) = fxa(0) =1 >0, (2)

rapaHTUpYyIollee HeyCTOMYNBOCTD HYJIEBOI'O COCTOAHUA PABHOBECUA U30JIUPOBAHHOI0 HEil-
pona (T.e. mpu w(t) = 0).

Permmenne ypaBuenus Jijis M30JIMPOBAHHOIO HEHPOHA OKA3BIBACTCA IEPUOJIUICCKUM U
UMEIOIIUM MMITYJIbCHYIO CTPYKTYPY. MOMEHTBI Hava/ia U KOHIIA UMITYJIbca (Craiika) cBsi-
JKEeM ¢ MOMEHTaMHU, KOTJIa MeMOpaHHBII ToTeHIna u(t) mepecekaer 3HaYeHne At ¢ nosto-
JKUTEJIbHON 1 OTPUIATEILHON CKOPOCTHIO COOTBETCTBEHHO. ByieM roBOpuTh, 9TO HEIPOH,
FeHEPUPYIONINIA CITafiK, HAXOUTCA B AKTUBHOM COCTOAHUU. [[JIsT JUTUTE/THHOCTH UMITY/THCa,
Ty u nepuoga Ty uMeroT MecTo cieyone dhopmy.s [6]:

7' =1+ aq, To=T+1+ as/a,

rie
ar = fx(0) — 1, as = fna(0) + 1.

Muoxurens O(u(t — Ts) — A™!) B (1) rapanTupyer, 4To TyBCTBHTEIHLHOCTD K BHEII-
HEMY BO3JEHCTBHIO MMeeT MeCTo TOJbKo Ha npomexyTtke [Tg,Ts + Ti]. Orpannuen-
HOCTh MHTEPBaJIa BOCIPUUMYMBOCTH K BHEITHEMY CUHAIITHYECKOMY BO3JIEHCTBUIO SBJIs-
eTCd BaXKHOI 0COOEHHOCTBIO IIpeJIIaraeMoii MOJIEJIH, OTJINIAOIIeil ee OT MOJIe/IM CUHAII-
TUYECKOIrO B3aUMOJIEIiCTBYsI, Ipe ioxkenHoi B [5]. Takue cuHarcer Mbl OyjieM Ha3bIBATH
BS-cunancamu (Bounded Sensitivity).

[TycTh Ha TIOCTCHHANTUIECKUH HEHPOH ¢ MEMOPAHHBIM TIOTEHIUAIOM u(t) BO31efHCTBY-
er N IpecHHAITHYECKUX HEHPOHOB ¢ MeMOpaHHbIMH noTennnatamu v;(t), roe 1 < j < N.
Jj1st cyMMapHOIo CHHAIITHYECKOro Bo3jeiicTBust w(t) GyeM MCII0JIb30BATh CJIELyOILY IO

dopmyiy:

N

w(t) = g;0(v;(t) = A7) (3)

J=1

[Tapamerp g; UMeeT CMbIC/I CUHAIITHYECKOI'O Beca, Ollpejie/Idioniero 3(h(heKTUBHOCTL CU-

HaIlca, Tepealoero BO3/MEeNCTBUE C j-TO NPeCHHANTHYecKoro Hefipona. MHOXKHUTED
-1 o

O(vj(t) — A7) ompezenser ycioBue HAIHYIHS BO3AEHCTBUA CO CTOPOHBI IIPECUHAITHIE-

CKOro HeffpoHa. TOT MHOXKHUTEIb BBIIUCAH B IIPEJIIOJIOKEHNN, ITO BPEMs BO3/IEHCTBUS

Me/IMaTOpa COBIIAJIAeT C IIPOJIO/I?KUTEIbHOCTHIO ClIaliKa IIPeCUHAIITHIeCKOro HelipoHa.

3. AcuMnTrornyeckuii aHaJIn3 MOJeJIn

st m3ommpoBanuoro Heiipona (T.e. npu w(t) = 0) auHAMUKA MEMOPAHHOIO TIOTEHIINAJIA
u(t) mpm A — 0O B HYJIEBOM IPHUOJINKEHUN OMPEIE/ISIETC CICAYIONIIMA ACHMIITOTHAYIE-
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ckumu opmyitamiu [7]:

exp[Aay (t — 71)], t € [m, 1],
exp(Aay) exp[—A(t — 73)], t € |73, 74,

u(t) = (4)
eXp[_AOQ(t - 7-5)]7 te [T57 7-6]7
exp(—Aag) exp[Aa(t — 77)], t € [, 78],

rie

7—1 = 0(1), T2 = 1’

7'3:T2+0(1)7 Ty = T3 + O,

75 = 14 + 0(1), Te = T5 + 1,

7 =716 + 0o(1), Ts = T7 + an/a.

B kauecTBe HavabHON (DyHKIUN 3/1€Ch BLIONPAETCs TPOU3BOJIbHAS (DYHKITUS U3 MHO-
KeCTBa

S={peC[-1,0]: X "exp(2Xas) < ¢(s) < A exp(Aas/2)}. (5)

CunBosiom 0(1) 0603HAUEHBI CTaraeMble, CTPEMAIINEC IPU A — 00 K HYJII0 PABHOMEPHO
OTHOCUTEJILHO BBIOOpA HadabHOM DyHKIMHI p € S.

