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Annomauus. Lens. PaboTa HampaBpieHa Ha UCCIIEJOBAHUE CIIAHKOBONW aKTMBHOCTH M CHHXPOHHU3AaLUH B aHCAMOIIX HEHMPOHOB
®durnXplo-Harymo B OTCYTCTBUM M NPHUCYTCTBUY BHEITHETO LIYMOBOTO BO30OY)XIEHUs. B Taknux ceTsX B 3aBHCUMOCTH OT
rapameTpa Bo30yIMMOCTH MapIHaIbHBIX JIEMEHTOB M CHIIBI CBSI3H MEXIy 3JIEMEHTaMH (B YaCTHOCTH OT €€ 3HaKa) MOTYT
BO30y/1aTbcs KOJIEOaHUs ¢ Pa3InYHOM 4acTOTOH, Bapyanys napaMeTpoB MOXKET NPUBOAUTH K CHHXPOHU3AIUH 3JIEMEHTOB.
[IpoBonuTCs HccnenoBaHUEe JUHAMUKH OXHOCIIOHHOHN CEeTH, B KOTOPOIl IPUCYTCTBYET OJUH OOIIUH SIIEMEHT, U TPEXCIOHHOM, B
KOTOPO#l TPOMEKYTOUHBIN CII0H — OAUH HEWpOH-Xa0. Memoowi. [y n3ydeHus TMHAMUKH UCCIIETYyEMbIX CETEH pacCUNTHIBAIOTCS
CperHHEe IO BPEMEHH YacTOTHI CIIAHKOB BCEX 3JIEMEHTOB, KOTOPBIE YCPEIHIIOTCS aHCaMOMI0 HEMPOHOB I Ka)KIOTO BHELTHETO
CJIOS ¥ CPAaBHUBAIOTCS C YaCTOTOH IIEHTPAIIHOTO 3JIEMEHTa U MEXIy co0OH, B ciIydae MHOTOCIOHHON cetu. [yis anammsa
BJIMSTHUS CHJIBI CBSI3M HA CHAWKOBYIO aKTHBHOCTB JIEMEHTOB CETH M MX CHHXPOHH3AIHIO CTPOSITCS PACHPENSIICHHs YacTOT
U pacrpezeeHusl pa3HOCTH YacTOT Ha IUIOCKOCTH K03((GUIKEHTOB cuil CBsi3u. Pesynomamul. Iloka3aHo, 4To B HEOOIBIINX
OIHOCJIOMHBIX M TPEXCIOWHBIX CETIX MJEHTUYHBIX OCHMLIATOPOB (HeliponoB durnXsio-Harymo) ¢ nmpocToii Tononorueit ceszu
BO3MOXKHO HaOMIOEHUE PA3INIHOI CITAHKOBOM aKTHBHOCTU B OTAETBHBIX JacTsaX cHCTeMbl. [Ipu aToM HabmromaeTcst mepexor
HEPOHOB B aBTOKOJICOATEINIBHBII PexKUM, 00yCIIOBICHHBINH OTTAIIKMBAIOLICH CBI3bI0 MEXIy dIeMeHTaMu. B pabote ycTaHOBICHO,
YTO B OFHOCJIOMHOH CeTU KOIbLIO AEMEHTOB MOXKET CUHXPOHH3UPOBATHCS 110 YaCTOTE C LIEHTPAIbHBIM 2JIEMEHTOM B HEKOTOPOH
obnacTu 3HaYeHUH CHII CBA3HU. B TpexcioifHol cucTeMe Tarkke MOXKHO HaOMIOIaTh CHHXPOHM3aNuIo ciaoeB. Caadblii mryMm crnabo
BIIMSICT HA IPAHMIBI 00JIACTH CHHXPOHM3ALMK BCEX TPEX CIIOEB II0 MapaMeTpaM CBsI3H, HO C POCTOM HHTEHCHBHOCTH IIIyMa 3Ta
00nacTh yMeHbIIaeTcs. B To ke BpeMs, ITyM BBI3BIBAET IOSBICHIE HOBOIT 00JIaCTH CHHXPOHU3AINH, B KOTOPOil HabIIfonaeTcst
yAaJgeHHasi CHHXPOHHU3ANUS CIOEB TP OTCYTCTBHH CHHXPOHM3AIMHU Xaba. 3axniouenue. B paboTe mpoBeeHO HCCIeIOBaHIE
BO3MOYKHOCTH BO30Y)KACHUsI KOJICOAHUIT U MX CHHXPOHU3ALHUN B OJHOCIIOIHOM U TPEXCIOWHON CETSAX CBS3aHHBIX OCLMIUIATOPOB
OutiXsro-Harymo nmpu Bapuammy CHIIBI CBSI3M MEXIY dJeMEeHTaMu. B naHHOM mccenoBaHuy ObLIa MOJyYeHa JIMIIb camasi 00-
mast KapTHHA CTAHKOBOW aKTHBHOCTH BO30YAMMBIX HEHPOHOB B JIByX PACCMOTPEHHBIX MOJEIAX CETH, OJHAKO 3TOTO JOCTATOYHO,
4TOOBI IPOMIUTIOCTPUPOBATH BAXKHYIO POJIb CBsA3eil B OPMUPOBAHUH CHIAWKOBOH aKTMBHOCTH BO30YIUMBIX HEHPOHOB.
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Abstract. Purpose. The study focuses on analyzing spike activity and synchronization in ensembles of FitzHugh-Nagumo
neurons, both with and without external noise excitation. These networks can induce oscillations at different frequencies,
depending on the excitability parameter of individual elements and the coupling strength between them. Additionally, variations
in these parameters can lead to synchronization among the elements. The research investigates the dynamics of both a
single-layer network, which includes a common element, and a three-layer network with an intermediate neuron-hub layer.
Methods. To analyze the dynamics of the networks under investigation, we calculate the time-averaged spike frequencies
of all elements. These frequencies are then averaged for each outer layer and compared with the frequency of the central
element, as well as with each other in the case of a multilayer network. In order to assess the impact of coupling strength on
the spike activity and synchronization of the network elements, we construct frequency distributions and frequency difference
distributions in a plane of coupling strength coefficients. Results. It has been shown that small single-layer and three-layer
networks of identical oscillators (FitzHugh-Nagumo neurons), with a simple coupling topology, can exhibit different spike
activity in different parts of the system. In this case, the neurons transition to a self-oscillatory mode due to repulsive
coupling between the elements. The research has established that in a single-layer network, a ring of elements can synchronize
in frequency with the central element within a specific range of coupling strength values. In a three-layer system, layer
synchronization can also be observed. Weak noise has minimal impact on the synchronization boundaries of all three layers,
in terms of coupling parameters. However, as the noise intensity increases, this area decreases. At the same time, the noise
leads to the emergence of a new synchronization region in which relay synchronization of the layers is observed in the
absence of synchronization with the hub. Conclusion. The study explored the potential of exciting oscillations and achieving
synchronization in single-layer and three-layer networks of coupled FitzHugh-Nagumo oscillators. The coupling strength
between the elements varied in order to investigate its impact. Although the study only provided a broad understanding of
the spike activity of excitable neurons in the two network models examined, it adequately demonstrated the crucial role of
coupling in the spiking activity of these neurons.
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BBenenue

