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AHHOTALMA

B HacToALLlee BpeMA 0fHOM M3 Haubonee aKTyanbHbIX 3afa4 MEWAUCLMMIMHAPHON HayKu ABNAETCA pa3paboTka M uc-
cnefjoBaHne HeMpoMopgHbIX YCTPOMCTB. TakWe YCTPOMCTBA Yallie BCEro UCMONb3YKTCA ANA CO3A4aHUA cUCTeM 06paboTku
pa3HoOro pofa MHGOpPMaLMM C anropuTMaMm, aHanorMyHbLIMM anropuTMam 06paboTKM LaHHbIX MO3roM YeNoBEKa UM MO3-
OM MBOTHbIX. Pa3BuTME Takon HeMpOMOPQHOM 3NEKTPOHMKIN NO3BOSIUT CTPOUTD BbIYUCAUTENbHBIE YCTPOMUCTBA U CUCTEMBI
06paboTKM MHPOPMaLMK Ha HOBBIX MPUHLMMAX M C BbICOKOM CTeneHbio napannenuama [1].

HelpoMop@Hbie ycTpovicTa TpebytoT pa3paboTKu 3NEKTPOHHBIX KOMMOHEHTOB: HEMPOHOB M CUHANMCOB.

B pabote [2] npeanoeHa cucTeMa $pa3oBoM aBTOMOACTPOMKM YacTOTbl C MOSIOCOBLIM GULTPOM B LieNK ynpasneHua. bo-
Nee [eTanbHOE U3Y4YeHWe MaTeMaTUYeCKOW MOLENM TaKOM CUCTEMbI MOKa3ano OTCYTCTBME COCTOAHUI PaBHOBECMA, CO-
OTBETCTBYIOLLMX PEMUMY CUHXPOHM3ALMK CUCTEMbI Ha30BOM aBTOMOACTPOMKM YacTOTbl, HO MMEKOTCA aBTOKoEbaTe bHblE
PEKMMbI PasnMYHON COXHOCTU. ABTOKoNEbaHuWA, HablogaeMble B TaKOM CUCTEMe, aHanorUYHbl CNalKoBbIM U 6epCTOBLIM
KonebaHnAM MeMBpaHHOro NoTeHUMana Helpoxa.

AnnapatHana peanusauua [3] paccMatpyBaeMoro HelipoHonofobHoro reHepaTopa B BUAE 3MIEKTPOHHOMO YCTPOMCTBA NMpo-
LEMOHCTPMpOBasa BO3MOXKHOCTb BOCMPOM3BELEHMA TEX e OUHAMUYECKUX PEXRMMOB, YTO M MaTeMaTuyeckan mogens [2].
MpyHUMNMaNbHLIA HeJOCTaTOK NPeasiorKeHHOW Moaenu [2] u e€ aKcmepuMeHTanbHOW peanu3aumm [3] — oTcyTcTBUE
B036yauMoro pexkmuma (nog Bo36yaMMOW MOHMMAETCA AMHAMMYECKas CUCTEMA C YCTOMYMBBLIM COCTOSHMEM paBHOBECUS
1 Nepu1oaMYeCKo nceBaoopouMTON BOMbLLIOM aMMIUTYAbI, HaX0ALLEWCS BONM3M COCTOAHUA PaBHOBECUA), KOTAa FreHepaums
UMMyNbCOB ByAeT TOMbKO OTKIMKOM Ha BHeLUHee BO3MyLLeHWe. B To e BpeMA nopaBnAiollee 6OMbLUIMHCTBO HEMPOHOB
FOMOBHOr0 M03ra HaxofATCA B BO3byOMMOM MOAMOPOrOBOM PEHKME, a UX FeHepauus B MepBylo oyepedb 06ycnoBneHa
HafIMYMeM MHOKECTBEHHOMN CBA3M.

OpHoM w3 3afay AaHHoW paboTbl Bbina MOAUGUKALMA CyLLEcTBYIOLLEN MOENM HEMPOHONOA06HOro reHepaTopa C Lefbio
COXpaHeHWst 3BECTHOW AMHAMUKM U [06aBNEHUA perKnMa BO30yKOAaeMoro ocLumMnnATopa.

