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AHHOTaLMA. WccnefoBaHne HeNMHeNHOW AMHAMUKN U KONNEKTUBHOTO MOBEAEHNS 3N1eMEHTOB

B CETAX CBA3AHHbIX OCLMANATOPOB ABASETCA aKTyaNbHON 3afaueil AN MHOMUX HayuHbIX AUC-

umnanH. 06bEKTOM UCCnefoBaHWS B paboTe SBAAKOTCA CeTH, COCTOALLME U3 PAZNOTEXHNYECKMX - ~
mozeneii AEHTUYHbIX ocumnnaTopoB ®uTuXbro—Harymo. JKCnepuMeHTanbHO MccnefoBanach
CnaiikoBasi aKTMBHOCTL CETW, COCTOALLEN U3 C(BA3aHHBIX MEXAY C060ii BO36YAMMbIX aHANOrOBbIX ~
reHepatopos ®utuXbro—Harymo. KonnektusHoe nosefieHne 3N1eMeHTOB PacCMOTPEHO CHavana HAy"I H bl V'
B KofibLie reHepatopoB ®uTLXblo—Harymo, cBi3aHHbIX OTTaNKMBAKOLLMMU AUDOY3NOHHBIMU CBS-
35MU, @ 3aTeM B TPeXCIOAHOM CeTH, cocToALLeil U3 ABYX TaKMX KOMeLl, CBA3aHHbIX Yepe3 o6uui OTH EN
xab, Toxe npegcTaBnstoLWmii coboii reHepatop ®utuXblo—Harymo. Mockonbky B paguodusnye-
CKOM 3KCMepUMeHTe HEBO3MOXHO A0OMTHCA MONHON MAEHTUYHOCTM aHANOrOBbIX FeHepaTopoB, \ J
Mbl UNCTIEHHO MCCIeA0BAN BANAHWE C1aboii HeuaeHTUYHOCTI ocLmMansTopoB PutuXsio-Harymo N\
Ha WX KONNEKTVBHYIO AMHAMIKY W1 CPABHUAM MONYYEHHbIE Pe3ynbTatbl C IKCMIePUMEHTANbHBIMM.

WccnegoBana CMHXPOHM3aLIMS aHANOrOBbIX reHepaTopoB B TPEXCMIOMHON CETM NPU U3MEHeHUN

K03 duLenTa CBA3N MEX/Y reHepaTopammu 0FHOr0 U3 Konewy 1 Ko3pdULMENTa CBA3N MeXAY Xa-

60M 1 reHepatopamm B 0601X koNbLiax. [lokasaHo, uTo B KosbLie reHepatopos PuTLXblO-Harymo

B Pagvopu3nNyeckom dKcnepuMeHTe HabnoAANTCA pasnnuHble KonebatenbHble pexuMbl npu

(MKCMPOBAHHBIX 3HAUEHWSAX NapaMeTPOB BO3OYANMbIX TeHepaTopoB. 3TH PeXUMbI OTIMYAKTCH

YacToToN CN1el0BaHNS CMAitkoB 1 CABMIOM (a3 MeXay KonebaHAMN pasnnuHbIX reHepaTopoB

B Ko/bLie. OBHapyXeHO CyLLecTBOBaHWe MepPekNUeHMii MeXAY 3TUMI KonebaTenbHbIMU pexu-

Mamu. MoKa3aHo, 4To NPy OTTANKVBAOLLNX CBA3SX reHepaTopoB PutLXbio—-Harymo BHyTpM Konel

1 OTTaNKMBAIOLLMX MEXCIOMHBIX CBA3AX (CBA3AX C XaOOM) BO3HMKAET YACTOTHas CMHXPOHM3ALINA

konebaHuil Bcex reHepaTopoB ceTu. MlonyyeHHble pe3ynbTaTbl MOTYT 6biTb BOCTPE6OBaHbI MU pe-

WEHNN 33aY YNPaBNeHNs CUHXPOHM3aLMeN B CNAIKOBbIX HEIiPOHHBIX CETAX.

Kntouesble cnoBa: ocyunnstop ®utuXblo—Harymo, cnaiikoBas HelipoHHas ceTb, Xab, pagnodu-
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Abstract. Background and Objectives: Since the neural networks of the brain have a multilayer structure, multilayer networks of interconnected
model neurons are used to simulate and study their complex dynamics. A central role in establishing and maintaining effective communication
between brain regions is played by so-called hubs, which are network nodes connected to many other network nodes. The object of study in
this work is a network of model neurons coupled via a hub. We used FitzHugh-Nagumo neurooscillators as node elements of the network.
Materials and Methods: The spiking activity of a network consisting of interconnected excitable FitzZHugh-Nagumo analog generators was
experimentally studied. The collective behavior of elements is considered first in a ring of FitzHugh—Nagumo generators connected by repulsive
diffusive couplings, and then in a three-layer network consisting of two such rings connected viaa common hub, which is also a FitzHugh-Nagumo
generator. Since in a real experimental setup it is impossible to achieve complete identity of analog electronic generators, we numerically studied
the effect of weak non-identity of FitzHugh—Nagumo oscillators on their collective dynamics and compared the results obtained with experimental
ones. The synchronization of analog generators in a three-layer network was studied when the coupling coefficient between the generators of one
of the rings and the coupling coefficient between the hub and generators in both rings were varied. Results: Diagrams of the average frequency
of spiking activity of generators in each layer of the network have been constructed when the coupling coefficients between the generators of the
second ring and between the hub and generators in both rings are varied. It has been shown that in a ring of FitzHugh—Nagumo generators in a
radio physical experiment, various oscillatory regimes are observed at fixed values of the parameters of the excitable generators. These regimes
differ in the frequency of spikes and the phase shift between the oscillations of various generators in the ring. The existence of switchings between
these oscillatory regimes has been revealed. It has been shown that with repulsive couplings of FitzHugh-Nagumo generators inside the rings and
repulsive interlayer couplings (connections with the hub), frequency synchronization of all network generators occurs. Conclusion: The obtained
results can be used when solving problems of synchronization control in spiking neural networks.
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BeepeHue

