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B pa6oTe npeacTaBieHa KOHLENLUA aBTOHOMHOIO annapaTHOro cpeAcTBa — HeMponpoueccopa,
Ha KOTOpPOM MOryT 6a3vMpoBaTbCs KaK HEMpoceTM Ha MPpOCTbiX HeMpoHax, MUCNoJiblyeMble
B WHPOPMALMOHHbIX TEXHOJOrnaX, Tak M 6uomMopdpHas HemnpoceTb AN MOAeIMPOBAHUSA
pa6oTbl KOPTUKAIbHOW KOJIOHKM YesioBe4yeckoro Mosra. Heriponpoueccop Kak BblYUCUTENIbHOE
YCTPOMCTBO MaTPUYHO-BEKTOPHbIX ONepaLuii BKJIOYaeT B cebs IOrM4eckyto U 3anoMuHaloLLyto
MaTpuLbl, MOCTPOEHHble HA OCHOBE KOM6MHMPOBAHHOIO MEeMPUCTOPHO-ANOAHOr0 Kpocc6apa.
MpepnoxeHbl (GyHKLMOHANbHAA CXeMa HeWpornpoueccopa, a TakXe 3JieKTpuyeckme cxembl
3aMoMMHaloWen MaTpuLlbl U YHUBEpPCaJIbHOW JIOrMYeckor MaTpuubl. [MocnegHsas B KavecTse
nporpamMMuMpyeMon JIorM4eckom MaTpulibl BbINOJIHAET YMHOXEHME MaTpulibl Ha BeKTop
nyTeMm nocsiefoBaTesibHbIX KOHBIOHKLUW C MHBEpPCUEN; B KayeCcTBe KOMMyTaTtopa HanpaBsnseT
BbIXOAHbIE MMMYJ/IbCbl HEMPOHOB Ha CUHAMChl APYrMX HEMPOHOB; B KayecTBe 4YacTU BXOAHOro
YCTPOMCTBA HeMponpoueccopa peaausyeTt NnepBUYHy0 06paboTky curHana B unppoBom pexnme
C MOMOLLLbIO YMHOXEHMS MATPULLbl HA BEKTOP, Npeobpa3sysa BXOAHbIe faHHble B HY)XHbIN popmar;
B KayecTBe 4YacTM BbIXOAHOr0 YCTPOMCTBA OCYLLECTBASET CXaTue MHGopMauun C NOMOLLbIO
TOro Xe YMHOXeHUs ans nepepadn B MHTepdpencHoln 610k. NposepeHo SPICE-MoaenupoBaHue
OCHOBHbIX Y3/10B HeWponpoueccopa, MnokasaBlee BbICOKYIO 3Heprosp@ekTMBHOCTb
npeAoXeHHbIX MaTpuUL,.

The paper presents the concept of an autonomous hardware - a neuroprocessor, on which
both neural networks with simple neurons used in information technologies and a biomorphic
neural network can be based for modeling the work of the cortical column of the human brain.
Neuroprocessor as a computational device of matrix-vector operations includes logical and
memory matrices based on a combined memristor-diode crossbar. We present a functional
diagram of a neuroprocessor, electrical circuits of a storage matrix and a universal logical
matrix. The latter as a programmable logical matrix performs matrix-vector multiplication
by successive conjunctions with inversion; as a switch directs the output pulses of neurons to
the synapses of other neurons; as part of the input device of the neuroprocessor implements
the primary processing of the signal in the digital mode by multiplying the matrix by a vector,
converting the input data into the desired format; as part of the output device, compresses
the information with the same multiplication for transmission to the interface unit. SPICE-
simulation of the main nodes of the neuroprocessor showed high energy efficiency of the
proposed matrices.
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CKyCCTBeHHble HeHPOHHBIE CeTH MOSIBUIHCh KaK
Mozenb 06paboTku HHPOPMALIMU B HEHPOHaX.
TakoM MOAXOM HCIIOB3YEeTCS CelYac B CUCTEMaX
MaIIMHHOTO0 06y4YeHH s C OrPOMHBIM YHCIOM ITPOCTBIX
HelpOHOB. KOHLIENIIMS MOCTPOeHUS 6HuoMOpdHOH
MoJelHd HeHpOHa, KOTOpas KaueCTBeHHO OT/IH-
4yaeTcss oT GopManbHOM MoAenu, U 6uomMopdHOU
HeHpOCeTH Ha ee OCHOBe H3/I0KeHa B [1]. OnHUM
13 IIPOeKTOB MacIITabHOTro MOJeTUPOBAHUS HeH-
poceTtelt saBasieTcst Human Brain Project [2], cTa-
BSIIIMH Lle/IbI0 IIOJTHOE MOJeTHPOBaHUe paboThl
Mo3ra 4dejioBeKka. TeKyllee pa3BUTHE BBIUHC/IUTENb"
HOI TeXHHUKU He I103BOJISIeT IIPOBOAUTD II0J0OHEIe
BBIUHCJIEHH S C IIPHeMJIEMOHN CKOPOCTBIO, [I03TOMY
[OKa HCClIefoBaTell OTPAaHHUYHBAIOTCA OT/Hesb-
HBIMH QYHKIIMOHAJIBHBIMHU ydacTKaMHu. Ocoboe
BHHMAaHHUe yJeaseTcsl Tak Ha3blBaeMOH KOPTH-
Ka/bHOH KOJIOHKe - YHHBEPCAJIbHOMY 3/IeMeHTY
HeoKopTeKca [3, 4]. IMeHHO 3Ta CTPyKTypa CUHU-
TaeTcs 37leMeHTapHBIM MoJyJieM B cUcTeMe obpa-
60TKH HUHPOPMAIMHU MO3TOM.
B HacTosimel paboTe mpeacTaBieHa KOHIIEI-
LMl aBTOHOMHOTI'O aIllIIapaTHOIO CPeiCTBa — HEHpoO-
mpoleccopa, Ha KOTOPOM MOT'yT 6a3HpoBaThCs KAk