Mpw pewweHnK 3ToM 3aaum bbina NpeanoxKeHa v peanu3oBaHa B BUAE PaguoTEXHUYECKON CXeMbl MOAMGMKaLMA HeMpPOHO-
nofobHoro reHepaTopa Ha OCHOBe cUCTeMbl Ha30BOM aBTONOACTPOMKM YacTOThbl C MONOCOBLIM GMALTPOM B Lienu yrnpasne-
HWS, YCTPAHAIOLLAA OCHOBHOWM HEOCTATOK MCXOAHOM MoJenn — HecnocobHocTb paboTath B BO36yauMoM pexkume. HoBbii
AVHAMUYECKUIA PEKUM C OTCYTCTBMEM aBTOKOJebaHMiA ObIN NOMyYeH 3a CYET BBEAEHWUS B CXEMY YMPABIEHUA 3NIEKTPOHHO-
YNpaBfIAEMOro nepekmyaTena Mexay GUALTPaMU HAKHUX U BEPXHUX YacToT.

Ha 3KcnepvMeHTanbHO MoMyyYeHHbIX faHHbIX MOKa3aHo CyLLEecTBoBaHWe BO36YAMMOro peruMa v NoLTBEPHKAEHO CYLLecTBo-
BaHVie paHee M3BECTHbIX aBTOKoMebaTeNbHbIX PEXMMOB Pa3NINYHON CIOMHOCTU: CMAMKOBOM0, MAYEYHOr0 M XaoTu4ecKoro [4].
Ewwé opgHom 3apaven B aTow paboTe 6bIn0 MCCNefoBaHWe AMHAMUKM [BYX HEMPOHONOJO06HBIX reHepaTopoB ¢ MeMpUCTUB-
HOM cBA3blo. B KauyecTBe Moenu CMHaNTMYECKON CBA3W WCMO/b30BaNach MOAeNb MEMPUCTOPA BTOPOro MOpPALKa, OCHO-
BaHHaA Ha MeMpucTope Yya. lpy pelueHnn faHHOM 3afayuv 06HapYHKeHbl HENMHENHbIE YaCTOTHbIE 3aBUCUMOCTU MPOBO-
AVMMOCTU MEMPUCTMBHOTO 3IEMEHTA. 3Ta 3aBUCUMOCTb MMEET OMHAKOBbIN XapaKTep [J1A aBTOKoNebaTeNbHbLIX PEKMMOB
Pa3HOM CNOMHOCTM: CMaiKoB M bepcTos.

Kpome Toro, npoaeMoHCTpMpoBaHa CUHXPOHMU3ALWMA BYX HEMPOHOMOA06HbIX FreHepaTopoB, CBA3aHHbLIX Yepe3 MEMpUCTUYE-
CKUIM 3M1eMEHT. 3Ta CUHXPOHU3ALMA HOCUT BPEMEHHBIW XapaKTep M CUIbHO 3aBUCUT OT TEKYLLEro COCTOAHUA MEMPUCTMB-
HOro anemeHTa [5].

KnioyeBble cnioBa: 3/1EeKTPOHHbIN HEWpoH; reHepaTop; Bo3byxaeHue KonebaHui; GpasoBas aBTOMOACTPOMKA YacTOTh;
MEMPUCTOP; PE3UCTUBHOE NEPEKSIIOUYEHME; YaCTOTHO-3aBUCMMARA NNACTUYHOCTb; CUHXPOHUS HEMPOHOB.
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AOMOJIHUTE/IbHAA UHOOPMALIUA

Bknap aBTopoB. Bce aBTopbl N0ATBEP<AAI0T COOTBETCTBME CBOEM0 aBTOPCTBa MexayHapoaHsIM kputepuaM ICMJE (Bce aBTo-
Pbl BHEC/W CYLLIECTBEHHbIN BKMaf B pa3paboTKy KoHLienLmMm, NpoBefeHue UCCef0BaHMA U MOAroTOBKY CTaTbii, MPOYM 1 0406-
pUAK GUHaNBHYI0 BEpCUMIo Nepef nybnunKaumen).