UccnenoBanue HeMMHeWHOW JUHAMUKU U KOJI-
JIEKTUBHOTO TIOBE/IEHHsI JIEMEHTOB B CETAX CBs3aH-
HBIX OCLIWIIATOPOB TPEACTaB/sIeT OO/BIION WUHTe-
pec it MHOTMX HayuHbIX auciurivH [1-3]. Oco-
OEHHOCTH AVHAMUKH CeTel OTIpe/ie/isitoTCs He TOMb-
KO CBOWCTBaMH Y3/I0BBIX 3JIEMEHTOB CETH, HO H
apXUTeKTYPOU U TUTIOM CBsi3eid Mexy y3namu. s
MHOTHX peayibHbIX CeTell XapakTepHa MaciuTabHas
VHBAapUAHTHOCTb, TIPM KOTOPOU OOJBIIMHCTBO 3-
JIOB CBSI3aHO C MaJibIM YWC/IOM JPYTUX 37€eMEeHTOB
CeTH, a CPABHUTEILHO Majioe UHC/IO Y37I0B, Ha3bl-
BaeMbIX XxabamM, CBSI3aHO CO MHOTHUMHM JIPyTUMU
y3namu [4]. K Takum 6e3MaciiTabHbIM CeTSIM, UMET0-
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UM Xabbl, OTHOCSTCSI, HATIPUMeD, HeHPOHHEIE CeTH
rOJIOBHOTO Mo3ra [5]. Xabbl UrparoT 1[eHTPaTbHYI0
pOJib B YCTaHOBJEHUU U TOAZAep)KaHuM 3¢(deKTrB-
HOW KOMMYHHKALIUM MeXIy 00JIacTsIMH MO3ra, uTo
KPUTHYECKH Ba’KHO J|JIS €r0 340pOBOro (hYHKLIMOHH-
poBanus [6, 7].

[TockonbKy HeHpOHHBIE CETH TOJIOBHOTO MO3ra
MMEKT MHOTOCJIONWHYI0 CTPYKTYypy [8], ans mope-
JIVPOBAHUS U W3YUEHUsT UX CJIOKHON [JUHAMUKU
WCTIOJH3YIOT MHOTOC/IOMHBIE CeTH CBSI3aHHBIX OCLIUJI-
JsiTopoB [9—11]. Ba)kKHbIM BOIIPOCOM TPU 3TOM SIBJIS-
eTcs BBIOOp criocoba CBSI3M MeX[y y3/1aMH, TIPUHa/-
JIeXXal[UMH pas3HbIM c/1osiM cet. OiuH U3 Haubosee
MPOCTBIX CIOCOOOB MEKC/IOWHOW CBSI3U MCITO/B3Y-

HayuHbivi oTgen
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eTCsl B MYJIETUIIJIEKCHOW CeTH, B KOTOPOU Bce C/IoU
MHOT'OC/IOMHOM CeTH WMEIOT OJWH U TOT ke Habop
y3/I0B, a CBfI3b MEX/y C/lI0SMH OpraHH3oBaHa Ta-
KuM 00pa3oM, UTo i-i y3es1 j-TO CJIosl CBSI3aH JIWIIb
C coceHuM i-M y37om (j — 1)-ro u (j + 1)-ro crost.
[Toka3aHo, YTO B TaKUX MY/IBLTUITIJIEKCHBIX CETSIX MO-
JKeT HabMo#aTbCsl CUHXPOHHU3ALMsS KomebaTeTbHBIX
pexxumoB [12-14]. MccnenoBaHre MHOTOC/TIOMHBIX
CeTel, CBs3aHHBIX uepe3 Xab, SB/IAETCS TOoKa Masio-
M3yueHHOU 3aziaueit [15]. Bmecte ¢ Tem u3yyeHue
TaKUX CeTell MpeZCTaB/sieT UHTepeC, Tak Kak MX ap-
XUTEKTYPa YUUThIBaeT OJHOBPEMEHHO YU MHOTOCJIOM-
HOCTBH PeaylbHBIX CeTell TOJIOBHOTO MO3Ta, ¥ HaJTMure
B HUX XaboB.

[Ipu MopenvpoBaHUM HEWPOHHBLIX CeTell Mo3ra
B KayeCTBe Y3/I0BBIX 37IEMEHTOB CETU WCIIOJIb3Y-
10T OMOJIOTHUECKY PeaTUCTUUHbIE MOZETH HEHPOHOB
B BUJe HeJMHEMHBbIX AWHAMUUYeCKuX cuctem [16,
17]. Takue Mofe/ibHbIe HEHPOHBI MOTYT J€MOHCTPH-
POBATh MPUCYIIYI0 peabHbIM HelpOHaM CJIOKHYIO
IVHAMKKY, B TOM UHWC/Ie TeHepUPOBaTh CalKu
(MMMyJIBCBI), @ TOCTPOEHHBIE U3 HUX CETH, Ha3biBae-
MbIe CITAKOBBIMU HEPOHHBIMU CETSIMU, TT03BOJISIIOT
3¢ heKTUBHO MOJEIMPOBATh TPOLIECCH 06paboTKu
vHbopMaLuKi royioBHeIM Mo3rom [18-20]. B pas-
HOM paboTe MbI MCITO/h30Bald HEMPOOCII/IISTOPhI
OuryXeto—Harymo [21] B KaduecTBe Y370B CETH.
Cetn, cocrosiive W3 OCLHWIISTOPOB DUTHIXBIO—
Harymo, 0b111 ZIoCTaToYHO MOAPOOHO HUCCIIeI0BaHBI
YUC/JIeHHO TIPY Pa3/IMUHOM THIle CBSI3U OCLIW/ISTO-
poB [22-27].

3afiaua sKCriepyuMeHTaIbHOTO UCC/Ie/JOBaHMS Ce-
Tell CBs3aHHBIX OCLUWLIATOPOB PutyXsto—Harymo
SIBISIETCSI MEHee U3yUeHHOMH, a CBsi3aHHbIe uepe3 Xab
ancam6su ociuisTopoB PutiiXsro—Harymo pasee
He HCCefloBaUCh 3KCIepuMeHTanbHo. B maHHOM
paboTe KOJUIEKTHBHAsI TUHAMHKA aHATIOTOBBIX TeHe-
patopoB ®dutuXbsto—Harymo BriepBble pacCMOTpeHa
Ham¥ B pafiiou3nueckoM 3KCIiepuMeHTe Ha rpuMe-
pe TPeXCJIOWHOM CeTH, BHEIIIHWE CJIOM KOTOPOU Tpe/i-
CTaB/IsAOT coboM Kosiblia Auddy3UOHHO CBA3aHHBIX
reHepaTopoB, a BHYTPeHHUH /0¥ NpeJcTaB/sieT Co-
6011 xab, OCy1I[eCTBIISIOIINI CBSI3b MEX/Y KOJBLIAMU.