KostekTnBHOE TIOBEZICHNE OCIMILUISATOPHBIX aHCAMOJICH U CeTel B TCUCHHUH MOCICIHUX JIET TPO-
JIOJDKAET OCTaBarThbCs OJHUM M3 BAXKHEHIIMX HAIpaBJICHUM B HEIMHEWHOW nuHamuke. McciaenoBaHus
B 3TOH 00JIacTH OCOOEHHO aKTyaJdbHBI B CBSI3U C 3aJadaMH MOJCITHUPOBAHUS TUHAMUKU HEUPOHHBIX
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aHcaMmOInel, Kak B CBSI3H ¢ U3y4eHHeM (yHKIIMOHUPOBAHUS aHcaMOel 61MoIornyeckx HeHpOHOB U yCTa-
HOBJICHHSI MEXaHH3MOB BbICIIIEH HEPBHOH AedTenbHOCTH [1-7], Tak U B CBETE MEPCIEKTHB MIPUMEHEHUS
HCKYCCTBEHHBIX OCHMJUIATOPHBIX HEMPOHHBIX CETeH AJI peleHus 3a7a4 paclo3HaBaHUA U 00paboTKH
curHaioB [8—11]. B KoIIEKTUBHOM MOBEICHUHA MHOXKECTBA HEIMHEWHBIX OCIWJUISITOPOB BaXKHEHIITYTO
ponb urpaet GpyHIaMEHTATbHOE SIBICHNE CHHXpOHU3anuu [ 12—14], npuBoasIiee K COMTacoBaHUIO YacToOT,
(a3 m xapaKTepHBIX BPEMEH BCEX HJIM YaCTH OCHWUIATOPOB, (POPMHUPOBAHHIO PA3IMIHBIX BOTHOBBIX
PEKMMOB U KJIACTEPHBIX CTPYKTYp. B CBA3aHHBIX pacmpeneleHHbIX CUCTEMaxX U CIO0SX MHOTOCIONHON
ceTH HalOIoMaeTcs SIBICHNE CHHXPOHU3AINH, KaKk KojeOaHui BO BpEMEHH, TaK U MPOCTPAHCTBEHHBIX
cTpykTyp [15-19]. CrnegyeT OTMETHTH, YTO CHHXPOHM3AIUS YaCTOT KoJieOaHUN (CHHXpOHU3AIWS B
cmbicie [TolireHca) siBiIsieTcs CBOMICTBOM aBTOKOJIE0ATENbHBIA CHCTEM, TEHEPHUPYIOIINX KoJieOaTeTbHBII
nporiecc 0e3 BHENTHUX BO3ICHCTBUIA, B TO BpeMs Kak IMoHAas (cuH(a3Has) CHHXPOHU3AIUS HaOII0-
JTaeTCs TP B3aWMOJICHCTBUH JTFOOBIX MIEHTUYHBIX HETMHEHHBIX OCIHIUIATOPOB, BKIIIOYAst CHCTEMEBI C
JIMCKPETHBIM BPEMEHEM, ONHCHIBAEMbIe TOUEYHBIMHU oToOpaskeHusIMHE [ 12]. D dexTs cHHXpOHN3ann
MPUHIMITHAIIEHEL ¥ I B3aUMOJICHCTBYIONNX HEHPOHOB M HEHPOHHBIX aHcaMOneit [20-25]. dopmupo-
BaHUE KJIACTEPOB HEHPOHOB, MMEIOMINX ONMU3KHE YAaCTOTH U (a3bl 3aKUTaHUS (TEHEpAIH NMITYIHCOB
BO30YKICHHSI), MOXKET UTPATh BAKHYIO POJIb B KOTHUTHBHEIX Tporieccax [26—30], HO MOXXET MIPUBOAUTH
K TIATOJIOTHICCKUM siBIICHISIM [31-34]. Takum o0pazom, uzydeHue 3pQGeKToB CHHXPOHU3AINH, COTTIACcO-
BaHUS CIIAMKOBOW aKTUBHOCTH OTPEACNIEHHBIX TPy HEHPOHOB WJIH, HAIIPOTHB, pa3pylIeHHE TaKOTO
COTJIacOBaHMsI, SBJISETCS BeCbMa Ba)kKHOH 3amadeil. OTaenbHble (HEB3aWMOJEHCTBYIONINE) HEHPOHBI,
YaIre BCEeTo SABISIOTCS BO30YIMMBIMH OCITHUIIATOpaMH [3,35,36]. ABTOKOIEOATEBHBIN PEXUM IS HUX
HE TUIIUYEH U JUTsl BOSHUKHOBEHHS KOJIEOaHW HEOOXOTUMBI BHEIITHIE UMITYIIECHI, BETMIHHA KOTOPBIX
MIPEBHIIIAET HEKOTOPBIX mopor. CamMu KoneOaHus MPENCTABIAIOT COOOH MOCIEA0BaTETPHOCTh KOPOTKIX
MMITYJIECOB, Ha3bIBaeMbIX Criaiikamu. YacToTa cmaiikoB B aHCaMOJie HEMPOHOB OMpPEAENIeTCs He TOJIBKO
YaCTOTOH BO3/ICHCTBYIONIMX MMITYJIECOB, HO TaK)Ke 3aBUCHT OT CBs3ei Mex1y HeiipoHamu. J{ns Ouonoru-
YECKUX HEHUPOHOB XapaKTEPHbI Pa3jIMyHbIEC THUIIbI CBSI3U, KOTOPBIEC MIOKA J1aJIEKO HE MOJHOCTHIO U3yUYEHBI.
B ToMm uncne npenmnonaraercs, 4To ONpeneseHHbIE TPyl HEUPOHOB MOTYT UMETh OTTaJIKUBAIOIIUE
cBs3u [3,37,38]. [Ipu oTTaNKMBaroNIeM B3aUMOACHCTBUH (aKTHBHAS CBSI3b C OTPHUIIATCIIEHBIM KO3 hH-
IIMEHTOM) B aHcamOJe HEHpOHOB BO3MOXKHA CIaiikoBas aKTHMBHOCTH 0Oe3 BHEITHHX BO3ICHCTBHIA, T.e.
OTTAJIKMBAIOMIas CBA3b MPHUBOIUT K BOHUKHOBCHHIO aBTOKojIeOaTenpHOro peskuma [39,40]. Paznuanbie
TpyNITBl HEHPOHOB B aHCAMOIISAX U CETAX, CBSI3aHHBIE OTTAIKHUBAIOIIUMU U MPUTATUBAIOIINMH (JIUCCH-
MaTHBHBIMHU) B3aHMMOJICHCTBUSIMU, JJaXKe B CIIy4ae HISHTUYHOCTH CaMUX HEHPOHOB, MOTYT MPOSBIISTH
CMAfiKOBYIO0 aKTUBHOCTB C Pa3IMYHON CpeJHel 4acToToi. MeHss mapaMeTphl CBsI3U, MOXKHO TOOUTHCS
MOJICTPONKH CPEIHUX YACTOT 3a)KUTaHUH (CITAiKOB) B CIIEACTBHE BO30YK/IEHUS BBIHYKICHHBIX CIaii-
koB Wi 3¢ ¢dekra cuaxponnsanuu. [loBenenne ancamOIeit U ceTeil U3 OCIMILISITOPOB, OJHOBPEMEHHO
HCTIBITHIBAIOIINX KaK MPUTATHUBAIONINE, TaK U OTTAJIKUBAIOLINE B3aUMOJCHCTBUSI, MaJI0 UCCIEAOBAHO.
Nmeromuecs naHHbIe CBUACTEIHCTBYIOT O TOM, YTO OHO MOXKET OBITh JIOCTATOYHO CIOXKHBIM [41-45].
Lenpro HacTosIIEH PabOTHI SABISETCS UCCIEAOBAHUE CIIAMKOBOW aKTUBHOCTH M 3Q(EKTOB MOACTPONKH
CpPEAHUX YaCTOT 3a)KUTaHUSI HEHPOHOB C MPUTATUBAIOIINM U OTTAJIKUBAIOIINM B3aUMOACHCTBHUEM Ha
npuMepe HeOONBIINX aHCaMONIeH UISHTUYHBIX 3JIEMEHTOB C IPOCTOW TOIOJOTUEH cBsi3el. PaccmarpuBa-
FOTCS JIBE MOJICININ: KOJIBIIO U3 MSITH JIOKAJIBLHO CBSI3aHHBIX HEMPOHOB, B3aUMOJICHCTBYIOIIUX C OOIITIM
XaboM, B Kau€CTBE KOTOPOTO HCIOJB3YeTCsl aHAIOTUYHBIA HEHPOH, U JIBa KOJIbI]a HEMPOHOB, CBS3aHHBIX
yepe3 o0mmuit xad. CBs3b TpyIIl HEHPOHOB HEHPOHOB ¢ OOIIUM XaOOM JIOCTATOYHO THIIMYHA B CHCTEMax
Ouonornveckux HelipoHoB [46,47]. B paccmaTpuBaeMbIX B paboTe MOAEIAX BCE HEHPOHBI MMOJIAraroTCs
HWJIEHTUYHBIMHU, ONUCHIBAIOTCS Moneibto PutnXpro-HarymMo u, B OTCYTCTBUM CBA3€H, HAXOIATCS B
B030yAMMOM pexume. [Ipyu u3sMeHeHun napaMeTpoB CBsI3U BHYTPH KOJIELl M MEXKIY JIEMEHTaMU KOJIel]
1 xaboM MOXXHO HaOJIOAaTh Pa3IHUYHbIC PEKUMBI CIIANKOBOW aKTMBHOCTH, OTIIMYAIONIHECS CPEIHUMHU
YaCcTOTaMU 32)KHUTaHUsI HEHMPOHOB KOJICIl M Xa0a, a TakiKe PEeXKUM YaCTOTHON CHHXPOHU3AIIHH.
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1. lunamMuka oaHoCJI0iHOI ceTu HeiliponoB @uTtuXbio-Harymo