[lepeiijieM K aCHMIITOTHYECKOMY UCCJIEIOBAHUIO MPOIECCa CUHAIITHYECKOTO B3aUMO-
JIefiCTBUS UMITYJIbCHBIX HeHpoHOB ¢ BS-cunarcamu. Byjaem cuurarh, 9T0 MeMOpaHHBIMH
noreHnual v;(t) KakKIoro IPeCHHAITHIECKOr0 HeflPOHa yI0BIeTBODseT ypasHenuio (1).
U3 Buyia acumnrorudeckux (opmyit (4) u dopmyist (3) sicHo, 9T0 Ipu 3TOM (DYHKITHS
w(t) oka3bIBAETCS KYCOYHO MOCTOAHHOI. CBsizKeM HyJICBOii MOMEHT BPEMEHU ¢ MOMEHTOM
HavaJIa Clafika IIOCTCHHAIITHIECKOro Hefipona. IlycTs ¢; — Takue MOMEHTBI BpeMeHN, ITO
Ha KaKJoM nHTepBasie (t;,t;41) dyHkius w(t) IPHHAMAET HOCTOSHHOE 3HAYECHHE, PaB-
Hoe wj. Ilycrs A; — MHOXKECTBO MHJIEKCOB IPECHHAITHIECKHX HEHPOHOB, HAXOZAIIXCS
Ha uurepsase (t;,t;11) B AKTUBHOM COCTOSHIH, T.€. TAKNX HEHPOHOB, JJI KOTOPBIX BbI-
IIOJTHEHO HepaBeHcTBO v;(t) > A~ mua Beex t € (t;,t41). Toraa

0, t < t]’,
wt) =Y wit),  wit) =S w;, te€ltuti], wi= Y g (6)
JEL 0, t > tj+1, keA;

Touku ¢; ecTecTBeHHO JlesiaTcs Ha JiBa Kiacca, odpasyromye MHOKECTBA Tstare M Tend-
K muoxkecTBY Tiiar OTHECEM MOMEHTBI ; Ha"9aJIa CIIafiKOB IPECUHANITUIECKUX HEPOHOB,
a K MHOXKeCTBY Ti,q — MOMEHTBHI OKOHYAaHUA CIIAKOB 3TUX HEWpOHOB. BBemaeM Takxke
MHOXKECTBO

t;€[Ts,Ts+T1]

KOTOpPO€ COCTOUT U3 HOMEPOB TeX HEHPOHOB, KOTOPBIE BOIILIN B AKTUBHOE COCTOSHUE Ha
npomexkyTke Bpemenn [Ts, Ts+T1]. Ha Besmmauny T HATOXKUM CJIe/IyIONIEe OMPAHTYEHUE:

T7<TS<T2_T1- (8)
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Teopema 1. [Tycmuv netipon ¢ membparmvim nomeryuasom u(t) onucweaemes ypasHe-
nuem (1), 6 kKomopom fya(u) u fx(u) — enadkue nososrcumenrvivie GyrKUUY, MOHOMOH-
HO CIMPEMAWUECA K HYAIO NPU U — OO U YIoBAeMBOPAIOUUE YCA06uto (2), a HAUaAOHAA
Pynryus evibupaemes uz mnoorcecmsa (5). ITycmov makorce das napamempa Ts 6vinon-
neno ycaosue (8). Ecau dynrkyus w(t) sadaemes gdopmyaot (3), swvinoaneno yciosue
TenaN [Ts,Ts + 11| = &, a 0ra 6ec06 GUINOAHEHO HEPAGEHCTNGO

N
T, —Ts — T,
> gl < 22—, 9)
i=1 T

mo neperod NOCMCUHANMUYECK020 HEUPOHA 6 AKMUBHOE COCTMOAHUE NPOU3otdem 6 Mo-
menm epemeny to, = Th — At, 2de

1€A

HoxkazareabcTBo. He napymas obmnoctu, 6yeM CHYUTATD, YTO TPECUHATITUYECKHE Hell-
POHBI IIPOHYMEPOBAHBI B HOPsJIKE BO3PACTAHHS TeX MOMEHTOB f; Hadaja HX CIANHKOB,
Koropbie Jiexkar Ha unrepsasie [Tg, Ts + T1]. Tlockonbky Tong N [Ts,Ts + T1] = &, 1o
Ha MHTEPBAJIe BOCIPUUMYHBOCTU Oy/IyT HAXOJUTHCS TOJIBLKO T€ MOMEHTHI BPEMEHH 1,
KOTOPBIE COOTBETCTBYIOT HadajaM CIAHKOB IIPECHHAIITHYCCKIX HeiHpoHos. Ilosromy Ha
unTepsaie [t;,t;41] Ha paccMaTpuBaeMblil HEfIPOH BO3JEHCTBYIOT HEHPOHBI VU1, Vg, . . . , U;
1 IX CyMMapHOE BO3JICHCTBUE COCTABILCT W; = Y i, §;.

Beuy orpanndenus Tg > 77 10 Havdasa B3auMogeiictsus (T.e. Ha unrepsade (Ts,t1))
perienne ypastaerust umeer Bug u(t) = u(Ts) exp[Aa(t — Ts)], orkymna

u(ty) = u(Ts) exp[Aa(ty — Ts)].

YunteBas (6), paccmorpum BiusHne dyeknun w;(t) #a norennuan u(t). Ecau mo
MOMEHTa BPEMEHH t; HEfIPOH ellle He CreHEePHPOBAJI UMITYIIbC, T.e. U(t;) < A7L, To Ha un-
TepBaJie BpEMEHU { € [tj, tj+1] Ha HENPOH BO3JIEUCTBYIOT j MPECUHANTUYECKNX HEHPOHOB
U ypaBHEHUE TIPUHUMAET BU/I

mwzxy1+zpiu@.