1. O4MHOYHBII aHCAMO6b JIOKA/IbHO CBA3AHHBIX
redepatopos ®utyXbo-Harymo

B KauecTBe y3710BOro 3/1leMeHTa MHOTOC/IOMHOM
CTIaliKOBOW HeWPOHHOW CeTH BO3bMEM OCIWIISITOD
®utiXbto—Harymo, KOTOpbIi SIB/ISIETCST 3Ta/lOHHOM
MOJIe/bI0 BO30YIUMOM AUHAMUKY HEHPOHOB U OMHU-
CBIBAETCSI CIIEAYIOIMMY MOZeTbHBIMU TUddepeHy-

Paanogmsnka, INEKTPOHNKa, aKyCTUKa

aZlbHbIMK ypaBHeHusiMH [21]:

— (1),
=u(t)+a,

M

r7ie u(t) OMUCHIBAET TUHAMUKY akTHBaTopa (6bICTpOi
MepeMeHHO#), U(f) OMMCBhIBAaeT AWHAMUKY WHTHOU-
Topa (Me[jieHHON TlepeMeHHOMN), Masiblii TlapameTp
€ OTBeuaeT 3a pa3/e/eHye BpeMeHHbIX MacIITaboB
ObICTpOI 1 Me/ITIEHHOM TTepeMEeHHBIX, d — TTOPOTOBbIM
napametp. IIpu a < 1 ocuunnsitop (1) AeMOHCTpU-
pyeT mepuoguyecKre aBTOKojeOaHus, a mpu a > 1
HaXOJWTCS B BO30YAMMOM COCTOSIHUM, TIPHU KOTOPOM
reHepaLusi ClaifkoB OTCYTCTBYeT.

Octyniarop @uTuXpio-Harymo MoxeT ObITh
JOCTaTOUHO TIPOCTO peajn30BaH B pajuodu3ude-
CKOM 3KCIepUMeHTe TIpY UCI0Ib30BaHUK WJE0NI0-
MM aHaJ0rOBOTO MOAeNUpoBaHUs. [IpUHLIMMMAIB-
Has cxeMa paJMoTeXHUYeCKOH MOZie/y OCLLIATOpa
®utuXpr0-Harymo Ha aHa/OrOBBIX YMHOKUTESIX
Y ONepalvoHHBIX YCUIUTENAX ObUla TpeaioKeHa
u noapobHO omrcaHa Hamu B paborte [24]. 3pech
MBI UCIIO/Ib30Ba/IN TY K€ CXeMy, KOTopasi II03BOJIsieT
TIOyYUTh KojeOaHus reHepaTtopa, Mofo0HbIe Koje-
GaHuAM MofesTbHOTO octpuiaTopa (1).

PaccmoTpuM aHCaM6/1b, COCTOSILIMI U3 CBsI3aH-
HBIX B KOJIBLIO JAByHarpaBieHHOUW auddy3roHHOM
CBA3BI0 OCLWIIATOPOB PuTLXbBI0-Harymo, onucer-
BaeMbIX MOJeJIbHBIMU YDaBHEHUSMU CJle/lyOLLero
BUJA:

811,'(1‘) = Mi(t) — uiét) — Ui (t)+

k[ (1) — ui(t)) + <u,+1< )—u(0)], @
0i(t) = wilt) +

rge i =1, ..., N — Homep ocuwuisatopa, N — Ko-
JIMYeCTBO OCLWIIATOPOB B aHcambsie, rpaHUYHBIE
ycnoBust uy 11 (t) = uy (), k — koadduripeHt ces3u.

st SKCIIepUMEeHTaIbHOTO UCCTIeA0BaHUsT KOJI-
JIEKTUBHOU /IUHAMUKK OCLWUIATOPOB B aHcaMbiie
(2) ObL1a mMOCTpOEHAa paJHOTEXHUUECKas yCTa-
HOBKA, COCTOSII[asi W3 AaHAJIOTOBBIX TEHEePaTopoB
durnXwsro—-Harymo, 6710K-cxemMa KOTOPO#M Tpe/icTaB-
JieHa Ha puc. 1. Ha 3ToM prcyHKe IOKa3aHbI TOJBKO
nepBelii U N-éi reHeparopel PutiXbro—Harymo.
[nsi peanu3aly  CBfiell Mexkly TIeHepaTopamu
aHcambrss OBbUT WCIIONB30BaH TOAXO/l, OCHOBAH-
HbId Ha TMPOTPAMMHOM Criocobe (HOpMHUPOBaHMS
CUTHAJIOB, OTBEYAIOIMX 3a CBf3b aHAJIOTOBLIX Te-
HepaTopos [28].

[lpy TakoM TIOAXO[e CHTHAJAbI HampsDKe-
HUSI C BBIXOZlAa Ka)KIOTO TeHepaTropa IOAA0TCs
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Puc. 1. Brok-cxema 3kcriepumenTanbHO ycraHoBku: FHN-1 u FHN-N — mepsbiif u N-it reneparopel @uriiXbsio—Harymo,
NI PXI — cucTemMa BBO/Ia-BbIBO/Ia MHOTOKAHA/IbHBIX AaHHbIX, ADC — aHasoro-1iudpoBoi npeobdbpasosarens, DAC — mudpo-
aHaJIoroBbIH Tpeobpa3oBareib

Fig. 1. Block diagram of the experimental setup: FHN-1 and FHN-N are the first and Nth FitzHugh—Nagumo generators,
NI PXI is a multichannel data input/output system, ADC is the analog-to-digital converter, and DAC is the digital-to-analog
converter

Ha MHOTOKaHa/IbHBIA aHaIoro-1MGMpoBol mpeodpa-
30BaTe/ib CUCTeMbl BBOJa-BbIBOZIa AaHHBIX National
Instruments ¥ o1 POBBIBAIOTCS. 3aT€M C TIOMOIIbIO
rporpamMMel Ha LabView npoBogutcs npeobpa3osa-
HHUe 5THX CUTHAJIOB U (POPMHPYIOTCSI OTBevarolye
3a CBS3b CUTHAJIBI

Ki(t)= Zki,j (uj (1) —ui (1)),

r7ie k; ; — KO3 QULIMeHT CBAA3Y, JelCTBYIOLLel CO CTO-
POHBI j-TO reHepaTopa Ha i-ii. B ciyuae MozenbHBIX
ypaBHeHuli (2) k; j = 0, ec/1 TeHepaTophbl He CBA3a-
HBbl MeXJly co0ol, U k; ; = k, ecm j-ii TeHepaTop
JeiictByer Ha i-ii. CurHanbl K;(t) mpeobpa3sytoTcst
B aHAJIOTOBBINA BUJ C MOMOLIbI0 MHOTOKaHA/TBEHOTO
1M pO-aHa/IOrOBOr0 TipeoOpa3oBaTesisi W TIOZAOT-
Cs Ha BXOZ Kaxpgoro reHeparopa. I[locTpoeHHas
JKCIlepyMeHTabHas yCTaHOBKA IO3BOJISIeT 3a/jaTh
TIPOU3BOJIBHYIO aPXUTEKTYPY CBsI3el MeX[y reHepa-

TOpaMH.

