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AHHOTALMA

HelpoMopdHble BbluMcnnuTenbHble cucteMsl (HBC) Ha ocHoBe MeMpUCTOPOB NPeACTaBsAI0T CKOPOCTHOM M 3Heproagdex-
TUBHBIA MOAXOA K 00y4eHWMI0 HEMPOHHBIX CETEN M PELLEHMI0 KOTHUTMBHBIX 3adad (pacno3HaBaHWe 06pa3oB, 0bpaboTka
6onbLUMX AaHHBbIX, Npefckasanue u T.4.) [1]. MeMpucTopbl MoryT 6biTb peanu3oBaHbl B reoMeTpum 6onblumx Kpoccbap-
MaccuBOB ANA BbINOHEHWUA ONepaLMK BEKTOPHO-MATPUYHOTo yMHOXKeHUA (BMY) 3a oiuH Lwar nyTéM B3BELUEHHOMO CyM-
MWPOBaHWA 3MEKTPUYECKMX TOKOB (cornacHo 3akoHam OMa u Kupxrogda) [1]. B cBoio ouepefb, ABNAACH camMoii MaccoBo
napannenbHoi onepaumen B 06y4eHUU U BbIBOAE HeMpOHHbIX ceTel, BMY upesBbiuaiiHO 3aTpaTHa Mo BPEMEHM U 3Hep-
M1 B TPAAMLMOHHBIX apxuTekTypax doH Heimana. B cBA3u ¢ atum otnmuma HBC Ha ocHoBe MeMpucTOpoB npeacTaBaAlT
bonbLUOM MHTepec. MeMpUCTOpbI yHKe YCMELLHO peanu3oBaHbl AnA pasnuyHbix peanusaumi HBC, npogeMoHCTpUpoBaHbI
TaKMe CXeMbl, KaK MHOrocnomHbln nepcentpoH (MLP) [2], monroBpeMeHHas KpaTKOBpeMeHHas namATb 1 gpyrue. bonb-
wuHcTBo 3TUX HBC 06bI4HO 06y4aloTCA € NOMOLLbIO Pa3fIMYHbIX TUMOB anropuMTMOB 06Y4eHUA FPafMEHTHOrO CMycKa, an-
napaTHan peanun3aLma KOTOpbIX CIOXHA M3-3a HEHALEKHBIX BapUaLMii MEMPUCTUBHbIX YCTPOWCTB OT LMKNA K LMKy (c2c)
W 0T yCTpoWACTBa K ycTpoiicTay (d2d). Bbino npenoxeHo HECKONMBKO NOAX0A0B 1A HYaCTUYHOMO CMArYEHUA 3TUX NpobneM,
B TOM 4ucCne pe3epByapHble BblMUCEHUA [3] M MHKEHepUA TOUHbIX NpM3HaKoB [4]. 06Lan naea Takux NoAXoA0B 3aKmioya-
€TCA B YMEHbLUEHUW KONIMYecTBa He06X0AMMbIX BeCOB (T.6. MEMPUCTOPOB) MO CPABHEHMIO C MOHOCBA3HLIMU HEMPOHHBIMU
ceTAMU. B 3TOM OTHOLLEHUM BONbLLUOI MHTEpeC NPeACTaBNAIOT TaKMe HOBbIE apXMUTEKTYPbI, KaK CBEPTOYHAA HEMPOHHAA CeTb
(CHC) n MLP-MvKcep, NOCKOMbKY OHM 06ecneyMBaloT 3HaUMTENIbHOE CHUMKEHWE Beca 6e3 yMeHblueHUA 3PdeKTUBHOCTH
Knaccudmrkaummn. Xota CHC Ha ocHoBe MeMpPUCTOPOB yiKe Bbina NPOAEMOHCTPUPOBAHA, Pa3/iMyHbIE acneKTbl eé peanusa-
UMK (TaKMe Kak COBMECTHOE NPOEKTUPOBaHME rMBPMOHOro annapaTHOro U NpPorpaMMHOro obecneyeHunn) ewe npeacTout
n3yuntb. MLP-MuKcep 6bin peann3oBaH ToNbKO NporpaMMHo. 03ToMy B faHHOW paboTe Mbl U3Y4MIM BO3MOMKHOCTb an-
napatHoi peanusauum CHC n MLP-MuKcepa Ha ocHoBe Kpoccbap-MaccBoB MeMpUCTOPOB. C 3TOM Lienbio 6binn M3y4eHbl
MeMpucTopbI Ha ocHoBe HaHokoMno3uTa (Co-Fe-B),(LiNDO,) ,q._, (CFB-LNO HK), pabotatowme no MexaHusmy Mynstuuna-
MEHTHOr0 PE3UCTMBHOMO NepekntoyeHns. OHW [eMOHCTPUPYIOT BbICOKYIO BbIHOCIIMBOCTb, AIUTENbHYIO CTabUBHOCTb M 06-
NapfalT MHOTOYPOBHEBLIM PE3UCTUBHBLIM NEpPeKYeHNeM [5].