[Tostygaem ciejytoliee perreHue:

u(t) = u(t;) exp | A 1+Zgi (t—t;)| =

i=1
J
= u(t;) exp[Aa(t — t;)] exp | A Zgi(t —t;)
i=1
Jlyist KOHIIa paccMaTPUBAEMOro HHTEPBAIA BO3ACHCTBUA [t;, t;41] UMeeM

J
utipr) = u(ty) expha(tipn — ;)] exp [Aa Y giltin —t;)

i=1
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Bamerum™, 4TO Ha UHTEpBAIE [t;,t; 1] B nuddepeHnuaIbHoro ypaBHeHus He MeHAeTCs,
U TOTEHITHAJ Ha STOM UHTepBaJie OyeT MOHOTOHHO BO3PACTATH WA yOBIBATH, IIO9TOMY
yenoBue u(tjy1) < A™! rapanTupyer, 1ro Ha mHTEpBase [t;,1;41] CHalik He MPOU30figeT.
Buadenue (1) UCIONB3YeTCA B KadeCTBe HAYAIBHOIO Ha CJIELYIONIEM HHTEpBAJIe
11, t;19]. Eciu mociieoBare/ibHO MPOBECTH aHAJIOTUIHBIE BBIKJIAIKH JIJIsi BCEX HHTEP-
tii1,tis). B
BAJIOB, BKJIIOYas mocyenuuit narepsad [ty, Ts + T1], To momyaum

N

w(Ts +T1) = u(ty) H exp[Aa(tji1 —t;)] exp

Aa Z 9i(tjr1 — tj)] =

i=1

= u(Ts) exp[AaT}] exp [)\a Z Z gi(tj — tj)] .

j=1 i=1

[Ipu t > Ts + T dyuriums w(t) nmepecraer OKa3bIBaTh BIUAHAE U PEIICHUE TIPUMET
CJCYIONINIT BU;

u(t) = u(Ts +T1) exp[ha(t — Ts — T7)] =

= u(Ts) exp[Aa(t — Ts)] exp [)\a Z Z Gi(tjs1 — tj)] .

j=1 i=1

MomenT Hauasa craiika onpeessercs U3 ypasHeHust u(ty,) = A~', pemiasg KoTopoe

IIoJIy9aeM
N
In )\u TS
tsp = Ts — =D giltia—t))

7j=1 =1

[Ipu orcyrcrBum BO3meiicTBusi perienne Ha BceM orpeske [Ts,Th| mmeer Bug u(t) =
u(Ts) exp[Aa(t — Ts)], a s MomenTa crafika nmeer Mecto dopmyna ty, = Th = Tg —
In(Au(Ts))/Aa. Takum ob6pa3oM, BHellHee BO3/eiicTBIE TIPUOJIN3UIIO CHIAK HA BpeMs

At:ZZgi(th—tj):Zng i1~ Zgj (Ts + T = 1;).

J=1 =1 J=1 =7 J=1

HaHOMHI/IM, YTO BC€ BBIKJIaJKW ITPOU3BOAUJIMCH B IIPEAIIOJIOZKEHUM, YITO claiik He
[POU30IIIe] HI HA OJHOM U3 MHTEPBAJIOB [{;, ;1 1], YTO rapanTupyercs yciaoBueM u(ty) <
A7L, Bemosmenneiv g Beex 1 < k < N. TlokazkeM, 9TO 9TO ycJIOBHE JeHCTBUTEIHLHO
BBIIIOJIHEHO.

g MmomeHTa BpeMeHU 1y mMeeM

k-1 j

u(ty) = u(ty) exp[Aa(ty — t1)] exp | A« Z Zgi(tjﬂ —t;)| =

j=1 i=1

= u(Ts) exp[Aa(ty — Ts)] exp | A« Z Z gi(tjs1 —t;)

| j=1 i=1
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JIerko BUJETH, 4TO B cuity 3Toit opymbl yeiosue u(ty) < A1 sKBUBaJIEHTHO cileyio-
IIeMy HepaBEHCTBY:

In(Au(Ts)) U
T+tk —T5+Zzgi(tj+1 —tj) < 0.

j=1 i=1
[Tocsie mpeobpazoBaHusi CyMMBI TIOJIY 9aeM

> gilty —t:) < To — ty. (10)

=1

N3 nepasencra Ty < t, < Ts + T crnemyer, 910
TQ—Ts—T1<T2—tk<T2—Ts. (11)

N3 sToro ke HepaBeHCTBa cjejyeT onenka 0 < tp — t; < T, 1M0O3BOJILIONIAs BBITUCATH
CJIETYIONTYIO TENIOYKY HEPABEHCTB:

K K K N
Zgi(tk—ti) < Zgi(tk—ti) §T1Z’gz” < TIZ‘gi‘- (12)
i=1 i=1 i=1 i=1

C yuerom Hepasencts (12) u (11) sicro, aro yeaosue (9) Biaeder 3a coboii cripaBe/InBOCTb
uepasencTsa (10), 4To u 3aBepIIaeT J0KA3ATEIHCTBO.