Mbl 9KCIepuMeHTa/lbHO —UCC/e[0Balid  aH-
cambmp  (2), cocTosIMA W3 5  aAHAJIOTOBBIX
reHeparopoB  duruXsro—Harymo, HaxogAIuxca

B BO30yIMMOM COCTOSTHUH TIPY CJIeAYOIINX 3Hade-
HUAX NapaMmeTpos: a = 1.05, € = 0.1. B orcyTcTBUE
cBsizell (k = 0) reHepaTopbl HAaxO[STCSI B YCTOMW-
YMBOM COCTOSIHUM paBHOBecusl. IIpy BK/IOUeHUU
OTTa/IKUBAIOIIMX CBsA3el (kK < 0) reHepaTopbl Hauu-
HAKT /IeMOHCTPUPOBATh KOJie0aHus, MMEFOIie BHUT
Cr1aliKoB, eC/IM BeJIMUKHA CBSA3U (110 MOZY/IIO) BhbILlIe
rioporoBoi. [Ipy BHIOpaHHBIX 3HAUEHHUSIX Iapamert-
POB a Y € IOPOroBoe 3HaueHre K03 duLeHTa CBSI3u
k, = —0.037. DKcriepuMeHTa/bHbIe BpeMeHHbIe pe-
anM3aluK KojebaHui rmepeMeHHOU u;(f) B KaKIOM
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13 5 reHepaTopoB, 3aMyCcaHHble C YaCTOTOW JUCKpe-
tu3auuu 50 KI'1], pUBe/ieHbl Ha PUC. 2, & U pUC. 2, 6
npu k = —0.05.

BpemeHHbIe peanu3alidy Ha puc. 2, a ¥ puc. 2, 6
COOTBETCTBYIOT JBYM pas/MUHBIM KojieOaTebHbIM
peXkrMaM, Hab/TFoaeMbIM TIPH Pa3/TUUHBIX 3aITyCcKaxX
JKCTiepuMeHTalbHOM ycTaHOBKU. Ha puc. 2, a ua-
CTOTa C/IefloBaHus CrakikoB f; = 158 I'1j npuMepHO
B MOJTOpa pa3a 0osblle, YeM YacToTa C/IeJOBaHMUS
craiikoB f» = 110 I'1y Ha puc. 2, 6. Kpome Toro, koJie-
OaHMs BCEX MATH FreHepaTopPOB Ha PUC. 2, @ CABUHYTHI
1o ¢aze OTHOCHUTENLHO APYT APYyTa, a Ha puc. 2, 6
[iBe TIapbl TeHepaToOpoB [eMOHCTPUPYIOT cuH(as-
Hble CradiKy, U UX BpeMeHHble pear3aliuyd TIOUTH
COBMAZJAIOT. [l cCpaBHeHUs Ha pUC. 2, 8 TIpUBeJe-
HBI BpeMeHHbIe peain3alivy KosiebaHui repeMeHHOH
u;(t), MoNyueHHbIe TIPYU YMC/IEHHOM MOJeTUPOBAaHUU
ancam6sisi  ocipaTopoB  duriXpro—Harymo (2)
TIPU TeX Ke 3HaueHUsIX NapaMeTpoB, UTo B pafuodu-
3UYeCKOM 3KcriepuMeHTe. KosebarenbHBIA peXum
Ha puC. 2, 8 DOsblle TIOXOXK HAa DPEXHUM, TIpUBe-
JIEeHHBIM Ha pUC. 2, O, XOTS OTJIMYAETCA OT HEro
OOo/bIIIeH YacTOTOH C/IeOBAaHUS CIIAMKOB M Ha/M-
yyeM /[ByX, a He TpeX K/acTepoB OCLWUIATOPOB.
B uucsieHHOM 3KcriepuMeHTe TIpY (PUKCUPOBaHHbBIX
3HaueHUsIX TapaMeTpPOB U PacCTPOMKEe Haua/lbHbIX
YCJIOBUM OCLIW/IJIITOPOB CUCTeMa (2) leMOHCTpUpPYeT
JIVIIIb OJJVH PEXUM KoJieOaHuUH.

C yBesnueHveM (TI0 MOZY/IIO) CHJIbI OTTa/IKUBa-
IolI[el CBSI3W CpeJiHSIs YacTOTa CIIalKOB pacTeT, UTo
COI/IaCyeTcsl C pe3y/bTaTaMi UYMC/IEHHBIX UCCIIefo-
BaHWM MOJeNbHBIX ypaBHeHUM (2), TipyBeJieHHbIMU
B pabore [15]. Tlpy yBennueHWH mMapameTpa d
yBeJIMUMBAETCsl 110 MOJY/II0 IOPOrOBOe 3HauyeHue
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e/c

Puc. 2. BpemeHHble peanu3anuu u;(t) aHanoroBeIx reHeparopoB ®dutnXsio—Harymo (@, 6) ¥ MOAEIBHBIX OCLIAISTOPOB
durnXsro—Harymo (8) mpu a = 1.05, € = 0.1, k = —0.05 (UBeT OH/IalH)
Fig. 2. Time series u;(¢) of analog FitzHugh—Nagumo generators (a, ) and model FitzHugh-Nagumo oscillators (c) at @ = 1.05,
€ =0.1, and k = —0.05 (color online)

KO3(UIMeHTa OTTaJKWBAIOIIed CBs3U, TIPU KO-
TOPOM BO30yAVMEBIe TeHepaTophl AEeMOHCTPUPYIOT
CTIaliKOBYH0 aKTMBHOCTh. Kak ObLIO OTMeUeHO BBHI-
1Ie, rapaMmeTp € B reHeparopax ®PutnXsto—Harymo

Paanogmsnka, INEKTPOHNKa, aKyCTUKa

AB/SIETCS. MaJ/ibIM. [IpH €ro yBeJWYeHHWH 4YacToTa
CrlaiikoB yMmeHbImaetcs [29], a camu craiiku cra-
HOBSITCSI MeHee BBIDAKEHHBIMH (TIepeMeHHbIe u;(1)
U v;(t) MeHs1toTCs1 GOJIee MIIaBHO).
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B xome paguodu3nueckoro 3KCIiepuMeHTa
VHOTZIa HaOMIOJaMich TIePeKTIOUeHUsT MeXAy KO-
nebaTelbHBIME — PEKUMaMH,  TIPe/CTaBIeHHBIMU
Ha pUC. 2, a ¥ puc. 2, 6. Tlepek/moueHue U3 pexxuma
c Gosiee BBICOKOW 4YacTOTOW CIIAMKOBOM aKTUBHO-
CTM B pEXUM C MeHbllleli 4acTOTOM CrHaillKoBOM
aKTMBHOCTU TI0Ka3aHO Ha puc. 3, a, a obparHoe
nepeKJTIroUeHue MoKa3aHo Ha puc. 3, 6.