WUctounuk dpuHaHcupoBaHua. /iccrenoBaHve BINONHEHO B paMKax Hay4HOM nporpaMMbl HaumoHabHOro LieHTpa (pur3mKm
1 MaTeMaTvkK, HanpasneHne N° 9 «/cKycCTBEHHBIN MHTENNEKT 1 60MbLLIME AaHHBIE B TEXHUYECKMX, NPOMBILLNEHHbIX, NPUPOA-
HbIX 11 COLWMAbHBIX CUCTEMAX».

KoHdnuKT uHTepecoB. ABTOpLI AeKNapUPYIOT OTCYTCTBME ABHBIX M MOTEHLMAMbHBIX KOHIIMKTOB MHTEPECOB, CBA3aHHLIX C My6-
NMKaLMEN HacTOALLEeN CTaTby.
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Dynamics of two neuron-like generators
with memristive connection

D.I. Bolshakov*, M.A. Mishchenko, A.l. Belov, V.V. Matrosov, A.N. Mikhaylov

National Research Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russian Federation

ABSTRACT

Currently, one of the most vital goals of interdisciplinary science is the development and investigation of neuromorphic
devices. These devices are frequently implemented in the construction of information processing systems that use algorithms
closely resembling those used by the brain of humans and animals. The development of neuromorphic electronics enables
the construction of computing devices and information processing systems according to new principles and with a high level
of parallelism [1].

Neuromorphic devices necessitate the creation of electronic components, specifically neurons and synapses.

The researchers recommend the use of a phase-locked loop system accompanied by a band-pass filter within the control
circuit in their research paper [2]. Further mathematical analysis of this system revealed the absence of equilibrium states
that correspond to the synchronization mode of the phase-locked loop system. However, self-oscillating modes with varying
degrees of complexity exist. Self-oscillations observed in this system resemble the spike and burst oscillation of a neuron’s
membrane potential.

Hardware implementation [3] of the neuron-like generator showed that it is possible to replicate identical dynamic modes
to those in the mathematical model [2] through an electronic device.

A significant drawback of the proposed model [2] and its experimental implementation [3] is the lack of an excitable mode.
By “excitable”, we refer to a dynamic system with a stable equilibrium state and a periodic pseudo-orbit of significant
amplitude passing near the equilibrium state. In this mode, pulse generation would respond solely to external disturbance.
At the same time, the majority of neurons in the brain are in the subthreshold mode, which renders them excitable, and this
generation is primarily due to the presence of multiple connections.

One aim of this study was to modify the current model of the neuron-like generator to maintain its known dynamics while
including an excited oscillator mode.

While solving this problem, an electronic circuit was developed that serves as a modified version of the neuron-like
generator. Based on the phase-locked loop system with a band-pass filter integrated into its control circuit, this
modification effectively addresses the main issue of the previous model, specifically, its incapacity to function in excitable
mode. The upgraded device now operates in a new dynamic mode that boasts an absence of self-oscillation, a feature
achieved through the addition of an electronically controlled switch between the low- and high-pass filters in the control
loop.

Existence of the excitable mode and previously known self-oscillating modes of varying complexity was experimentally
demonstrated, confirming spike, burst, and chaotic modes [4].

Another task in this study was to investigate the behavior of two neuron-like oscillators with memristive coupling.

A second-order memristor model based on Chua’s memristor was used as a synaptic connection model.

Nonlinear frequency dependencies of the conductivity of the memristive element were discovered during the problem-
solving process. The self-oscillating modes of varying complexity, namely spike and burst, depict identical characteristics
of this dependence.

In addition, two neuron-type generators connected by a memristive element were shown to be capable of synchronization.
This synchronization between two coupled neuron-like generators is transient and highly reliant on the present condition
of the memristive element [5].

Keywords: electronic neuron; generator; excitation of oscillations; phase-locked loop; memristor; resistive switching;
spike-rate-dependent plasticity; neural synchrony.
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