B naHHOM pasziene pacCMOTPUM PEe3yJIbTaThl HCCIISIOBAHUS OJHOCIONHOM CETH IMSATH JIOKAIBHO
CBSI3aHHBIX OCIIIUIATOPOoB PuTnXpi0-Harymo ¢ Hann4reM HEeHTpabHOTO 3JIeMeHTaM (xaba). [lannas
CHCTEMa OIMCHIBACTCS CJICIYIOIIUMU YPABHEHUSIMU:

3
. u,;
EU; = U; — ?Z —v; + O(Ui_l — 2u; + ui+1) + 1(uhub — ui), (N
v; = u;+a,
3 5
. u
Elpub = Uhub — %“b = vhub + k) (45— Unu),

=1
Ohub = Uhub + ahup + V2D1 (1),

Iae u; U v; — IepeMeHHbIe, 331af0lIe THHAMUKY BO BpeMeHH akTuBaTopa (ObICTpoil mepeMeHHOo) 1
UHrHOUTOpa (MEAICHHOH MepeMEeHHOM) i-ro HeiipoHa, COOTBETCTBEHHO, COOTBETCTBEHHO, ¢ = 1,2,...,5
— HOMep dJeMeHTa B Kojblle. HadanmpHbIe 3HAYeHHS 11 BCEX HEHPOHOB BBHIOMPAIOTCS CITyYailHBIM
06pa3oM n3 00NACTH 3HAYEHHMIA, yIOBIETBOpsAIOmEi ycnoBmio: u? + v? < 22, OTMETHM, UYTO B CTAaThe
Bce Tpadyiki pacCUNTAHbI AJIsI OMHOTO Habopa CIyJalHBIX Ha4albHBIX YCIOBHHA. OHAKO, HCCIETOBAHMU
MOKa3aJiy, YTO AUHAMUKA CUCTEMbl NPUHLHUIINAIBHO HE MEHAETCA C U3MEHEHHEM HayalbHBIX yCIOBUN
IIpH BBIOPAaHHBIX 3HAYCHHUSX YIPABIAIONINX IMapaMeTpoB. Manblil mapaMeTp € OTBEYaeT 3a pasJeeHue
BpPEMEHHBIX MacIITaboB OBICTPOW M MeJIeHHOH nepeMeHHbIX. [lapamerp a ompenenser xapakTep JAWHA-
MUKH 31eMenTa: npH |a| < 1 ocummisitop @utiXpro—Harymo HaXoAuTCst B aBTOKOJIEOATENEHOM PEKHME,
ampu |a| > 1 — B Bo30yaumoM. Cuiia CBS3M MKy JIEMEHTaMHU KOJIbIIa 3aaeTcst Kod(hGUIHEeHTOM O, a
CHJIA CBSI3b C I[CHTPAJIbHBIM 3JICMEHTOB M3MEHSETCS MOCPEJCTBOM M3MEHeHus napametpa k. Ha puc. 1
IIpUBEJEHA CXEMa CBS3EH HCCIIEAYEMOM B TaHHOM pasjene cucTeMbl. OTMETHM, YTO BCE CBS3H SIBISIOTCS
CUMMETPUYHBIMH U B YpaBHeHHH (1) OTCYTCTBYET HOPMHUPOBKA HA KOIMYECTBO CBSA3CH, UTO MPUBOIUT K
TOMY, 4TO SHEpTHUs CBsI3M Xaba Bcerna OoIbllle, YeM SHEPTHsl CBSI3H JIeMeHTOB Koibla. [Ipenmonaraercs,
YTO CBsI3b MOXKET OBITh KaK MPUTATUBAIOIIEH (IuCcCH-
MaTUBHOM), TaK M OTTaJKuBaromieid. B mepBom ciry-
yae K03(pPHUIHMEHT CBSI3M MPUHUMAET MOJIOKHUTEIb-
HBIC 3HAYCHUS, BO BTOPOM — OTpHUIaTeIbHEIE. B ypas-
HEHUsl, OTMCHIBAIONINE TTOBE/IeHUE Xa0a aJINTUBHO
n00aBIeH UCTOYHUK HOPMHUPOBAHHOTO HOPMATHHOTO
Gestoro nryma 1)(t) ¢ HYJIEBBIM CPEIHUM 3HAYCHUEM H
KoppemsnuonHoi dyukimenn < v(t)v(t+1t) >= 8(1),
e O(t) — ¢yukiust dupaxa. [Tapamerp D oTBedaer
38 UHTEHCUBHOCTD IIIyMa. /{71 YMCIEHHOTO pelIeHus
muddepeHnnatbHbIX YpaBHEHHH ObLUTH HCIIOB30Ba-
Hbl MeTo] Pynre-KyTTel 4-r0 mopsiaka (s aeTepMu-
HUPOBAHHOM YacTH) B MeTo[ Diinepa-MapysMbl (71
CTOXAaCTUYECKOM 4acTu).

B cBs3u ¢ Tem, uTo uccieayeTcs Malbli aH-
Puc. 1. CxemaTndeckoe MpeICTaBIeHHe CBsseii B aHcamOne  CaMOJIb CBS3aHHBIX JIEMEHTOB, TOBOPUTH O KaKOW-TO
(1). ITapameTpsl G COOTBETCTBYET CHJIE JIOKAJIBHOU CBA3U IIPOCTPAHCTBEHHOI TUHAMUKE U BBIAEIATH KIacTephl
MEXRY SEMEHTaMH KOTbUA, K — CHIA CBA3H ¢ Xabom C pa3jMyHON AMHAMMKON B HEM 3arpyaHuteibHo. [o-
Fig. 1. Scheme of coupling in the ensemble (1). The 3TOMy, TIPEKJIe BCEro, OyIeT pacCMOTPEHO MOBEICHUE
parameters o correspond to the local coupling strength KOJIBIIA HEHPOHOB B TENOM, 3 XapaKTep KomebanHit

between elements of the ensemble, k£ is the coupling N
strength with the hub OTJICIBHBIX HEWPOHOB OMKCAH BBIOOPOYHO, JIJIsl HEKO-
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Puc. 2. Pactipenenenne cpefHuX 9acTOT CraifkoB B ceTH (1) Ha miockocTn mapamMeTpos cBs3u (0, k) B OTCYTCTBHH LIYMOBOTO
BO3JICHCTBHS Ha ICHTPAIBHBIN 37eMeHT (xab): (a) cpemHsst yacToTa dJIeMeHTOB Kouiblia, (b) cpenHss gactora xaba, (c)
abCoMoTHAs BEIMYMHA Pa3HOCTH CPEJHHUX YacTOT CIAiikoB B Koiblie U Xabe, (d) monHoe 3Ha4eHHE PasHOCTH CPEIHUX YacTOT B
KosbLe U xabe. pyrue mapamerpsl: a = 1.05, ¢ = 0.01.