Bce reHepaTopbl UMEIOT OAMHAKOBYIO CPEJHIO)
YyacTOTy C/efjoBaHUs craiikoB. Ha puc. 4 mpuBese-
Ha BpeMeHHasi IMHaMUKa yCpeJHeHHOMH 110 ABaJLaTh
CrialikaM YacCTOThI f; CIaliKOBOW aKTHUBHOCTU ISt
OJJHOTO W3 reHepaTopoB, KOTOPYIO Mbl PacCUMTHIBA-

20

Z (thrl - tn)a

n=1
rjge f,+1 U t, — MOMEHTBI BDEMEHH IIOSIB/IEHUS [IBYX
rmocjie10BaTe/IbHbIX CraiikoB. B MOMeHTEI BpeMeHHU

M crepyroiuM obpasom: f; = 20

ala

6/b

t =2.43 cuty = 4.15 C IpOU30LUIH TTePEK/TFOUEHUS
MeXy Kosiebare/bHBIMU PEeXXUMaMH C pa3IduHON
CpeJHel uacToTol c/iefiloBaHUs CTIAMKOB.

[Ipu uMCneHHOM WCCNeJOBaHUA CUCTeMBbI (2)
TepeKJTIOUeHri  KojebaTelbHBIX DPEXUMOB He Ha-
O/mofaeTcst Jaxke TIPU 3a[]JaHUM PasHBIX HauabHBIX
VCJAOBUM Y OCLWUISTOPOB. BO3MOXHO, OT/IHUMe
pe3y/IbTaTOB YUCIEHHOTO U Paiuodr3nyeckoro KC-
NIepyMeHTOB OOBSICHSIETCSI TeM, UTO B peaslbHON 3KC-
TepUMEeHTAIbHON YCTaHOBKe HEBO3MOXKHO JOOUTHCS
TOJITHOM WJEHTUUHOCTH aHaJOrOBLIX TeHepaTOpOB.
CxeMbl 3THUX TeHepaTOpOB COZepKaT pPe3UCTOpPbI
Y KOHJEHCATOphl, 3HAUeHHsI MapaMeTPOB KOTOPBIX
VMMEIOT HEKOTOPBIH pa3bpoc M MOTYT OT/IMYAThCA
OT HOMMHA/IBHBIX, @ KDOMe TOTO MOT'YT U3MeHSITbCS
Tpy paboTe yCTaHOBKH.

Puc. 3. BpemenHble peanu3auuy u;(¢) aHaaoroBbix reHeparopoB ®uriXsio—Harymo mpu a = 1.05, € = 0.1, k = —0.05, ze-
MOHCTpPHPYIOIL[He TepeK/IoueHre U3 BBICOKOUACTOTHOTO KosiebaTe/bHOTO peXkuMa B HU3KOUACTOTHBIN (@) U TepeK/roueHre
13 HU3KOUACTOTHOTO KOJ1e6aTeIbHOTO pe)kuMa B BEICOKOUACTOTHBIH (6) (LiBET OHJIaiiH)

Fig. 3. Time series u;(¢) of analog FitzHugh—Nagumo generators at a = 1.05, € = 0.1, and k = —0.05, which show switching
from a high-frequency oscillatory regime to a low-frequency one (a) and switching from a low-frequency oscillatory regime to
a high-frequency one (b) (color online)
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Puc. 4. UacroTa ciefjoBaH¥sI CITaliKOB y OJHOTO M3 aHA/IOTOBBIX reHepaTtopoB duriiXsio—Harymo nipu a = 1.05, € = 0.1, k = —0.05

Fig. 4. The frequency of spikes for one of the FitzZHugh—Nagumo analog generators at a = 1.05, € = 0.1, and k = —0.05

[ns uccnenoBaHus BAWSIHUSL HEUIEHTUYHOCTU
ocuusisiTopo dutnXeto—Harymo (2) Ha uX Koj-
JIEKTHBHYIO JMHAMMKy MbI BBeJM pacCTpPOHKy oOc-
LIW/IJIITOPOB TI0 TlapameTpaM @ U € TIpU YUCIeHHOM
MOZle/IMpOBaHUY. BeymMuuHbI apaMeTpoB a U € [
OCLIW/UIITOPOB  aHCAMOJIs 33/1aBa/IMCh CTyYalHBIM
06pa3oM C raycCOBCKOUM (yHKLMel pacrpeesieHust
Y rpyUHUMay 3HaueHust 1.05+0.00115 (cpegHee 3Ha-
yeHHWe + cTaHAapTHOe OoTK/IoHeHre) v 0.1 +0.00115
COOTBETCTBEHHO, I'/le CPeJHYe 3HaueHNs [1apaMeTpoB
COOTBETCTBOBA/IM WX 3KCIIEPUMEHTa/bHbIM 3Haue-
HUAM. HauasbHble YCIOBUS [i/isl TIepeMeHHBIX i (?)
1 v;(t) TOXKe 33/]aBaJIMCh CTyuaiiHbIM 06pa30M C rayc-
COBCKOM (DyHKLIMEN pacrpejiefieHusi ¥ TPUHUMaIN
3HaueHuss —1.05+0.001 u —0.62 £ 0.001 cootseT-
ctBeHHO. KosddurmenT cBsi3u k = —0.05 ObUT TAKUM
JKe, KaK B 9KCTIepUMEeHTa/IbHOM YCTaHOBKe.

Takass HeHJeHTUUYHOCTb OCLIWIISTOPOB IO3BO-
AWia TIOAYYUTb B YMC/AEHHOM SKCIIepUMeHTe Ta-
KUe JKe KosiebaTe/bHble PEXUMbBI, KaK PEXUMBI,
MOKa3aHHbIe Ha pUC. 2, @ WM puc. 2, 6, Ha-

GmofaBIvecs B paioU3NUeCcKOM 3KCIIePUMEHTE.

Kpome Toro, mpu pacCTpoMKe TapamMeTpoB OCITW/-
JISTOPOB B UMC/JIEHHOM 3KCIIEpUMeHTe HaOJTroaIich
MepeKJIIOUEHNsT MEXIy KosebaTe/bHbIMU pPeXKHUMa-
MH, aHaJIOTHYHbIEe 300pakKeHHBIM Ha puc. 3. Takum
06pa3om, pe3y/bTaThl YUCJEHHOTO U PeabHOro IKC-
MEePUMEHTOB XOPOIIIO COIIACYIOTCS MeXAy cobot
1 OOBSICHSIIOTCA C/1a001 HeUJEeHTUYHOCTBIO 3/IeMEH-
TOB aHCaMOJIs.