MaccuB MeMpuCTOpPOB b M3rOTOBAEH C WCMO/b30BaHWEM fasepHon doTonutorpaduu AnA GOpMUPOBAHUA PUCYHKA
3MEKTPOAHBIX LUMH U MOHHO-MY4eBOr0 HamblIEHNA Ha OPUrMHANBHOM YCTaHOBKe ANA HaHeceHWA akTueHoro cnos (LiNbO,
TonwmHon ~10 HM n HK CFB-LNO TonwwmHoit ~290 M ¢ x=10-25 at.%). MogpobHocTH npouecca M3roTOBNEHUA MOMHO
HaWTu B pabore [5].

BonbT-aMnepHble xapaKTepUCTUKM WM3TOTOBMIEHHBIX MEMPUCTOPOB MOKasanu Hebonblume Bapuauum c2c v d2d, nnactuy-
HOCTb C 16 pasNnyYHBIMM PE3UCTMBHBIMM COCTOAHUAMM W BbIHOCIMBOCTL Gonee 10° umKknos. Ucnonb3sya Kpoccbap-Maccu-
Bbl Ha OCHOBE HAaHOKOMMO3UTOB, Mbl peanu3oBanu rubpuaHyio CHC, cocToALLylo M3 annapaTHOro SKCTpaKTopa NpM3HaKoB
C 0QHMM/OBYMA AfpaMM U NpOrpaMMHOr0 Knaccudukatopa. KpoMe Toro, Mbl NPOAEMOHCTPMPOBANM B MOLENM, YTO WC-
nonb30BaHNe vccnefyeMbiXx MEMpPUCTOPOB B afanTyMpOBaHHOW apxuTekType MLP-MuKcepa npuBogvT K BbICOKOM TOYHOCTH
KnaccumKaLmm, ycTonumBoi K MEMpUCTUBHBIM BapuaLMAM U 3aBUCLLMM YCTPOWACTBaM.
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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 puHaHcupoBaHusa. PaboTa BuinosHeHa npu noaaep ke Poccuiickoro HayyHoro doxpa (npoekt 22-19-00171). U3-
MepeHus NpoBoaNINCH Ha 060pyaoBaHWKM pecypcHbiX LieHTPoB (HILL «KypuaToBcKkumii MHCTUTYT»). ABTopbl bnaroaapar {0.B. Mpu-
LweHKo, K.10. YepHornasosa 1 npod. A.B. CuTHMKOBA 3a 13roToBeHMe 06pa3LioB.

KoHdnuKT uHTepecoB. ABTOpLI AeKNapUPYIOT OTCYTCTBME ABHBIX M MOTEHLMAMbHBIX KOHIIMKTOB MHTEPECOB, CBA3aHHLIX C My6-
NMKaLMEN HacTOALLEeN CTaTby.
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ABSTRACT

Memristor-based neuromorphic computing systems (NCSs) offer a fast, highly computationally efficient, and energy
efficient approach to neural network (NN) training and solving cognitive problems, such as pattern recognition, big
data processing, and prediction [1]. Memristors can be organized in large crossbar arrays to perform vector-matrix
multiplication (VMM) in a natural one-step manner by the weighted electrical current summation, following Ohm’s and
Kirchhoff's laws [1]. In contrast, while VMM is the most massively parallel operation in NN learning and inference,
it is extremely time- and energy-expensive in traditional von Neumann architectures. Therefore, memristor-based
NCSs are highly desirable. Memristors have already been successfully used for various NCS realizations, including
multi-layer perceptron (MLP) [2], long short-term memory, and others. Most NCSs are trained using gradient descent
algorithms, but hardware implementation is challenging due to the inconsistent cycle-to-cycle (c2c) and device-to-
device (d2d) variations of memristive devices. Several methods have been suggested to alleviate these issues, such
as reservoir computing [3] and fine feature engineering [4]. The main concept behind these techniques is to minimize
the number of necessary weights (i.e., memristors) in comparison to fully connected NNs. In this regard, convolutional
NN (CNN) and MLP-mixer are novel architectures that are immensely intriguing due to their significant weight reduction
without compromising classification efficiency. While CNNs based on memristors have already been demonstrated,
further investigation of its implementation, such as hybrid hardware-software co-design, remains necessary due to
its unrealized aspects. In contrast, only software-based implementation of MLP-mixer has been achieved. Hence, this
study explores the potential of crossbar arrays of memristors for the hardware implementation of CNN and MLP-mixer
networks. We examined CFB-LNO NC memristors composed of (Co-Fe-B)x(LiNb03),,,_,, which exhibit high endurance,
long retention, and multilevel RS through a multifilamentary RS mechanism [5].

A crosshar array of memristors was manufactured by utilizing laser photolithography for the patterning of electrode buses, and
ion-beam sputtering at the original facility for deposition of the active layer, which was composed of LiNbO3 (~10 nm thick)
and CFB-LNO NC (~290 nm thick) with x =10-25 at.%. For more information about the fabrication process, please refer to [5].
The I-V curves of the fabricated memristors indicated negligible c2c and d2d variations, along with 16 distinct resistive states
and endurance exceeding 105 cycles. A hybrid CNN was developed using crossbar arrays composed of nanocomposites. The
hardware component of this system incorporated a feature extractor with one or two kernels, while the software utilized
a classifier. Additionally, we demonstrated through simulations that implementing the studied memristors in the precisely
tailored MLP-Mixer framework yields exceptional classification accuracy, impervious to memristive fluctuations and stuck
hardware.

Keywords: memristor; crosshar array; artificial synapse; neuromorphic computing; convolutional neural networks;
MLP-mixer.
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