Fig. 2. Distribution of average spike frequencies in the network (1) in the (o, k) plane of coupling parameters without noise
influence on the central element (hub): (a) average frequency of the ring elements, (b) average frequency of the hub, (c)
absolute value of the difference in average spike frequencies between the ring and the hub, (d) total difference in average
spike frequencies between the ring and the hub. Other parameters: a = 1.05, ¢ = 0.01.

TOPBIX 3HAYEHUH YIPaBIAIONIUX ITapaMeTpoB. [ onmcaHus OBENEHHS KOJIblla HEHPOHOB M aHaIN3a
M3MCHEHHUH CIaKOBOM aKTUBHOCTHU B KOJIbLIC MPU BapHUallMH YNPABISIONIUX MTapaMeTpOB HUCIOIb30Ba-
JIaCh CPeIHsSA 9acToTa 3aKUTaHuH (CHaiikoB), KOTOpas pacCYUTHIBANACH YCPEIHEHNEM 10 BpEMEHHU U
0 AeMeHTaM Koibla. [[imst xaba TakyKe pacCUUTHIBAIACH CPEIHSS 10 BPEMEHH YacTOTa 3a)KUTaHUH.
Cpenssisi IO BpEMEHH 9acTOTa CIIAHKOB OTJENBHOTO i-To HepoHa (B TOM 4ncie xaba) pacCUnThIBaeTCA
o popmyie
f 1 Ev ( )

rae M; — 3To KonuuyecTBO 3axuranuii i-ro ocuwnistopa GuriXeo-Harymo 3a Bpems AT nocie nepuona
ycranoBiieHus.. CpeqHsist 4acToTa 3a)KMraH|i B KOJIbIIE ONpEAesaeTcs Kak f1 = % > fie

Takke 0OpaTuM BHHMaHKE, YTO B paHee MPOBEeICHHOM HccienoBanuu [40] ObUIO TIOKa3aHO, YTO
B aHcaMOJie U3 MATH JIOKAJhHO CBSI3aHHBIX OocuWuIATOpoB PutnXpio-Harymo, Haxomsmuxcs B BO30y-
JIMMOM pEXHME, BO3MOXKHO BO30YK/IeHHE KOJIeOaHUH TOJIBKO MPU OTPUIATEILHON CHJIE CBS3H MEXKY
snemeHTaMu. [1o3TOMy B XO/ie JaHHOTO MICCIIEAOBAHUS MBI PacCMaTpUBAaeM KaK JOMONHUTEIHbHAS CBS3b C
XaboM, MOXET U3MEHUTh 00JIaCTh 3Q)KUT'aHUS CHCTEMBI Ha TUIOCKOCTHU YIPABIISIONINX [TapaMeTPOB.

1.1. lunamuka aHcamM0/a 0e3 IMIyMOBOro BO3MYILEHHMsI IEHTPAJbLHOIO 3jeMeHTa (xada).
[lepeitnem K MccieqOBaHUIO AMHAMUKHU KOJIbLIA JIOKAJIBHO CBA3aHHBIX OCHMILIATOPOB PuTHXbI0-Harymo
C IEHTPaIbHBIM AJIEMEHTOM (XaboM) Oe3 ryMoBOro Bo3uelcTBHs Ha xal. Bece HelipoHbI ceTn, BKITIoUast
xa0 MJEHTUYHBI U, B OTCYTCTBUU CBSI3€i, HAXOAATCS B BO30OYIMMOM pPEKUME B COOTBETCTBHU CO
3HaueHueM napamerpa a = 1.05. Ha puc.2 npuBeneHsl pacnpeneneHust CpelHUX 4acTOT 3aKUTaHUN
B KOJIbIIE U B Xa0e, a TaK)Ke pa3sHOCTh ITHUX YACTOT Ha TUIOCKOCTU MapaMEeTPOB CBSI3U, TTO3BOJISIFOIINE
OTIpEeNeNNTh 00IaCTH, B KOTOPBIX 3TH YaCTOTHI COBITAJAfOT.

Korza cBsi3u Mex 1y HelipoHaMH KOJIbIla U HEHPOHOB KOJIbI[A C Xa0OM SIBIISIFOTCS AUCCHIIATUBHBIMH
(monmoxuTeNPHBIE 3HAYEHNS O U k) B OTCYTCTBUH BHEIIHETO IIyMa CHaiku B cucteMe (1) He BO3HHKAIOT
(prc.2(a),(b)).

B cnydae quccumaTuBHOMN CBS3M HEWPOHOB B KoJblie (0 > () OTTaNKHUBaIOmas CBI3b C XaboM IpH
k < —0.02 npuBoauT K BO30YyXKIeHHUIO Koebanuii B cucreme (puc.2(a),(b)). [Ipu sTom orrankusaroiee
B3aMMOJICHCTBHE TOPa30 CHIbHEE BIMAET Ha Xab, YeM Ha 3JIEMEHTHI KOJIblla, B pe3ylbTaTe uero, B xabe
BO3HHKAIOT aBTOKOJIeOaHMs, a DJIEMEHTHI KOJIbIIA 3aKUTAr0TCs TI0]] Bo3AelcTBreM xaba. [loaToMy 4acToTht
3a)KUTaHUM 3JIEMEHTOB KOJIbIIAa M Xaba OJIMHAKOBBI BO Beeit obnactu o > 0, k < —002 (puc.2(c),(d)).
Opnako 3ToT 3G EKT He ABIIETCS CHHXPOHU3AIMEH, TaK KaK aKTUBHOCTh JIEMEHTOB KOJIbIIA SIBIISETCS
BBIHYKJICHHOM.
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OtrankuBaromas CBsS3b MEXIY dJIeMeHTaMu Koiblla (0 < () IpUBOIUT K BO3HUKHOBECHHIO
aBTOKOJIeOaHM B Koublie O6e3 B3anmozaeicTBus ¢ xabom. Ilpu BBegeHNH CBS3H C XaOOM Ha CpeTHION
YaCTOTYy CIAMKOB BIHSIOT 00a KoddduienTa cBsa3u: o u k. [Ipu 3T0M, 3aBUCUMOCTD YaCTOTHI 3a)KUTAHUH
OT CHWJI CBSI3H SIBIISIETCSI HEMOHOTOHHOM, XOTSI MOKHO BHJIETH, YTO YacTOTa, B OCHOBHOM, PacTeT IpH
yBeIMUYeHHUHU (TI0 MOJIYJII0) 3HAYCHUI KOA(PQUIIUCHTOB CBS3H MEXy BCEMH dlieMeHTamMu ceTd. OTMeTHM
TPHUBHAIBHBIA PE3yNbTarT, IpeAcTaBiIeHHbI Ha pruc.2(b): HeoOxoarMa HEKOTOpasi HeHyJeBasl CHiIa CBSI3H
AIIEMEHTOB KOJIbIIa ¢ XaboM, 4TOOBI BO30OYIUTh CIIAHKOBYIO aKTHBHOCTB B TIOCJICJHEM, Ha YTO yYKa3bIBAET
HeOoubIIast 00J1acTh OTCYTCTBHS CITAWKOB Xaba sl 3HadeHuH KodduurenTa k BOmm3n Hyms.