2. TpexcnoiiHas ceTb reHepaTopoB ®utuXblo-Harymo

PaccMoTpuM  TpeXcroiHyI0 CeThb, /IBa BHeLI-
HUX C(JIO KOTOPOM TPEACTAaB/SIIOT CO00M Kosblia
JIByHarpaeJieHHO qu¢dy3UOHHO CBsI3aHHBIX reHepa-
TopoB duriXsto—Harymo (2), a oAuH BHYTPEeHHUM

Paanogmsnka, INEKTPOHNKa, aKyCTUKa

CJIOM TIpezicTaB/IsieT coboli Xab B BUZe TeHepaTropa
dutyXero—Harymo, ocyiiecTBASIOINN IByHarpaB-
JieHHY10 i dy3rOHHYIO CBSI3b MEXY ABYMS KOJTb-
tamu. CTpyKTypa UcciiefyeMol ceTy cxeMaThuecKu
n3o0pakeHa Ha puc. 5. Takum o6pasom, ceThb Tpe[-
CTaB/sieT coO0i cofieprKalifie 10 TISITh TeHepaTopoB
IIBa KOJIbIIA, CBA3aHHBIX uepe3 OfuH xab.

Puc. 5. ApxureKkTypa TPexC/IOHHOW CeTH CBSI3aHHBIX depe3
xab reHepaTopoB

Fig. 5. Architecture of a three-layer network of generators
coupled via a hub
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[nHaMyKa reHepaTopoB CEeTH OIMCHIBAEeTCs Crle-
OYHOLIMMUA YPaBHEHUSIMHU:

3, ()

8I/‘t,‘71(l) = M,‘J(l) — =3 U,‘71(l)+
(1,0 (0) =131 () @iy 1.0 —ui 1 ()] +
—u; (1)),

3
€lihub,2 (1) = Unub2 (1) — uhsz(t) — Uhup2 (1) +

o X (142(0) = 2z (1) + (1), 3

Unub2 () = unu2 (1) +a,
et (1) = ui5(r) — 20 —0,5(0)+
thaf(ti-130) —ui30) +(i1,30) —ui 30))] +
ko (b2 (1) — ui3(t)) s

0i5(t) =ui3(t) +a,

rie mnepeMeHHble u;q(f), vi1(t) W u;is(t), vis(t)
OIMUCBLIBAIOT COCTOSIHKE i-TO TeHeparopa IepBOro
U TPeTbero CJI0s COOTBETCTBEHHO, i = 1,..., 5, rpa-
HUUHBIEe YCIIOBYA U 1 (1) = uy1(t) W ug3(t) = u1 5(1),
TIepeMeHHBIe Upyb 2 (1), Uhub2(f) OMHCHIBAIOT COCTO-
siHMe reHepaTopa-xaba Bo BTOpoM cJioe, k; M k3 —
K03(hULIMEHTBI CBS3M MeX/y reHepaTopaMy BHYTPH
MepBOT0 U BHYTPHU TPETLEr0 CJIOSi COOTBETCTBEHHO,
ky — KoahUIIHEHT CBA3M MeXKay XaboM M reHepaTo-
paMu B IIePBOM U TpeTheM c/10s1X ceTh. Cucrema (3)
HCC/IeZloBaIach YMCIeHHO B pabote [15]. Mbl Briep-
Bble TIPOBE/IH HKCIIePUMEHTAJbHOe MCCeioBaHMe
aHcaMOsiel pafIMOTEXHUUECKUX MOJEJIeN OCLIUIIS-
TopoB dPutiXsro—Harymo, cBsi3aHHBIX uepe3 xao.

ITapameTpbl BCceX OJMHHAALATH TeHepaTopOB
ceTd BbIOpaHBI OAVHAKOBHIMU, TAKMMH JKe, Kak
B IpeAbIAyLeM pa3gene: a = 1.05, € =0.1. [Ipu sTom
B OTCYTCTBHe CBsi3eli B CeTW reHepalysi CraiiKoB
He Habmomaercs. 3adyKcupyeM BeTMUUHY Ko3Ghbu-
L[MeHTa CBSI3U MeJK/ly TeHepaTopamMy BHYTpPH TIepBO-
ro cnosi: k; = —0.15. IIpu Takoi oTTanKUBAKOLLEeH
CBSI3W TeHEepaTophbl MEePBOr0 CJIos JeMOHCTPUPYIOT
CTIAaMKOBYIO aKTUBHOCTb. BenmuuwmHy ko3dduiimen-
Ta CBSI3U k3 MEXXAY TeHepaTopaMy BHYTPH TPETHEr0
ciiost Oymem MensaATb oT —0.05 g0 —0.25 ¢ marom
0.05. Ilpu TakuX 3HaUeHUsIX k3 TeHepaTophl TPeTHero
CJI051 TOXKe IeMOHCTPUPYIOT CIIAaHKOBYIO aKTUBHOCTh
B pe3y/bTaTe OTTaJKUBAIOLIETO BHYTPHUCIOHHOTO
B3auMogeiicTBus. BennuuHy kosddurpienta cBssu
k, Mex 1y reHepaTOpoM-xaboM U reHepaTopamu rnep-
BOTO W TpPEThero cyiosg OymeM MeHsTh OT —0.05
1o 0.05 ¢ marom 0.025.

Ha puc. 6, a BHyTpY Ka)KZ0# K/IEeTKH Ha TII0C-
koctu (ks, kp) TipuBefieHbI cpefHUe 3HaYeHUs Ya-
CTOTHI fi CJ/ilefiloBaHWSI CIIAMKOB B TreHeparopax
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®durtLXsro—Harymo nepsoro c1osi (lepBoro Kosblia).
LIBer knetku Ha twiockoctu (ks, kp) 3amaH B co-
OTBETCTBUM CO IIIKAJIOW 3HAUeHWM f|, TIOKa3aHHOMU
cripaBa OT pucyHkKa. CpefHsisi yacroTa f, crhaid-
KOBOW aKTUBHOCTM BTOPOro Cios (xaba) rmoka3aHa
Ha puc. 6, 6. Ha puc. 6, 8 mpuBefeHbl cpefHUe
3HaueHUsi YaCTOThI f3 CieZloBaHUsI Cl1alikoB B reHepa-
Topax ®PutiXpto—Harymo TpeThero ciiosi (BTOpOro
Kosiblia). Ha puc. 6, 2 mpuBejeHbl 3HaUeHUST MOJTYJIst
Pa3HOCTH CpeJIHUX YacCTOT CITaKOBOW aKTUBHOCTH
reHepaToOpoB [1ePBOTO KOJIblia U FeHepaTopoB BTOPO-
r0 KO/blLja.