HellpoCeTH Ha IIPOCThIX HeHMPOHAaX, HUCIIO/Ib3yeMble
B MHGOPMAIMOHHBIX TEXHOJOTUSX, TaK U 6roMoOp-
dHast HeHMpoceTh A1 MOJeTUPOBAHU S PaboTHI KOp-
THKa/IbHOU KOJIOHKH.

OyHKIIMOHA/MbHAS CXeMa HeHpoIpoleccopa,
B KOTOPYIO BK/IIOUEHbl OCHOBHBIE Y3JIbl, IIPeACTaB-
JleHa Ha puc.l.

BxoIHOe yCTPOMCTBO IIpeJHa3Ha4YeHO A/ I1ep-
BHUUYHON 00paboTKH ayAKO- U BULEOCHUTHAJIOB (IIpe-
06pa3oBaHMUS HAHHBIX, IIOCTYIAOIINUX U3 HHTEp-
dericHoOro 6;10Ka, B HY>KHBIE GOpMaT), a TAKXKe A
KOOUPOBKHU MI000H APyroil HHGOPMAIUU B BHJE
OTIeJIbHBIX UMIIY/IBCOB U, eC/IH IoTpebyeTcs, A1
npeobpa3oBaHUs 3TUX UMIIYJIbCOB B CTAHAAPTHEIE
HMIIYJIbCHI C OIIpe/ie/IeHHBIMH aMIIMTYJ0U U AU~
TeJIbHOCTBIO, ITOA06HBIe 6MOMOPOHBIM HMITYJIbCAM
Mos3ra.

3anoMHKHa0Mmas MaTpUlla IOMHUMO XPaHeHH s
MHPOPMALIUU IIPOBOAUT YaCTh OepaLiui obpa-
OOTKHU [I/1s1 HEHPOCEeTH, BBIIIONHSIS B3BEeIlIeHHOe CyM-
MHPOBaHHE BXOJAHBIX MMIIYJIbCOB IIyTeM YMHOXe-
HUS HaIIpSDKeHH S BXOJHOTO CUTHAJ/Ia Ha COIIPOTHB-
JIeHHe COIVIACHO 3aKOHY OMa M CYMMUPOBAHHUS I10/TY-
YUBIIKMXCS TOKOB II0 IIepBOMY 3aKoHYy Kupxrooda.

rtificial neural networks

appeared as a model for pro-

cessing information in neu-
rons. This approach is now used
in machine learning systems
with a huge number of simple
neurons. The concept of design-
ing a biomorphic model of a neu-
ron, which qualitatively differs
from the formal model, and a bio-
morphic neural network based on
it, is presented in [1]. One of the
projects of large-scale simulation
of neural networks is the Human
Brain Project [2], which aims to
fully simulate the work of the
human brain. The current devel-
opment of computer technology
does not allow such calculations
to be carried out at an accept-
able rate, and so far researchers
are confined to separate func-
tional areas. Particular attention
is paid to the so-called cortical
column - the universal element

of the neocortex [3, 4]. It is this
structure that is considered as an
elementary module in the brain
information processing system.

This paper presents the concept
of an autonomous hardware - a
neuroprocessor, on which both a
neural networks on simple neu-
rons used in information tech-
nologies and a biomorphic neural
network can be based to simulate
the work of a cortical column.