Ecnm npu 0 < 0 mMeercs orTajkuBaromas cBsi3b ¢ xabom (k < 0) , To mpu crnaboi oTTan-
KkuBaromei cBsa3u B koubile (0 > ¢ > —0.5) MOXHO HaONIOMATh CHHXPOHU3AIMIO CPETHEr0 YHCiia
3aKUTaHUK B KoJiblie M B Xxabe (puc.2(c)). C mampHEHWIINM yBEIHYCHHEM OTTAJKWUBAIOIICH CBSI3U B
KOJIbLIE CHHXPOHHU3aLMA KoJblla U Xaba Hapymaetcs. [Ipu nuccunaruBHO# cBsi3u ¢ xabom (kK > 0) B
xabe TakKe yCTaHaBJIHMBAETCS aBTOKONeOaTeNbHBIN pexknM. MiMeeTcs orpaHMYeHHBIH WHTEPBAI 3HAYECHUN
0 < 0, B KOTOpOM HaONIOMAeTCsd CHHXPOHU3AIUSA U CPEAHUE YACTOTHI CIAKOB B KOJIbIIE U B Xabe
coBmagaroT. JlanHas obmacts HaxoguTcs B mHTepBasie —0.4 < 0 < —0.3 u KoTOpas HAaTIOMHUHAET SI3bIK
cuHXpoHM3aIuu (puc.2(c)).

IIpoananu3upyem abCONIOTHOE 3HAUCHUE PA3HOCTH CPEeIHEH YaCTOTOW 3a)KUTAHWN B KOJIBIIC U B
xabe (puc.2(d)). O6parum BHUMaHue, uto npu o > —0.02 xal, 11t OONBIIMHCTBA 3HAUCHUN K, HMeeT
JacTOTY CIAMKOB HIDKE, YeM DIIeMEHTHI Kombiia (puc.2(d)). OOparHas cutyarus HaOMIOIASTCsI, KOTTia
CBsI3b ¢ XaOOM SBIISIETCS OTPHIATENHHON (OTTaNKuBaromei) u koagdunuent k menpme —0.02.

1.2. IluHaMuka aHcaMOJIi PM LIYMOBOM BO3[eiiCTBUM LEHTPAJIbHOIO 3JieMeHTa (xada).
B cBs3um ¢ TEM, YTO BCC DJICMCHTHI HCCJ’ICZ[yGMOfI CHCTEMbI HAXOATCS B BO36yI[I/IMOM COCTOSIHHH TOJIBKO
CBSI3W MEX[y 2JIeMEHTaM{ U BHEIIHEe BO3/ICHCTBHE MOTYT BBI3BAaTh B CUCTEME CIAKOBYIO aKTUBHOCTb.
PaccmoTrpuM, Kak U3MEHUTCS MOBEIEHUE CUCTEMBI, OIIMCAHHOE B MPEABIAYIIEM pa3/eiie, IPU BBEACHUN
B Xa0 (IEHTpaIbHBIN 3JIEMEHT) IIlyMa W M3MEHEHHH er0 MHTEHCHUBHOCTH, 3a/1aBaeMoi mapameTpoM D.

Ha puc. 3 npuBeneHs! pacpeelicHus CPeIHUX YacTOT 3aKUTaHUM B KOJIbIE U B Xabe, a Takke
Pa3HHIBI 3TUX YacTOT Ha IUIOCKOCTH TMapameTpoB cBsi3u o U k. IIpu cpaBHeHnu puc. 3 u 2, MOXXHO
BUACTH, UTO O6J'[aCTb CyIHI€CTBOBAHU CIIaliKOB B CHUCTEME YBEJINYMWIIACh, 4 TAKKE HEMHOT'O CIIIaIUJIOCh
pacrpeneneHre YacToT MPH OTTAIKUBAIOIICH CBI3M MEXKIY IEMEHTAMH KOJbITa. J{eCTpyKTHBHBIM acIiek-
TOM BJIMSHHS IIyMa Ha JTUHAMUKY CUCTEMBI SIBISICTCS YMEHbIICHUE 00JIaCTH YaCTOTHOM CHHXPOHHU3AINU
(cpaBuute puc. 2(c) u 3(c)).
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Puc. 3. Pactipesiesienre CpeHNX YacTOT CIaifkoB B ceTd (1) Ha IUIOCKOCTH MapaMeTpoB CBs3H (O, k) MPH HAIMYHA LIyMOBOTO
Bo3zeiicTBus Ha xab ¢ uHTeHcHBHOCTRIO D = (0.001: (a) cpenHsas yacToTa 31€MEHTOB Koiblla, (b) cpenuss yacrora xaba, (c)
abCoIOTHAs BEIMYMHA Pa3HOCTU CPEAHMX YacTOT CIAiKoB B Kojblie U xabe, (d) moiHoe 3HauYeHHe pa3HOCTH CPEHUX YacTOT B
xonbIie u xabe. pyrue mapamerpsl: @ = 1.05, € = 0.01

Fig. 3. Distribution of average spike frequencies in the network (1) in the (o, k) plane of coupling parameters in the presence
of noise influence on the hub with intensity D = 0.001: (a) average frequency of the ring elements, (b) average frequency of
the hub, (c) absolute value of the difference in average spike frequencies between the ring and the hub, (d) total difference in
average spike frequencies between the ring and the hub. Other parameters: a = 1.05, ¢ = 0.01
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Puc. 4. Pacripesierienne CpelHAX YacTOT CraiikoB B ceTd (1) Ha IIOCKOCTH MAapaMeTPOB CBsi3H (O, k) MPH HAIMYHA OIYMOBOTO
BO3/IEUCTBHS Ha Xab ¢ MHTeHCHBHOCTHIO (a)-(d) D = 0.005, (e)-(h) D = 0.01: (a),(e) cpemHsis 4acToTa SIEMEHTOB KOJIBLA,
(b),(f) cpennsist uacrora xaba, (c),(g) abcoaroTHAsT BEJIMYMHA PA3HOCTH CPEAHUX YacTOT CHAWKOB B Kojble u xabe, (d),(h)
MOJTHOE 3HAYEHHE Pa3HOCTH CPEJHUX YacTOT B Konblle U Xxabe. [pyrue mapamerpsr: a = 1.05, € = 0.01.

Fig. 4. Distribution of average spike frequencies in the network (1) in the (o, k) plane of coupling parameters in the presence
of noise influence on the hub with intensity (a)-(d) D = 0.005, (e)-(h) D = 0.01: (a),(e) average frequency of the ring
elements, (b),(f) average frequency of the hub, (c),(g) absolute value of the difference in average spike frequencies between
the ring and the hub, (d),(h) total difference in average spike frequencies between the ring and the hub. Other parameters:
a =1.05, ¢ =0.01.

Brina takxke uccienoBana AMHaAMUKa cUCTeMBI (1) pu APYrUX 3HAUCHUSX WHTCHCHBHOCTH IITyMa B
xabe. [Ipu cpaBHEHUH paclpe/eNICHUs YacTOT, MPEICTaBICHHBIC HA PUCYHKaxX 3, 4, MOXKHO YBHETbH, YTO
KOJIBIIO M Xab MEHbIIIe CHHXPOHU3UPOBaHbl. Hampumep, mepectaer CyiecTBOBaTh S3bIK CHHXPOHU3AIINH,
KOTOpBbIiT Habmomancs panee B obmactu 0 < 0 u k > 0. C apyroit cTopoHs! 3a cuer myma B cetH (1)
MOT'YT BO3HHKATh CHAWKK JaXKe MPH MOJOKUTENbHBIX KodhduItneHTax cBsi3u. OUeBHIHO, YTO CHANKH B
KOJIBIIE TIPOMCXOAAT OJHOBPEMEHHO BO BCEX DJIEMEHTaX M C TOHM K€ YaCTOTOMU, UYTO U B Xabe, OCKOJIBKY
BO3HUKAIOT O/ BO3JEHCTBHEM CIyJYailHBIX 3aKUTaHui xaba (puc.3, 4, 0 > 0, k > 0). Takxke obparum
BHHUMaHHe, 4TO B ciydae ¢ > () pasMep o0JacTy U CTENeHb PACCHHXPOHM3ALUH (BEIMYHHA Pa3HOCTH
MEXIy CPETHUMH YaCTOTAMH) HE 3aBHCHUT OT CHJIBI CBS3M MEXY dIeMeHTaMH KoHTypa. U aTa obnacth
PacCHHXPOHU3ALWHU TOJBKO YBEJINYMBACTCS C YBEIMUCHHEM MHTEHCHBHOCTH IIyMa, II0aBaeMOro Ha
HEHTPATbHBIA JIEMEHT UCCIIEyeMO CHCTEMBI.

