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AHHOTALMA

B HacToALleM OoKknage npeacTaBfieHo TeKyLLee COCTOAHME [ieN B peann3aumm annapaTtHblX YCKOPUTENEN UCKYCCTBEHHOO
WHTENNEKTa Ha 6a3e NPaKTMYECKM YCMELLHbIX HEMPOCETEBbIX airOPUTMOB NEPBOMO M BTOPOrO MOKONIEHMIM Ha OCHOBE dop-
ManbHbIX HeMpoHHbIX ceTer (DHC), oTMeYaloTcs He[OCTaTKU CYLLECTBYIOLLMX PELLEHWIA U HAMEYaloTCA MyTU UX npeogone-
HWA C UCMOMNb30BaHNEM aHaMNOroBbIX HEMPOMOPQHBIX apXMTEKTYP.

MocnenHue €o30akTCA Ha NPUHLMNAX CTPOEHUA U GYHKLIMOHMPOBaHWUA MBOM HEPBHOW CUCTEMBI, C UCMO/b30BaHWUEM UC-
KYCCTBEHHBIX HEMPOHOB 1 MOJENeN CUHANTUYECKMX KOHTAKTOB — TaK Ha3blBaeMbIX MEMPUCTOPOB, 3MIEKTPUYECKM Nepe3a-
MUCbIBaEMbIX HaHOpPa3MepHbIX 3/IEMEHTOB 3HeproHe3aBuUcuMon naMATU [1-3]. C npuMeHeHMEM 3TUX 3IEMEHTOB BO3MOMHO
KaK CYLLEeCTBEHHOE YBENWYEHWE NMpOMU3BOOUTENILHOCTM U 3HEPro3d(GEKTUBHOCTM yCKopUTenei anroputMoB Ha 6ase OHC
[4—6], TaK 1 dopMMpOBaHME NEPCMEKTUBHBIX BbIMUCTIUTENBHBIX CUCTEM Ha OCHOBE 61OMOA06HbIX HepoceTeBbIX anropuT-
MOB 3-T0 MOKONEHUA — WUMMYMbCHBIX, UK CNaNKOBbIX, HeMpOoHHbIX ceTen (CHC) [7-9].

06cyOaloTCA OpUrMHanbHbIA Cnocob 060CHOBaHUA ONTUMaNbHbIX NPaBWUI IOKANbHOW HACTPOMKM CUHANTUYECKMX CBA3E
CHC c yacToTHbIM KoAMpOBaHWEM MHPOPMALIMK 1 BO3MOXKHOCTb UX peanu3aLym B BUAE NpaBMi accoLmaTMBHOM0 06y4eHnsA
TMNa AMHaMUYECKOW MNacTUYHOCTY, 3aBUCALLEN OT BpEMEHHbIX UHTepBaoB Mexay uMmnynbcamm (STDP) [10]. NMpoaemoH-
CTPMPOBaHbI pe3yfbTaTbl N0 UCCNeA0BaHUI0 ycToMumnBoCcTM 06yveHna CHC K BaprabenbHOCTM XapaKTepUCTUK MeMpUCTO-
POB KaK aHanoroBbIX 3/1EMEHTOB, a TaKMKe K MCMOMb30BaHMIO LYMa B Ka4eCTBE KOHCTPYKTUBHOIO daktopa npu obyyeHnn
W yOepKaHuM MeMpUCTUBHBIX BECOB MMMYMbcHOM ceTu [7, 11].

ObcyKaaloTcA TaKke NoAXonbl K peanu3aumu noKanbHblX NpaBun fodamuHonofobHoro 06yveHUs C MOAKPENsieHneM
B CHC, KoTopble HeobxoamMbl AnA GopMUPOBaHMA aHanora CUCTEMbI «MOTPEBHOCTEN» UHTENINEKTYaIbHOTO areHTa B npo-
Liecce ero aBTOHOMHOr0 GyHKLUMOHMPOBaHMA [12—-14]. PaccMoTpeHbl nepBble pe3ynbTathl N0 CO34aHUI0 NPOTOTUNA MEMpU-
CTVMBHOMO MMMNAHTMPYEMOrO YCTPOMCTBA, HEMPOMNPOTE3MPYIOLLIETr0 ABUraTeNbHYI0 aKTUBHOCTb ¥MBOTHOrO [15, 16].
HaKoHeL, AeMOHCTPUpYIOTCA BO3MOXKHbIE annapaTHbe PeLLeHWA Kak AnA HEMPOHANbHbIX 3/IEMEHTOB, TaK U ANA CUHANTK-
YeCKUX cBAA3e Ha 6a3e NepCrneKTUBHBIX MEMPUCTUBHBIX YCTPOWCTB, NOAXOOALUMX [NIA YKa3aHHbIX TUMOB JIOKaNbHOro 06y-
YeHud, NPeACTaBeHbl KOHLENLMA U nepBble pe3ynbTaThl N0 CO3[aHUI0 aHanoroBoro HeipoMopdHoro npoueccopa Ha 6ase
BbILLIEYKA3aHHBIX KOMMOHEHT.