Kak BugHO U3 puc. 6, a, pu MoJIOKUTETbHbIX
3HAUeHUSIX MEXCJIOWHOMN CBSI3U k, Cpe/IHSIsI uacTo-
Ta CIMAlKOBOM aKTUBHOCTU TeHepaTOpOB IepBOTO
KOJIbLa IIPAKTHUeCKU He 3aBUCUT OT BeJIMUMHBI BHYT-
PUC/IONHON CBSI3U k3 MeXy reHepaTopaMu BTOPOTO
KOJIbLla ¥ OCTaeTCsl MOUTH TaKoH ke, Kak B Clydyae
OTCYTCTBUS CBsi3u C Xabom (k; = 0). TIpu oTpuia-
TeJIbHBIX 3HAUEHUSX MEXKC/IOWHOM CBSI3U N3MeHeHre
CUJTbl BHYTPUC/IOMHOW CBSI3M MEXKIy TeHepaTopaMu
BTOPOrO KO/bllda TPUBOAUT K H3MEHEHUIO YacTo-
Tl C/Ie[OBaHUsl CIalikoB B TeHepaTopax I1€pBOr0
KOJIbLIa, TIPUYeM MaKCMMYM YaCTOThI CITaliKOBOM aK-
TUBHOCTU Habsmroaercst npu k3 = k; = —0.15.

Ilpu k, > 0 xab He AeMOHCTpPUpYeT Koseba-
HUM TIpY BRIOPAHHOM 3HAueHWH Tapamerpa a (CM.
puc. 6, 6). IIpu k, < 0 xab JeMOHCTPUpYeT CIIaiKH,
CpefiHssl YacTOTa CJle[OBaHUsI KOTOPBIX TIPaKTHU-
yecKu coBmajaer (Kpome ofHOM KiaeTku (—0.25;
—0.025) Ha nnockocty (ks, k»)) CO CpeAHMMH 4a-
CTOTaMU CIIalikoBOM aKTHBHOCTU B TeHepaTopax
TIepBOr0 M BTOPOTO KOJIBIIA, T. e. Habmogaercs: da-
CTOTHasi CHHXPOHHW3alUsl KoyiebaHWii TeHepaTopoB
TpeXCcI0WHOU ceTH.

IIpu k, > 0 reHepaTOpbI BTOPOTO KOJIbL{a eMOH-
CTPUDPYIOT yBe/lWUeHue CpeJHel 4acTOThl CMaiiKoB
C yBeInueHUeM (110 MOZY/I0) CU/IbI OTTa/IKUBatoIlelt
CBSI3U k3 (CM. puc. 6, 8) Tak ke, Kak U B pacCMOT-
PEHHOM BbIIIIe CTy4yae OfHOCIONWHOW ceTd. OHAKO
npu k, < 0 Takas MOHOTOHHAas 3aBUCUMOCTb f3
OT k3 HapylaeTcs. B pesynbraTe B3auMofeHCTBUS
reHepaToOpoOB TpeX CJ0eB CeTH MX CpeJHHe 4acTo-
Thl CUHXPOHU3YIOTCS, KpOMe OfjHO# Ki1eTku (—0.25;
—0.025) Ha nnockoctH (k3, k). To ecThb mpoucxo-
IWT ylareHHas CUHXPOHHU3alUsl YacTOT reHepaly
CTIaKOB B JIByX KOJbL[AX, CBSI3aHHBIX MeXZAy CO-
Ooif He HampsMylo, a uepe3 obmuii xab. Ilpu

ky = —0.05 MaKCUMYM YaCTOThI CTIAMKOBOM aKTUBHO-
CTH reHEepaTopoB BTOPOTO KOJIbLia HabmoziaeTcst py
k3 = k; = —0.15, TaK e, KaK 4 y TeHepaToOpOoB Tep-

BOTO KOJIbLIA.
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ala

8/c

6/b

e/d

Puc. 6. [lnarpaMMBl CpefiHel UaCTOTHI CITAKOBOM aKTHBHOCTH aHAJIOTOBBIX TeHepatopoB duTiXbio—Harymo repBoro Kosblia
(a), xaba (6), BTOporo Kosnblia (8) U MO/ PA3HOCTH CPeJHUX UacTOT C/IeJ0BaHUs CIIAMKOB B reHepaTopax MepBoro v BTOPOro
Kosibla (2) mpu a = 1.05, € = 0.1, k; = —0.15 (uUBeT oH/IakH)

Fig. 6. Diagrams of the average frequency of spiking activity of FitzHugh—Nagumo analog generators of the first ring (a), hub
(b), second ring (c) and the absolute value of the difference of the average frequencies of spikes in the generators of the first and
second ring (d) at a = 1.05, € = 0.1, and k; = —0.15 (color online)

O6macTi YaCTOTHOM CHHXDOHHW3aLMU TeHepa-
TOPOB I€PBOr0 U BTOPOTrO KO/bL]d HAa IMIOCKOCTU
(k3, ky) HarmsimHO W/LTIOCTpUpYeET puc. 6, 2. Takast
CMHXPOHM3ALUs YacTOT MMeeT MeCcTO Tpu kp, =
= —0.05 He3aBUCHMMO OT BeJUYMHBI k3. B OTCyT-
CTBUE MeXC/IoWHOU cBs3u (k, = 0), a Takke TIpu
ee TIOJIOKUTE/IbHBIX 3HaueHUsiX reHepaTophl Iep-
BOTO U BTOPOTO KOJIbLIa MIMEIOT O/M3KHe cpefHue

YacTOThI CIIalKoB TpH k3 = k; = —0.15 (cm. puc. 6, 2).

[TonyueHHble pe3yabTaThl HaXOAATCS B XOPOILIEM
KaueCTBeHHOM COOTBETCTBUU C Pe3y/bTaTaM{ YKC-
JIEHHBIX UCCIIeIOBaHUH, TIPOBeIeHHBIX B paboTe [15]
TIpY AIPYTUX 3HAUYEHUSIX YIIPABJISIOMINX TTapaMeTpPOB
cucTemsl (3).

YaCcTOTHYI0O CHHXDOHHU3AIMI0  T'€HEepaTopOB
BO BCEX Tpex CJIOSX CeTU HaITIJHO W/TIOCTPUPYeT
puc. 7, Ha KOTODOM TIpUBEJEHBI 3KCIIepUMeH-
TajbHble BpEMEHHble peanu3auuu  u;(f) BCex

Paanogmsnka, INEKTPOHNKa, aKyCTUKa

OJVHHA/ILIATH aHAJIOTOBBIX reHepatopoB PUTLIXbIO—
Harymo TpexcnoliHoii cetu fjs ciydas k; = —0.15,
k, = —0.05, k3 = —0.15.