4. IlepmenTpoH ¢ MMOYJbCHBIM KOJAWMPOBAHUEM
nHdopMaIn

Kiraccuiaecknii MHOTOCTIONHBIN TIEPIENTPOH TPEJICTABIIAET COOOM CJIOUCTYIO HEHPOHHYIO
CeTb, B KOTOPO# HEAPOHBI PACIIOJIOXKEHBI B HECKOJILKUX YIOPAJOYCHHBIX CJIOAX, IIPUYEM
BHYTPH CJIOsI CBSI3M MKy HEfPOHAMU OTCYTCTBYIOT, & KazK/IbIil HEHPOH k-TO CJIOST OKa3bl-
BaeT Bo3JelicTBIe Ha Bee Heltponbl (k+1)-ro cios [9]. Bymem paceMaTpuBaTh neprenTpo,
dJIEMEHTaMU KOTOPOTI'O ABJIAIOTCA aHaJIOTUYIHbIE HQprOHbI 1\/[aKI<ELJ'LHOKafl_[I/ITL[a7 BbBIYHC-
JIAIONINE B3BCHIICHHYIO CYMMY N cBoux BXOZOB p; W 3aTEM IIPDUMEHAIONINEC K PE3YJ/IbTaTy
dyukImo akTuBanun f:

N
Szzgipz‘, q = f(5).
i=1

3mech ¢ — BBIXOJ, HelipoHa, S — pe3y/bTaT BBIYNCIEHUS B3BEIIEHHONH CYMMBI, a ¢§; —
Beca CUHAITUYECKUX CBs3eii. B KauecTBe (DyHKIMN aKTHBAIUN OOBIUHO BHLIOMPAETCH CUT-
MouaIbHast (DYHKIMSI, HO 9aCTO MCIIOJIL3YeTCsl TaKyKe TPeX3BeHHas KyCOUYHO-JIMHeHHAasT
AIIIPOKCUMAIUs CUIMOUIbI. Huzke MbI Oyj1eM IpeIiioaraTh, 9T0 BXOAbl M BHIXOIbI KarK-
noro Heitpona MakKasutoka—IIuTiia mpeicraBieHbl IuciaMu U3 MPOMEXKYTKa [—, ] u
JIsl BCEX JIOMYCTUMbIX 3HAYEHUIT BXOJIOB BBIOJIHEHO paBeHCTBO f(S) = S, T.e. Bce Heii-
POHBI paboTaOT Ha yYacTKe JUHEHHOCTH (DYHKIMH aKTHBAIIUIH.



72 Modeauposanue u ananrusd ungopmayuonmvr cucmem T.18 Ne2 (2011)

OrnuiiieM KOHCTPYKIIUIO, TO3BOJISIONIYIO BOCIPOU3BECTU IOBEJIEHUE MHOTOCIOINHOIO
[IepIENITPOHA Ha CETU, COCTABJCHHON M3 MMITYJILCHBIX Heifponos. llycTh 3ajam mmoro-
CJIONHBIN meprenTpoH P, T.e. 3adUKCHPOBAHO YHUCJIO CJI0EB, KOJUYIECTBO HEHPOHOB B
KaXKJIOM CJIoe U JIJIsd KazKJIOro HefipoHa 3aJiaHbl (PUKCHpOBaHHbIE 3HAYUEHUsS] BECOB BCEX
€ro CUHaNTHYeCKUX cBsi3eil. ObpasyeM MMITYILCHYIO HEAPOHHYIO ceTh P’ myTem 3aMeHbl
KasKJIOro HefipoHa, 00pa3yIoniero meprenTpor P, Ha UMITYJILCHBIH HEHPOH, OMUCHIBAC-
Mblit ypaBaerusmu (1), (3). Bymem cumrarh, 910 BCe MMITYIBCHBIE HEPOHBI, 00Pa3yio-
mye cerb P’ UMeT oJuHAKOBble XapakTepucTuku. OTMETHM, 9TO 3J1eCh KarKjas CH-
HanTrdeckas ¢BA3b Heifipona MakKasioka—IIuTia, peanusyiomnas yMHOXKEHTE BXOTHOTO
3HAYCHHUS HA CHHAIITUYIECKUN BeC, 3aMeHsIeTCs Ha JJUHAMUIECKYIO CUHAIITHIECKYIO CBA3b,
PeAM3YIONIYIO Mepeiaty U yMHOYKEHIe HA CHHAIITUIECKHI BEeC U3MEHSIIOIIErocs BO Bpe-
MEHH UMITYJILCHOIO BXOJHOrO curHaJja. [Ipm 3ToM aunaMudecKuM BBIXOJOM HepoHa ¢
MeMOpaHHbIM ToTeHatoM u(t) seasgerca gyukimust O (u(t) — A71).

BHaveHnns p; U ¢ BXOJOB U BbIxoja HelipoHa MakKammoka—Ilurma B Hameit momenn
Oy/IyT IpeJICTaBIeHbBI MOMEHTAMU BO3HUKHOBEHUS CIAWKOB IIPECUHAIITHICCKUX HEPOHOB
U PAcCMATPUBAEMOIO MMOCTCHHAIITHYIECKOro Heiipona. OKa3bIBaeTCs, YTO MOXKHO yCTAHO-
BUTH TAKO€ COOTBETCTBUE MEXKJy MOMEHTAMU BO3HUKHOBEHUS CHAIKOB W YUCJIAMU P,
¢, 9TO JIMHAMUKA, TIOCTPOEHHON MMITYJIbCHOI HellpoHHOI ceTu P’ OyjieT BOCIPOU3BOUTH
[TOBEJIEHNE UCXOHOTO TeprienTpona P.