2. lunamMuka TpexciaoiiHoii cetu HelipoHoB ®utuXnio-Harymo

IlepelineM k UCCIIEOBAaHUIO TPEXCIOMHOM crcTEMa, B KOTOPOM BHEIIHUE CJIOE — KOJIbLIA JIOKAJIBHO
CBSI3aHHBIX OcIULIATOPOoB PuTHXbI0-Harymo (5 aneMeHTORB), a cpenHuid (mepenatontuii) — OMMHOYHBIN
ocumiuisiTop @XH, Ha pucyHke 5 npuBeieHa cxeMa UcciieqyeMon ceTu. JlaHHas cucTeMa ONKUChIBAETCS
TOM K& cHCcTeMOil ypaBHEeHH, 4To Obuta BBeleHa paHee (1), ogHaKo H0OaBIIETCS JOTIOIHUTEIHHBIE
YpaBHEHUS, KOTOPhIC OMKCHIBAIOT €Ie OJMH CJIOH B cucTeMe. TakuM o0pa3oM, YpaBHEHHE TPEXCIIONHOM
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cetu ocumiuiATopoB dutuXsro-Harymo umeror Bu:

3
u .
. 1
€Uy = Ul — *31 — 013 + 01(Uri—1 — 2u1i + uti+1) + k1 (Unup — w1i), 3)
U1, = uy; +aq,
3
Us -
. 2
Elg; = U — 73’ — Vi + 02(u2i—1 — 2u2i + u2i+1) + k2 (Uhup — u2i),
U2; = U + ao,
U3 5 5
. hub
Elpyy = Uhub — 3“ — Vpup + k1 E (1 — unup) + ko E (u2j — Unub),
j:l j:l

Ohub = Uhub + Ghup + V2DN (1),

Ilepemennsble u1;, v1; 3a0al0T COCTOAHUS HENPO-
HOB TIEPBOTO CJIOS (KOJIBIIA), TIEPEMEHHBIC U9, V9;
3a[1aI0T COCTOSIHUSI HEHPOHOB BTOPOTO CIOSI (KOJb-
11a), IEPEMEHHBIC Upqyh, Vhyh OMHACHIBAIOT COCTO-
ssHHE 00IIero aneMeHra (xaba), yepe3 KOTOpbId
OCYIIECTBISETCA B3aUMOJICUCTBUE BHEIIHUX CJIO-
eB cetd, ¢ = 1,2,...,5 — HOMEp dJeMEHTa B
KOJIbIIE. DIEMEHTHI KOJIeIl M O0Iuii IeMeHT (xab)
MOJIaraJINCh UACHTUYHBIMU CO 3HAUEHUEM Mapa-
METPOB a1 = a2 = Gpyp = 1.05, cCOOTBETCTBY-
FOIIAM BO30YIUMOMY PEKHUMY B OTICITHBHOM HEWH-
pore. KoadpuieHT cBsi3u 3JIEMEHTOB BTOPOTO
KOJIbITa ObLT 3adukcupoBad 02 = —0.15, a ko3¢-
(UIHMEHT CBSA3U MEPBOTO KoJblia 01 MeHscs. [Ipu
TaKUX 3HAYCHUSIX TTapameTpa BO30OYAMMOCTH U CH-
JIBI CBSI3U MEXKY DJIEMEHTaMH B 3TOM aHcamOlie B
Puc. 5. Cxemarndeckoe npeacraBieHUe cBs3ei B ancamoOe (3). OTCYTCTBUHU CBSI3U C xaboM HaOIoaroTCs Kojieha-
IapaMeTper 01,2 COOTBETCTBYET CHJIC JIOKAIbHOM CBA3M MeX1Y Hus. J[1s HaOmoaeHus 3 (eKkra CHHXPOHU3auH
9JIEMEHTAaMH BHEIIHHX CJIOEB, K1 2 — CHJIA CBA3H C XaboM. IePBOTO 1 BTOPOT0 aHCaMOIIeii CHIIbI BHYTPHCION-
Fig. 5. Scheme of coupling in the ensemble (1). The parameters yoii cBsI3U HEPBOIO KOJIbIA U3MEHSIACH B OKPECT-
01,2 correspond to the local C(?upling strquth between ele;ments HOCTH 3HQYEHUs CHJIbI CBA3H BO BTOPOM KOJIBLE
of the outer ensemble, k2 is the coupling strength with the . .
hub. ’ 01 € [—0.25,—0.05], a cra MeXKCIOHHOM CBA3H
ki =kos=ke€ [—0.01, 001]

2.1. luHaMHuKa TPeXcJI0HHOM cMcTeMBbI B OTCYTCTBUH Iyma B xade [Ipu BeIOpaHHOM 3Haue-
HUU 02 = —(0.15 B IepBOM KoJIbIIe B OTCYTCTBHHU B3aMMOJIEHCTBHS C XaOOM HaOJomaeTcsi aBTokone0a-
TeNbHBIN pexuM. Bo BTOPOM KoJIbIle IpH COOTBETCTBYIOLINX 3HAYEHHUAX 01 TaKXKe MOTYT BO3ZHUKHYTh
aBTOKOJI€OaHUs. B pexuM aBTOKOIE0aHNI MOXET TIEPEeUTH 1 Xa0, ecii X0Ts ObI OAWH U3 K03(HUINEHTOB
k1 u ko Oyner orpunarenbHbIM. COOTBETCTBEHHO B TPEXCIOMHOW CETH MOXKHO HaOJIIOAATh CHHXPOHHU3a-
LUIO CIIalIKOBOM aKTUBHOCTHU KOJIEIl, B3aUMOJAEHCTBYIOIIUX depe3 Xab u camoro xaba. Mccinenopanus
MOKa3aJM, YTO TIPH BBEAECHUH KaK AUCCUIIATUBHOM, TaK M OTTAJIKUBAIOIECH MEXCIONHON CBA3H BO3MOXHO
[IOJTyYUTh COBIIAJICHHE CPEAHNUX YAaCTOT JIEMEHTOB CHCTEMBI, IIPH 3TOM aMILTUTYBI, (Pa3sl U Qa3oBbIe
MIOPTPETHI IEMEHTOB CUCTEMBI OTIIMYHBI APYT OT JIpyTa.

st Gosee neTaqbHOTO UCCIENOBAHUS BIMSHUSL BHYTPUCIOWHOM CHUJIBI CBSI3U B IIEPBOM KOJIBLIC
U CHJIBl MEKCIIOMHOM CBSI3M HAa BO3MOXXHOCTh CHHXPOHHM3ALMU 3JIEMEHTOB B TaKOH cucTeMe ObLIN
IIOCTPOEHBI paclpeAeeHus] CPEAHUX YacTOT U pa3sHOCTEN CPEAHHUX YaCTOT MEXIY PasHBIMU CIIOSIMHU
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Puc. 6. PacnpenesnieHne cpeqHHX YacTOT CHAadKOB B ceTd (3) Ha INIOCKOCTH MapaMeTpoB CBs3u (01, k) HPH OTCYTCTBHH
[IyMOBOTO BO3ICHCTBUS Ha Xab: (a) CpemHsst 4acToTa 3IEMEHTOB mepBoro ciios, (b) cpemnsas yactora xaba, (C) CpeaHsAA YacToTa
JJIEMEHTOB BTOpPOTO cJosi, (d) abCoNroTHAS BENMYMHA Pa3HOCTH CPEIHUX YACTOT CIAMKOB B MEPBOM M BTOPOM CIIOSX, (€)
a0COMIOTHAS BENMYHHA PAa3HOCTH CPETHHUX YaCcTOT CIIAMKOB B TIEPBOM ciioe u xabe. [lpyrue mapamMeTpsl: a1 = a2 = apup = 1.05,
oo = —0.15, ¢ = 0.01.