KonnektuBHasi JUHaMHMKa TeHepaTOpOB B Iiep-
BOM Kosblie (pUC. 7, @) U TeHepaTopoB BO BTOPOM
KoJiblle (pUC. 7, 8) MpaKTWYeCKHd OJMHAKOBa, TIPU
3TOM KojiebaTeNbHbIE PEXUMBbI B 000MX KOJBbI[AX
TIOXOKU Ha KosiebaTeslbHbIe PEKUMEI, TIOKa3aHHbIe
Ha pucC. 2, 6 A7 OmHOCTOMHOU ceTu. Tak e, Kak
U Ha puc. 2, 6, OBe Tapbl I'eHEPaTOpPOB eMOH-
CTPUPYIOT cuH(a3Hble Craiiki, U UX BpeMeHHble
peasii3al{uy TIOUTH COBIAaJal0T, HO YacTOoTa C/iefloBa-
HMsI CTTaliKOB Ha PUC. 7 BbIlle 13-3a Oosiee BHICOKUX
110 MOJY/IFO 3HAUeHUs OTTAJTKUBAIOIIMX CBs3eld.

3aKknyeHue

[TpoBemeHO 3KcIiepUMeHTaTbHOe HCC/IefoBa-
HUeE KOJUTEKTUBHOW JIMHAMHMKHU B aHCaMOJISIX pajivio-
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ala

6/b

elc

Puc. 7. BpeMeHHbIe peany3alyy u;(f) aHaIOroBbIX reHepatopoB durnXsro—Harymo nepBoro Konblia (a), xaba (6) u BToporo
KosbLa (8) mpHu a = 1.05, € = 0.1, k; = —0.15, kp = —0.05, k3 = —0.15 (uBeT oH/IalH)

Fig. 7. Time series ;() of analog FitzHugh—Nagumo generators in the first ring (a), hub (b), and second ring (c) at « = 1.05,
€=0.1, ky = —0.15, k; = —0.05, and k3 = —0.15 (color online)

TeXHUUeCKUX Mmogeneli ocuuuiaTopoB OutuXeio—  Aud@y3roHHBIX CBsS3ei MeXXAy reHepaTopaMu IMpu-
Harymo. IlokasaHOo, 4YTO B KOJblle HaxOJSIIUX-  BOJUT K BO3HUKHOBEHHUIO CTIAMKOBON aKTUBHOCTHU.

Cs1 B COCTOSIHMM TIOKOSI BO30yJUMBIX TeHeparo- OG6HapyXeHO, YTO B OT/IMUHE OT YUCJIEHHOTO
poB ®utXsio—Harymo BBefieHHe OTTA/IKUBAIOIX  MOZEIMPOBAHUS JVMHAMUKU B KOJIbIlE WIEHTHUHBIX
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ocuusuiaTopoB dutXsto—Harymo B paguodusuye-
CKOM 3KCIIepUMeHTe MOXXHO HabmrofaTh fABa pas-
HBIX KoJyiebaTeIbHBIX PeXXUMa TP (PUKCUPOBAHHBIX
3HAYeHHUSIX TIAPaMeTPOB BO30YAMMBIX TeHEpaToOpOB.
OTU peXXUMbl OTJIMUYAOTCS YaCTOTOM CJief0BaHUs
CTAaMKOB W CABUTOM (a3 MeXay KojebaHUsIMU
pasNUyHbIX TreHepaTopoB B Kojblie. Takue oco-
OeHHOCTU KOJUIEKTUBHOW AWHAMUK{A Te€HepaTopoB
OOBSICHSIOTCSI, TI0-BUAVMOMY, TeM, UTO aHAIOTOBbIE
reHepaTophel He SIBSIOTCST abCOMIOTHO WI@HTUYUHBI-
Mu. IIpoBesieHHbIe HAMY YMC/IEHHbIE KCC/Ie0BaHUs
CBSI3aHHBIX B KOJIbLI0O (/1ab0 HEW/IeHTHUUHBIX 0C-
uwsTopoB GutiXero—-Harymo nokasanu xopoiuee
COOTBETCTBUE IOJyUeHHBIX pe3y/bTaToB C pe3y/b-
TaTaMy HaTypHOIO SKCIleprMeHTa. bblio poBezieHO
6oJIbIIIOe KOJIMUECTBO 3aIyCKOB 3KCIIEPUMEHTAJIb-
HOU YCTaHOBKHY, a IIPH YMCJIEHHOM MOZe/IMPOBaHUM
a”am3upoBanuchk 10000 aHcambiel OCIUIISATOPOB
CO CJIy4ailHOM pacCTpOMKO# Mo TapaMeTpaMm U Ha-
yanbHbIM yca0BUAM. OTCyTCTBHE [PYTHX BU/[OB
KosebaTeslbHbIX PEXUMOB B aHcaMbie I03BOJIsIeT
TOBOPUTH 00 OOIIHOCTU TOMYYeHHBIX Pe3yJIbTaTOB.
BriepBble 1oKa3aHo CyliljeCTBOBaHHUe TepeK/THoueHA
MeXXy KoJiebaTeTbHBIMU PeXKUMaMH B UCCIeIyeMOH
CUCTeMe.

KoniekTiBHas IMHaMUKa aHAJIOTOBBIX TeHepa-
TopoB durLXsr0o-Harymo BIepBble 3KCIIepUMeEH-
Ta/JbHO MCC/IefloBaHa B TPEXCJIOHHOM ceTH, COCTosI-
iedl U3 IBYX KOJIEll, CBSI3aHHBIX yepe3 o0l xab.
[TocTpoeHsl guarpaMMbl CpefiHel YacTOThI Criaii-
KOBOW aKTMBHOCTM TeHEpaTOpOB B KaXKIOM CJIOe
CeTH TPU U3MeHeHUU KO3(PQPULIMEHTOB CBS3U MeX-
Iy TeHepaTopaMHu BTOPOTO KOJIbI[A U MeXIy Xabom
Y TeHepaTtopaMu B 06oux Kosbllax. IToka3zaHo, uTo
TPU OTTAJKUBAIOLIMX CBSI35X T'eHepaTopoB BHYT-
PU KOJel| ¥ OTTaJKMBAIOLLUX MEXXC/IOMHBIX CBSI3AX
(cBs13s1X ¢ XaboM) BO3HUKAeT YaCTOTHAsl CHHXPOHU-
3a1ist KosiebaHMi BCcex reHepaTopoB ceTu. [1pu aTom
MaKCMMyM 4YaCTOThl CIIaliKOBOW aKTMBHOCTH TeHe-
paTopoB HaOJIIOAeTCsT B CIydasiX, KOria 3HaueHust
BHYTPUCJIONHOMW CBSI3U B TIEPBOM U BTOPOM KOJIbLIaX
OJVHAKOBBI.
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