SHaUYEHUIO p; KaxKJI0ro u3 BXoaoB Helipona MakKasmoka—IluTia mocraBumM B COOTBET-
CTBHE MOMEHT BpeMmenu t; = P+ [p;, tine P — nekoropoe buKcupoBaHHoe 4ucso. Bygem
CYUTATh, YTO CIAaiK HPECUHAIITUYECKOIO0 HEeHpOoHa, HPOUCKXOAAIINNA B MOMEHT BPEMEHU
t;, Komupyet 3Hadenue p; = (t; — P)/[3, nocrymatoree #a Bxoj Heiipona MakKasmoka—
[Mutna. Amamormano 3HaveHuio ¢ BbIXOga Helipona MakKamnoka—Ilurma mocraBum B
COOTBETCTBHE MOMEHT BpeMenu t = @ + (¢, e  — HeKOTOpoe (BUKCHPOBAHHOE HIC-
Jo. Byjem cuurarh, 9TO crnaifik paccMaTpUBaeMOro HefpoHA, IMPOUCXOJIAIIUN B MOMEHT
BpeMenu f, Koaupyer sHadenne ¢ = (t — @)/, nabiogaionieecs Ha BBIXOE HEHPOHA
MaxkKaJsrtoka—IIuTia.

[Monoxkum P = T+ T1/2 u B = T1/2v, r.e. bymem cunrarh, uro t; = Ts + T1/2 +
Tip;/27y. Eciu p; € [—7,7], TO MOMEHT Havaja KaxKJ0TO0 CUHAIITUYIECKOrO BO3jeiicTBIS
[oNaIaeT Ha MHTEPBAJ BOCIPUUMYMBOCTU PACCMATPUBAEMOI0 HEWpOHA W Ha TOM HUH-
TepBaJie HU OJIUH [IPECUHAIITUIECKIIT HEfIPOH He BBINJIET U3 aKTHUBHOTO COCTOAHUA. Keun
JIUIS BECOB BBILIOJTHEHO ycjioBue (9), To crpaBejinBa TeopeMa 1, oTKy/ia MoJIydaemM

N N

. T

t="1,— Zgi(Ts+T1 —t;) =Ty + izgi(pi - 7).
' i=1

=1

Eciu nonoxurs @) = T, To nojiyanm q = va gi(p; — ), 91O CooTBeTCTBYET (hOPMYJIE
s weitpona MakKasioka—IIuTia.

g Toro, 9ToObI MMITYJILCHBIN BBIXOJ, OJHOIO HEWpOHA MOI' OBITH MCIIOJIb30BaH B
KadecTBe BXO/Ia JIPYTOro HEHPOHA, JIOCTATOYHO HAJIOKUTH Ha BeCA CUHAIITHYECKUX CBA3eil
cJeyoliee OrpaHnieHune:

N
Z lgil < 1. (13)
i=1
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Puc. 1. Cxema B3ammoielicTBIsI HEHPOHOB COCEIHUX CJIOEB

ﬂeﬁCTBHTeﬂbHO, B 9TOM CJIy4dae /IJid BE€JIMYUHDBI ¢ I10JIydaeM OI'PaHUY€eHUue

N

N N
al = | 0stps =D <Dl - I =9 <D loal <
i=1 =1

=1

Eciin Hasioxkuthb jonosiauTesbHoe orpauuyenue Ty — Ty — T > 17, To yciaosue (13)
rapaHTupyer BbirojiHeHue ycjosus (9) Teopembl 1. OTMeTHM, YTO CMBICJ 3TOTO JOIOJI-
HUTEJILHOTO OTPAHUYIEHUSI COCTOUT B CJIE/IYIOIIEM: JieBas IPAHUIA yIacTKa, Ha KOTOPOM
PACITOJIOYKEH TeHepUPYEMbIil UMITYJIbC, JIEYKUT IIpaBee MPaBoil TPAHUIIBI YIacTKa BOCIIPHU-
UMYHABOCTU HEWpOHA.

[TockosibKy cerh P’ obpazoBaHa MMITYJILCHBIMU HEpOHAMU-aBTON€HEPATOPAME, TO
nporiece BYHKIMOHUPOBAHUST HEHPOHHON CeTH eCTeCTBEHHBIM 00pa30M paclaaeTcs Ha,
OT/IeJIbHBIE MaAKMbl, Ha KaXKJIOM M3 KOTOPBIX BCe HEMPOHBI CETH MeHEPUPYIOT B TOUYHOCTH
OJINH UMITyJIbc. VIMITyIbcHas HepoHHAsA CeTh MPOU3BOAUT 0OpabOTKy WHMOpMAIUU 3a
OJINH WJIN HECKOJILKO TAKTOB CBOEro (pyHKIMOHUPOBaHus. Paccmorpum 6o0siee 1moiapodHo
nporece pyHKIMOHUPOBAHUS UMITYJILCHON HEApoHHOi cetn P’.