Fig. 6. Distribution of average spike frequencies in the network (3) in the (o1, k) plane of coupling parameters without noise
influence on the hub: (a) average frequency of the elements of the first layer, (b) average frequency of the hub, (c) average
frequency of the elements of the second layer, (d) absolute value of the difference in average spike frequencies between the
first layer and the second one, (e) absolute value of the difference in average spike frequencies between the first layer and the
hub. Other parameters: a1 = a2 = apup = 1.05, 02 = —0.15, £ = 0.01.

(puc. 6). B cBs3u ¢ Tem, uyTo Xab HAXOMUTCS B BO30OYyOUMOM pexuMe (ap,, = 1.05) HeoOxomuma
HeOoITbIIIast HeHyJIeBast CHiIa MEXCIIOMHOM CBSA3M, YTOOBI BO30OYINTH B HEM KOJIeOaHUs, M TOIBKO MOCTe
3TOTr0 BO3MOXKHA CHHXPOHU3AIMS 3JeMeHTOB ceTh (puc.6,(b)). OOpaTuM BHUMaHHUE, YTO MIPHU BBEICHUE
TIOJIOKUTENBHON (JMCCUITaTUBHON) MEXCIIOWHON CBSA3M CPETHSIS YacTOTa KOJIeOaHHi DJIEMEHTOB B IEPBOM
Y BTOPOM KOJIBIIAX TIOYTH HE U3MEHSAETCSI, B TO BpeMs, Kak 1pu k < () OHa yBeJIHMYHBAETCS C YBEITHUCHUEM
CHJIBI MEXKCIIOWHOM CBSI3M MO MOAYIHO (puc. 6,(a),(c)).

Kak MoxHO BUACTH M3 pUCYHKOB 6,(d),(€) B cHcTeMe BO3MOXHO HAONIOMCHUE CHHXPOHU3AITUH
JIEMEHTOB ceTH 1o dactore. CoBNajeHHe CPEeTHUX YacTOT SIBISAETCS CIEACTBHEM CHHXPOHM3AIUH
aBTOKOJIeOaHNH, BOSHUKIINX B CIIOAX CeTH W B Xxabe. CHHXpOHHM3AIMA UMEEeT MECTO B ITUPOKOH obracTu
3HAYCHUH TAPaMETPOB CBSA3H, 32 UCKIIOUCHUEM I10JIOCH 3HaUYeHui k BOMu3u Hyns (puc. 6,(d)). I1pu atom
CHHXPOHM3AIUS MEXIAY BHEITHUMH CIIOSMH JIOCTUTAETCS 3a CUCT CHHXPOHU3AINU ¢ XaboM (puc. 6,(¢)).

2.2. JluHaMuKa TPexc/I0iHO# cucTeMbl B NPUCYTCTBMHU IIymMa B xa0e bruio nposeneHo
UCCIIEIOBAaHUs BIMSHUE aJIUTUBHOTO OEOro raycCOBCKOTO LIyMa, BBEACHHOTO B Xab (reHepaTop mryma
! ¢ uHTeHCHUBHOCTBIO D), Ha BO3MOXHOCTH CHHXPOHHM3AllMU BHEIIHUX cjoeB. Kak M ciemoBano
OXHJIIATh IIyM B Xale yXy[IIaeT CHHXPOHHM3ALMIO CIIOEB, AJs ee HaOmroaeHus Tpedyercs: Oonplias
chyia MECHKIIOWHOH cBsizu (puc. 7). OOparuM BHHMAaHHE, YTO B OTCYTCTBHHM IIyMa Ha INIOCKOCTH
napamerpoB (01, k) B OTPHLATEIBHON 00TaCTH MEKCIONHOW CBSI3M MPHCYTCTBOBAI JOMOTHUTEIBHBIX
SI3BIK CHHXPOHHU3AIIUH, KOTOPBIH HAXOJUTCS HE B OKPECTHOCTH O] = O2, @ OTXOAUT OT HETO B CTOPOHY
01 < 02 (puc. 6). JlaHHBIi SA3bIK CHHXPOHHU3ALMK CTAHOBUTCS OoJiee SIPKO BBIPaKEHHBIM IIPH BBEICHUH B
cucTeMy nryma (puc. 7), IpH 3TOM CUMMETPHUYHO HEMY TaKas jke 00JIacTH CHHXPOHHM3AI[K HAaOI0AaeTCs
npu k > 0. B 3T0ii 061acTi CHHXpPOHM3aLUs BHEIIHUX CJIOEB 4acToTa KojeOaHuil xaba oTnu4aeTcst OT
CpeIHel YacTOThl KoieOaHHi BHELTHUX CJIOEB.
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Puc. 7. PacripefielieHHe CPEIHUX YACTOT CIAMKOB B ceTH (3) Ha IIIOCKOCTH MapaMeTpoB CBA3HU (01, k) B IPUCYTCTBHH IITyMOBOTO
Bo3zeiicTBus Ha Xab ¢ mHTeHCHBHOCTRIO D = 0.01: (a) cpexHss 4acToTa >IeMEHTOB HepBoro cios, (b) cpenHss gacToTa xaba,
(c) cpenmHss yacToTa IEMEHTOB BTOPOro ciosl, (d) abcomoTHas BeTUYMHA Pa3HOCTH CPEAHUX YAaCTOT CHAMKOB B IEPBOM H
BTOPOM CJI0IX, (€) aOCOIOTHAs BEIMYMHA PA3HOCTH CPEJIHUX YaCTOT CIIAHKOB B IEPBOM cioe U xabe. Jlpyrue napaMmerpsl:
a1 = a2 = AQhub = 1.05, O = 70.15, e = 0.01.

Fig. 6. Distribution of average spike frequencies in the network (3) in the (01, k) plane of coupling parameters in the presence
of noise influence on the hub with intensity D = 0.01: (a) average frequency of the elements of the first layer, (b) average
frequency of the hub, (c) average frequency of the elements of the second layer, (d) absolute value of the difference in average
spike frequencies between the first layer and the second one, (e) absolute value of the difference in average spike frequencies
between the first layer and the hub. Other parameters: a1 = a2 = apup = 1.05, 02 = —0.15, € = 0.01.

3akjoueHue

IIpoBeneHHbIE HCCIEI0BAaHUS CIIAMKOBOM aKTUBHOCTH HEMPOHOB B JIBYX HPOCTBIX MOAEIAX HEU-
POHHBIX CeTel MoKa3au, YTO AaXe B HEOONBIINX aHCAMOISIX, COCTOAIINX U3 HACHTUYHBIX BO3OYIHMBIX
HEHPOHOB C MPOCTOI TOIOJIOTHEH CBA3EH, MOXKHO ITOJIyYHUTh Pa3HOOOPa3HBIE MPOSBICHUS CIAKOBOI
aKTHBHOCTH, B 3aBUCHMOCTH OT XapaKTepa U CHJIBI CBsA3eH. BakHyI0 ponb UrpaeT Halu4ue OTTaJIKUBAlo-
IIUX B3aMMOJICUCTBHH, KOTOPBIE MOTYT BBI3BAaTh MepeXo] HEHPOHOB B PEXHUM aBTOKOJIEOaHUH, B KOTOPOM
HEHPOHBI OyAyT reHepHpOBaTh CIIAWKN B OTCYTCTBHHU LIyMa U BHEIIHMX HUMITYJIbCOB.