Takum o6pa3oM, JaETcA NOMbITKA CMCTEMATM3aUMK CYLLECTBYIOLLMX M aBTOPCKMX OpUrMHalbHbIX CNOoco6oB peanv3auum
3Hepro3PdeKTMBHBIX KOMMAKTHBIX aHANOroBbIX HEMPOMOPGOHBIX BBIUYMCIUTENBHBIX CUCTEM WCKYCCTBEHHOTO MHTENEKTA,
(YHKUMOHMPYIOLLMX B PEKUME peanbHOro BpeMeHu U (camMo-)obydaeMbix B TeYEHWE BCEro CPOKA CIyHObl YCTPOMCTBA.

KnioueBble ciioBa: HelpoMopdHble BbIMMCIIEHWS; MEMPUCTOP; CralKoBble HeWpoHHble cetw; STDP; obyyenue 6e3
yuntens; godammHonogobHoe obyueHne ¢ nogKpeneHneM; HeMpornbpuaHble CUCTEMBI.
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WUcTouHuk puHaHcmpoBaHua. PaboTa BbinosHeHa Npy G1HAHCOBOM NOAAEPHKKE COrnaLleHna ¢ MUHUCTEPCTBOM HayKM U1 BbiC-
wero obpa3soBaHmA N° 075-15-2023-324.

KoHdnuKT uHTepecoB. ABTObI [EKIapUPYIOT OTCYTCTBME ABHBIX 1 NOTEHLMANbHBIX KOHGVKTOB MHTEPECOB, CBA3aHHBIX C Ny6-
NMKaLMEN HacTOALLEN CTaTby.
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ABSTRACT

This report outlines the current implementation status of hardware accelerators for artificial intelligence, focusing
on successful neural network algorithms of the first and second generations that use formal artificial neural networks
(ANNSs). Identified shortcomings of current solutions are addressed, with proposed solutions using analog neuromorphic
architectures.

The latter are designed based on the structural and functional principles of a living nervous system, using artificial neurons
and models of synaptic connections, commonly referred to as memristors. These are electrically rewritable nanoscale
components of non-volatile memory [1-3]. By using these components, it is feasible to significantly enhance the effectiveness
and energy efficiency of algorithm accelerators which are based on ANNs [4—6]. Additionally, it enables the development
of promising computing systems relying on bioplausible third-generation neural network algorithms, namely Spiking Neural
Networks (SNNs) [7-9].

The paper discusses the original approach to establishing optimal rules for tuning local SNNs with frequency encoding.
It also explores the potential implementation of said rules using Spike-Timing-Dependent Plasticity (STDP) [10]. The study
demonstrates the stability of SNN learning when subjected to analogue memristors’ variance, and it highlights noise as an
effective tool for fine-tuning and sustaining SNN memristive weights [7, 11].

Approaches to implementing local plasticity rules with dopamine-like modulation are discussed as a type of SNN
reinforcement learning. This approach is necessary for forming imitative “needs” of an agent during autonomous functioning
[12-14]. In addition, the first results of the creation of a prototype of a memristive implantable neuroprosthesis for motor
activity are examined [15, 16].

Finally, potential hardware solutions for both neuronal components and synaptic connections using suitable memristive
devices are demonstrated. The concept and initial findings of an analog neuromorphic computing system created with
the aforementioned components are presented.

Thus, this paper aims to organize current and novel approaches for implementing energy-efficient and compact analog
neuromorphic computing systems that can enable real-time processing and lifelong learning in artificial intelligence.

Keywords: neuromorphic computing; memristor; spiking neural networks; STDP; unsupervised learning; dopamine-like
reinforcement learning; neurohybrid systems.
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