Ha pucynke 1 cxematniecku m3006parkeHa JTUHAMUKA OTHOTO U3 HEHPOHOB HYJIEBOTO 1
[IEPBOTO CJIOZ TIePIENTPOHa (BepXHUii TpadK OTHOCUTCS K HYJIEBOMY CJIOI, & HUKHUI —
K [IEPBOMY CJI010). BepTuKaJIbHBIME CTPEJIKAMEI OMEYEHbI MOMEHThI BPEMEHH, B KOTOPbIE
COOTBETCTBYIOIIUIl HEHPOH HAYMHAECT T'EHEPAIUIO OYEPETHOINO MMILYJIbCA. Y TOJIIEHHBIC
TOPU30HTAJIbHBIE OTPE3KHU HA OCSIX COOTBETCTBYIOT MHTEPBAJIAM I'€HEPAINN Cliaiika, a 3a-
MITPUXOBAHHBIMU TOPU30HTAIBHBIMHI ITPSIMOYTOIbHUKAMI OTMEYUEHBI HHTEPBAJIBI BOCIIPH-
nMauBOCTH HeitpoHa. [losgcaum ncnonb3yemsle nastee obosnadenud. P, (QQF, — cepeuHb
MHTEpBaJia BOCIPUUMYUBOCTH U UHTEPBAJIA NeHePaIlU CHAlKa (-T'0 HelipoHa k-TO CJIOs Ha
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n-M TaKTe; P, — BXOJBI (-I'0 HEHPOHA k-ro cjiost, mpurieiiine Ha N-M TakTe OT j-T'O Heli-
POHa IPeJIbILYIIEero CJIOs; Gr;j — Beca CHHAITHYCCKUX CBs3ell ¢-ro HeltpoHa k-ro cios ¢
J-M HEADOHOM IIPEJBLIYINErO CJIOA; Gy, AZZ» — BBIXOJI I MOMEHT HadaJia cllalika ¢-I'o Heifpo-
Ha k-ro cjiost Ha n-M TakTe. Eem B iepeMennnix P, QR 7. omyIen BTopoit 3 HIKHIX
WHJIEKCOB, TO CYUTAETCS, YTO COOTBETCTBYIOIIMII MOMEHT BPEMEHU OJIMHAKOB JIJIS BCEX
HEHPOHOB aHHOrO cJiod. [l KOppeKTHO# paboThl MHOTOC/IOHOIO MEPIENTPOHa He0O-
XOJIUMO, YTOOBI OBLIIO BBIIIOJIHEHO YCA08UE Nepedat, UMNYAbCE: UMITYJIbChI, TeHepupye-
Mble HEHPOHAMU KaXKJIOTO CJIOS, JOJIZKHBI ITPUXOIUTHCA Ha UWHTEPBAJ BOCITPUUMYIUBOCTH
HEHPOHOB CJIE/TYIONIEro cJios, T.e. P! = Q4. IlycTh B HAYAJIBHBI MOMEHT BPEMEHH BCE
HEUPOHBI HYJIEBOTO CJIOS OJHOBPEMEHHO MeHEPUPYIOT UMILYJIbC. By/ieM cuuTarh, 9To ecan
HEHPOHBI k-T'0 CJIOST TEHEPUPYIOT HEPBbIIl UMITYJIbC B MOMEHT BPEMEHHU ¢, TO BCe HEPOHBI
(k 4 1)-ro cjost 6y/IyT reHepUpOBATH TIEPBBIil UMITYIbC B MOMEHT BpeMmenu t + AT, T.e.
BBeJIeM BpEMeHHOe paccorjiacoBaHme Mexkay cioamu, paBHoe AT. Byaem camrarh, 910
ecym -l HelipoH k-To €J10s Ha TIEPBOM TaKTe (PYHKIIMOHMPOBAHUS CETH KOJUPYET JHCJIO
(i;» TO OH CT€HEPHPYET CJIEJYIONUii UMITYJIbC B MOMEHT BDEMEHH f}m = Q) + qi;- dna
COCEJIHIX CJI0EB UMeroT MecTo pasenctsa P = (k+1)AT+Ts+T1/2 u Q;, = To+EAT,
T.e. YCJOBHE Mepeiatn UMILyJibca Oymuer Boinosaeno, ecin AT =Ty, — Tg — 11 /2.

Ha nepBom TakTe BBIXO/IbI HEHPOHOB k-T0 €J10s1 6y Iy T paBHBI BXO1aM Heiiponos (k+1)-
r0 CJ105 P}, i = q,ij, T.X. pj, i = f}zj—Pkl +1,;- COOTBETCTBEHHO, ecJH I BECOB HefipOHOB
k-ro ciosi BbimosiHEeHO orpanndenue (13), To mMeer MecTo TeopeMa 1 U OJTydaeM

N

£11€+1,i = (k+1)AT + T + qli+1,i7 qli+1,i = Z ngrl,iJ'(pllerl,ij —7)-
=1

OTrmeTnM, ITO MOC/Ie OJTHOKPATHON Tepeiadn BO30y K ICHUST HEHPOHBI KAYKIOTO CJIOST
OCTAIOTCA B JIECCHHXPOHU3WPOBAHHOM COCTOSHUU, T.€. TP OTCYTCTBUU BHEITHETO BO3/IEii-
CTBUSI CP€HEPUPYIOT UMIIYJILChI B PA3JIMIHbIE MOMEHTHI BpeMeHU. ITOOBI 1Oocje OJIHOTO
TaKkTa pabOThl HEfpOHHAs CETh COXPaHUIa pabOTOCIOCOOHOCTH, HEOOXOIMMO ITPUBECTH
ee B MCXOJHOE COCTOsIHME, T.e. CHHXPOHU3MPOBATH HEUPOHBI KaXKJIOT'O CJIOS C COXpaHe-
HUEM HUCXOJHOTO PacCOIJIACOBaHUSI CIAfKOB MKy cocemHuMu cjiosivMu. OKa3bIBaeTCs,
YTO 9TOTO MOYKHO JIOCTUYb IIyTeM JI00aBJIEHUSA B KarKJIbII CJIOW JIBYX JIOTIOJTHUTE/IHHBIX
HEHPOHOB, KOTOPbIM TipucBanBatorcs Homepa N + 1 u N + 2 (B nanbreiiniem nepsoie N
HEHPOHOB Oy/IeM Ha3bIBATH OCHOBHBIMIU ).