IlepBas paccMOTpeHHass MOZEIb MPEACTABIAET COO0M KOIBIIO JIOKATHHO-CBSI3aHHBIX HEHPOHOB,
B3aMMOACHCTBYIOIIMX C LEHTPAIbHBIM 3JIeMeHTOM (xabom). Konblio HelipoHOB U Xab COCTABISIOT I1BE
pas3nnyalonecs YacTH CUCTEMBI, B KOTOPBIX, MIPH ONPEIENIEHHbIX MapaMeTpax CBSI3M MOTYT BO3HUKHYTh
aBTOKOJIE0AHUS C PAa3HBIMU 4acToTaMu. B pabore ObUIO YCTaHOBIEHO, YTO B 3TOM CIIydae B HEKOTOPOH
00J1acTH 3HaYCHUH TapaMeTpoB CBA3M HaOmonaeTcst 3pPeKT CHHXPOHU3ALUH CPEIHUX YacTOT CHalKoB B
KosbLie U xabe. Bo3MoxHO Takxke BO30yKAeHHE aBTOKOIEOaHUH TOJIBKO B KOJIBLE MJIM TOJNBKO B xabe. B
3TOM Clly4yae B JPYroi 4acTH CUCTEMBI Takxke OylyT BOSHMKATh OMHOBPEMEHHBIEC CIIAKHU, KaK pe3yabTar
BO3JIEHCTBUS aBTOKOIECOAHUH Ha TACCUBHYIO YaCTh CHCTEMBL. TakuM 00pa3oM, CpeqHHEe YacTOTHI 3aKUTa-
HUMH B KOJIbLIE U B Xabe MOTYT COBIaJaTh, HO MOTYT TaKKe Pa3inyaTbcs. BennunHa 4acToT 3aKUraHuii,
WX COBIIAJICHUE WM Pa3InYhe B KOJNbBIIE U Xa0e YIpaBisroTcs Kod(p(UIIMEHTaMH CBsI3U HEHPOHOB B
KOJIbLIE ¥ HEWPOHOB KoJblia M Xaba. BBenenne cnaboro nryma B Xxab Mano BIMSET HA KapTHHY paclpesne-
JICHHUS CPEJHHUX YaCTOT, OHAKO C POCTOM MHTEHCHBHOCTH IIyMa 3P (EeKT CHHXpOHHU3AINHN pa3pylIaercs,
a B 00JIaCTU JMCCUNATHBHBIX CBA3EH BO3HMKAIOT MHAYLMPOBAaHHBIC IIYMOM CTOXaCTUYECKUE CIIalKH.

Bropas Mozens npeacTapisiia codoii 1Ba Kolblia HEHPOHOB, CBA3aHHBIX uepe3 o0muii xad. B aTom
cllyyae y CHCTEMBI BBIIEJISIOTCA TPH YacTH: 1Ba KoJiblla (BHEIIHMX cJIos) U xa0. Bce HelipoHsb! kosen u
Xa0 monaraaich HASHTHYHBIMH M UX TTapaMeTphl COOTBETCTBYIOT BO30yIMMOH THHAMUKe. B 3aBucumocTn
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0T BBIOOpA CBA3EH MOXKHO HAONIONATh Pa3HbIC YaCTOTHI CIIAWKOBON aKTUBHOCTH B TPEX YACTSIX CHCTEMBI
W PEXHM, KOTJIa CpeTHHE YaCTOTHI CIIAKOB COBMaaroT. 1 maHHOW Mojenn ObUT pacCMOTPEH cirydait
TOJIBKO OTTAJKUBAIOIINX CBs3€il BHYTPH KOJIEL, B TO BpeMs Kak B3auMoJieficTBHe ¢ XaboM MOIJIO OBITh
Y OTTAJKHBAIOIIMM, U JUCCUIIATUBHBIM. B pe3ynbrare OTTAJIKUBAIOILIEIO XapaKTepa CBA3EH B KOIbIax
YCTaHAaBIIUBAJICSI ABTOKOJICOATEIBHBIM PEXUM M BO3HHMKAJIa CHAilKoBasi aKTUBHOCTH, MPUYEM YacTOTa
3KHTaHUN OTpeaesuiach KoddduimeHTaMu cBsI3el 1 OblIa pa3sInIHON IS HEB3aUMOICHCTBYFOIITIX
Konell. B3anmonelicTBre koien yepe3 oOmuii Xxad mpu COOTBETCTBYIOIEM BBIOOPE apaMeTPOB CBI3H
MPUBOAMIIO K CHHXPOHHU3AINH CPEIHUX YacTOT 3KUTaHUHA B ABYX KOJbIax. D(PeKT cHHXpoHU3aun
HaOIIO/IaNCs KaK MPH TUCCUNIATUBHOMN, TaK M MPH OTTAIKUBAIONIEH CBS3M KOJIEIl C XaOOM, IPU 3TOM
B 000MX CiIy4astX CHHXPOHH3AIHs KOJIEI| HaOJofalach MpY YCIOBHHM CHHXpOHHM3aruu xaba. [llym,
no0OaBIIeHHBIN B Xa0, yXyAllaeT CHHXPOHHU3AIUIO CiI0eB. B To ke Bpems IpH BO3[eiCcTBAM Iiyma ObLia
oOHapy’keHa HeOoJbIlasi HOBast 00JaCTh CHHXPOHMU3ALMHU HA IUIOCKOCTH MTapaMeTPOB CBA3M, B KOTOPOit
CpeHsS 4acToTa 3a)KUTaHUH B 000X KOJIBIIaX OIMHAKOBA, IPHYEM OHA OTIMYAETCS OT CPeIHEeH YacTOTHI
3aKUTaHui B xabe.

CrnemyeT OTMETHTD, YTO B JaHHOM HCCJIeIOBaHUH Oblia MOJTydeHa JIMIE caMasi 001as KapTuHa
CHaKOBOW aKTUBHOCTHU BO30YIUMBIX HEHPOHOB B IBYX PACCMOTPEHHBIX MOJICIISX CETH, © MHOTHE JIETalIN
MOBE/ICHNS HEHPOHOB OCTAINCh HE BBIACHEHHBIMH. JlambHEHIIIIEe NCCIeIOBAaHNS TTO3BOJISAT YTOUYHUTH
HESICHBIC JIETaIH MOBEICHUSI, MEXaHHU3Mbl BOSHUKHOBEHUS CIIAKOB U OCOOCHHOCTU UX CUHXPOHU3ALIMH.
OnHako yxe ceffdac MOXKHO CIIeNIaTh BBIBOJ O TOM, YTO CBSI3M UTPAIOT BAKHYIO POJb B (JOPMUPOBAHHUH
CMaHKOBOW aKTUBHOCTH BO30YAMMBIX HEHPOHOB, KOTOPHIE B OTCYTCTBUM OTTaJKUBAIOIIUX B3aWMO-
JIEUCTBUI HAXOAATCS B COCTOSIHUU MOKOs. KOHTpOJIb CUIIbl CBSI3€H MO3BOJIAET YNPABIATH CIANKOBOM
AKTUBHOCTBIO CETH, JOOMBAsICh CHHXPOHHM3AINY CPETHUX YaCTOT 3Q)KMTaHHUK Pa3HBIX TPYII HEHPOHOB
WJIM UX PAacCOTIIacOBaHUSI.
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