Hononnurenbupiii (N + 1)-it HefipoH k-T0 CJIOS UCTIOIB3YETCsI JJisl CUHXPOHU3AINN
OCHOBHBIX HEMPOHOB 3TOTO CJIOS M BBIMIOJHAET POJIb FeHepaTopa TaKTOBBIX MMITYIbCOB.
Bynem cuurars, aro (N + 1)-it HelipoH A-ro cj10st n30IMpOBaH (HU OJMH HEHPOH He OKa-
3bIBACT HA HErO BO3JEHCTBHUS), BO3JEHCTBYET HA KayKJblil HEHPOH CBOErO CJIOS C BECOM
ggﬂ = —1, rerepupyer nepBblii UMITYIbC B MOMeHT Bpemenu kAT +To+Ts+T7 /2, nocie
9ero MpoJI0JIZKAeT MeHepaIio UMITYJIbCOB ¢ mepuogom 275 + T /2. Tlyers nocie iepBoro
TaKTa HeAPOHBI k-T0 CJI0S CreHEPUPYIOT OYePEHbIe NMITYJIbCH B MOMEHTEI BDEMEHN 1j; I
3aTeM B MOMEHTBI BPEMEHH 1j,; +Ts IEpeiIyT B COCTOSIHIE BOCIPUUMINBOCTIL. BymemM cum-
TaTh, YTO HA YIACTKE BOCIIPUUMYMBOCTH BO3JEHCTBHIE OT IPEIBIIYIIErO CJIOS OTCYTCTBYET
U HA HEHPOHBI JJAHHOTO CJIOsT OKa3biBaeT BiusgHe TOJIbKO (N 4 1)-it neiipon. B sTom city-
qae JI paceMarpuBaeMoro neiipona w(t) = —1 s by + Ty <t < kAT +Ty+Tg+ Ty /2
u w(t) = 0 BO BCeX OCTAILHBIX TOUYKAX (OTMETHM, YTO HEPABEHCTBO tei = kAT +To,—T, /2
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BBIIIOJIHEHO, MTOCKOJIbKY MOMeHT Bpemenu kAT + Ty — 17 /2 cooTBeTcTByeT caMoMy paH-
HeMy WMITYJIbCy). V13 ypaBHeHHs HefipoHa Jisi PacCMaTpHBAEMOIO MHTEPBAJIA, CJIELyeT
paBeHCTBO U = Aa[l + w|u = 0, T.e. MOTEHNIHAT HEHPOHA OCTACTCA HA STOM HHTEPBAJIE
HenmsMeHHbIM. Takum o6pasom, B MomenT Bpemenu kAT + Ty + Ts + T /2, xorja 3aBep-
muTest Bozjeiicrsue co cropoHbl (N + 1)-ro HeiipoHa, y BceX OCHOBHBIX HEIPOHOB JIAHHO-
ro cjiog Oy/JeT OJIMHAKOBBIN MOTeHIMaJ. B pe3ysbraTe Bce HEPOHBI pacCMATPUBAEMOIO
CJIOSI CPEHEPUPYIOT OYepeIHON MMITY/ThC OJHOBPEMEHHO B MoMeHT Bpemenu 275 + T /2,
T.C. IO JICUCTBUEM (N + 1)—ro HEHpOHa BCE OCHOBHBIC HEUPOHBI PACCMATPUBACMOTO CJIOLA
OKasKyTCsl CHHXPOHU3UPOBAHHBIMU.

Pabora onmcannoil Bbllle cxeMbl CHHXPOHU3AIIUNA HEHPOHOB OCHOBaHA HA TOM, UTO B
IIpoIecce CUHXPOHU3AINN HA WHTEPBaJe YyBCTBUTEIBHOCTH HA OCHOBHBIE HEWPOHBI BO3-
neitcrByer TosbKO (N + 1)-it Hefipon. B 1o ke BpeMmsi, ec/ii B IPEIBIILYIIEM CJI0€ TaKXKe
UCIIOJIb3YETCS ONMCAHHAsd CXeMa CUHXPOHU3AIUNA, TO CHHXPOHHBIN UMITY/IbC, CTEHEPUPO-
BaHHBIN HEIPOHAMU IIPEJIBIIYIIErO CJIOs MPHUJIETCH KaK pa3 Ha MHTePBaJl UyBCTBUTEJIb-
HOCTU HEWPOHOB PACCMATPUBAEMOI'O CJIOfA, UCIIOJIb3YEMBbIN JIJI UX CUHXpOHU3aruu. Jlis
ycTpaHeHus 3Toro 3hdeKTa MPUXOANTCs BBOJAUTD B k-if cj10ii qonosauTenbubiii (N +2)-it
HEHPOH, TOJIABJIAIONINI BO3/IeiCTBIE CUHXPOHU3UPOBAHHBIX HEHPOHOB k-ro cJiof. Byem
cantarh, 910 (N + 2)-it HelpoH k-rO CJI0si M30JMPOBaH (HU OJMH HEHPOH HE OKAa3bl-
BaeT Ha HEro BO3JEHCTBHUS), COeJIMHEH cO BceMu Hefiponamu (k + 1)-ro cjost ¢ Becamu
Ok+41,i(N+2) = — Z;VZI Jk+1,ij U TeHepUPYeT UMILY/IbChl ¢ mepuogom 1 = 2T, + 11 /2 na-
qnHasi ¢ MoMeHnTa Bpemeru kAT. Takum o6pa3oM, cyMMapHOe BO3JIEHCTBIE Ha HEHPOHBI
(k+1)-ro cirost 6yieT paBHO HYJIIO (BCe BO3JEHCTBYIONTIE HEPOHBI CHHXPOHI3HUPOBAHBI 1
CyMMa BCEX BECOB PaBHA HYJII0) U CHHXPOHHBIN UMITYJIbC k-T'0 CJI0sT He Oy/IeT OKa3bIBATh
BJIMsTHIE Ha HefpoHb! (k + 1)-T0 CJI0s1 B IIpoIiecce MX CHHXPOHU3AIINH.

[Togsenem mrorn. OnuncaHHas BbIIIE UMITY/IbCHAS HEHpOCeTeBas apXUTEKTypa pea-
JIN3yeT MOTAKTOBYIO 0OpabOTKYy BXOJHON MHMOPMAIMY, IPUYeM KarKJas Mapa TaKTOB
€CTECTBEHHBIM 00pa30M TOjpas/iesgercd Ha pabounii TaKT U TakKT cuHxpoHm3armu. Ha
pabodyeM TakTe CHUHXPOHU3UPOBAHHBIE HEHPOHBI OJIHOTO CJIOA IPOU3BOIAT 0OPAbOTKY
BXOJIHOI WH(OPMAINU, TepeJaioT pe3yabTaT 00pabOTKU CJIE/LYIONEMY CJIO0, TOC/Ie de-
r'0 BHOBb CUHXPOHU3UPYIOTCA Ha TaKTe CHHXpoHU3arnu. CHHXPOHU3AIINS TPOUCXOUT 38
CcYeT TOPMO3HOT'O BO3JEHCTBUS CIIENNAJIBHOTO CHHXPOHU3UPYIONIETrO HepoHa, 3a/1atole-
ro CyMMAapHYIO JJINTEJIbHOCTh pabodvero Mmuk/a cetu, pasuyto 275 + 17 /2.

Crmcok janreparyphl

1. Gerstner W. What’s different with spiking neurons? // Plausible Neural Networks
for Biological Modelling, Henk Mastebroek and Hans Vos (Eds.) Kluwer Academic
Publishers, 2001. P. 23-48.

2. Maass W. Fast sigmoidal networks via spiking neurons // Neural Computation. 1997.
Vol. 9. P. 279-304.

3. Maass W., Natschldger T. Networks of spiking neurons can emulate arbitrary Hopfield
nets in temporal coding // Network: Computation in Neural Systems. 1997. Vol. 9(4).
P. 355-372.



76 Modeauposanue u ananrusd ungopmayuonmvr cucmem T.18 Ne2 (2011)

. Maitopos B.B., Mbimkun N.FO. Maremarudeckoe MojeMmpoBaHie HEHPOHHON ceTH
Ha OCHOBe ypaBHeHWUii ¢ 3anasjbiBanueM // Maremaruueckoe mojenuposanue. 1990.

T. 2. Ne 11. C. 64-76.

. Kamenko C.A., Maitopos B.B. Mozesn amanraiiun KoJIbIIeBbIX HEHPOHHBIX aHCaMOJIei
// Pagmorexuuka u Daekrponnka. 1998. T. 43. Ne 11. C. 1-7.

. Kamenko C.A., Maitopos B.B. Mouenu Boanosoit namsaru. M.: JINBPOKOM, 2009.
288 c.

. Maitopos B.B., Maunn M.JI., [Tapamonos I1.B. [lonpaBka K 1mepuojty penienus: ypas-
HEHUs, MOJIEJTMPYIOIIEro JIMHAMUKY MeMOPaHHOrO TOTeHIna a Heiipona // Mogesn-
poBanue u aHaym3 mHMopMarmorHbrx cuctem. 2008. T. 15, Ne 2. C. 61 — 66.

. Jlynaera O.A. YTouHEHHE OIEHKH JIATEHTHOI'O TEPUOJa JIJIsi HEHPOHOB C CHHAIITH-
YeckuM B3ammoieiicreueM // MojenupoBanue u anan3 WH(MOPMAIMOHHBIX CUCTEM.

2009. T. 16. Ne 4. C. 46-55.

. Yoccepmen @. HeiipokomnbioTepnad Texunka: leopus u npaktuka. M.: Mup, 1992.
184 c.

Principles of Constructing Layered Neural Networks
Based on Pulse Neurons

Dunaeva O.A.

Keywords: Impulse coding of information, asymptotic analysis, McCulloch—Pits
neuron, multilayer perceptron

In the article we describe principles of pulse implementation of multilayer neural net-
works using biologically plausible neurons. It is shown that the multilayer perceptron can
be modeled with a neural network composed of pulse neurons using impulse information
coding.
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