The functional scheme of the
neuroprocessor, which includes
the main nodes, is shown in
Fig.1.

The input device is intended for
primary processing of audio and
video signals (for converting data
obtained from the interface unit
to the desired format), as well
as for encoding any other infor-
mation in the form of separate
pulses and, if necessary, to con-
vert these pulses into standard

pulses with certain amplitudes
and duration, similar to biomor-
phic impulses of the brain.

The storage matrix, in addi-
tion to storing information, per-
forms a part of the processing
operations for the neural net-
work, performing a weighted
summation of the input pulses
by multiplying the voltage of the
input signal by the resistance
according to Ohm's law and sum-
ming the resulting currents
according to the Kirchhoff's first
law. The logical matrix simulta-
neously processes the digitized
output pulses of the neurons of
the memory matrix and com-
mutes them to the synapses of
other neurons. In this matrix,
in addition to performing logical
operations, the neural network
problem of comparing the sum
of signals with the threshold can
be solved.
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Puc.1. ®yHKUUOHANbHAs cxema Heliponpoueccopa
Fig.1. Functional diagram of neuroprocessor

Jlorr4yeckasi MaTpHILia OCYLIeCTBIseT OLHOBPeMeHHO
06paboTKky onHMpPOBAHHBIX BBIXOJHBIX UMIIYIbCOB
HeHPOHOB 3allOMHUHAIOMeN MaTPULBl U UX KOM-
MYTallMI0 HAa CHHAIICHl APYTUX HEHPOHOB. B 3Tol
MaTpHlle KpoMe BBIIIOJTHEHU S TOTHUeCKUX oIlepa-
LIMI MOXKeT pellaThCsl HeHpoceTeBasl 3afjlada CpaBHe-
HUSI CyMMBI CUTHAJIOB C IIOPOrOM.

[TonHasa paboTa HeHpoCeTH pealH3yeTcs IPHU
coelMHeHUU BBIXOJ0B IOTUYECKOH U BXOJ0B 3aIl0-
MHUHaloMmen MaTpul,. Takum o6pa3om, HeHPOHEI
13 3all0OMHHALIe MaTPUIbl MOKHO 06be IUHUTD

B eITUHYIO CeTh C IIOMOILBIO JIOTHYECKON MaTPHILBL.
Jlornuyeckoe YCTPOMCTBO AOJI’KHO BBIIIOTHSATh YMHO-
>KeHHe MAaTPUIIBl COCTOSIHUS KII04Yer Ha BeKTOP
BXOJHBIX CUTHA/I0B, obecrmedynBasi KOMMYTal[HIO
CHUTHAJIOB 3alIOMHHAIOMEN MaTPHUIBI. [I0CKOIBKY
TaKkoe yMHOKeHHe HCII0Nb3yeTcs IIpu obpaboTke
CHUTHAJIOB C IIOMOIIbI0 Tpeobpa3oBaHus Pypee, TO
nonobHast MaTpHIA CTAHET YHUBEPCAIbHOM.

Ilo OKOHYAaHHU MPOLIeCCUHTa B 3alIOMHHAIO-
IIeH U JIOTHYeCKOM MATpUIax, UMelomux obpar-
HYIO IIOJIOKHUTEIBHYIO CBSI3b, U IIOJIYUEHH I HOBBIX

The full operation of the neu-
ral network is realized when the
outputs of the logical and inputs
of memory matrix are connected.
Thus, neurons from the memory
matrix can be combined into a sin-
gle network using a logical matrix.
The logical device must perform
multiplication of the key state
matrix by the vector of the input
signals, providing switching of
the signals of the memory matrix.
Since this multiplication is used
in signal processing with the help
of the Fourier transform, such a
matrix will become universal.

At the end of processing in the
memory and logical matrices

having a positive feedback and of
receiving new data, the informa-
tion is fed to the output device,
where its final processing takes
place (spectral analysis, image
compression and convolution fil-
tering). Further, the informa-
tion prepared for transportation
is transmitted to the interface
unit.

In view of the scale of the
architecture of the neuroproces-
sor and the large number of ele-
ments in the electrical circuit,
the following general require-
ments are imposed on its nodes:
high degree of integration of ele-
ments when combining them
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into an extremely large matrix;
minimization of the area occu-
pied by the cell of the matrix on
the chip; high speed and energy
efficiency.

3D MEMORY ARRAY WITH HIGH
INTEGRATION OF ELEMENTS

The storage matrix based on the
crossbar of complementary mem-
ristors [5], in contrast to the
memory matrices used in infor-
mation technologies, in addition
to information storage allows
the weighing and summation of
the voltages of the input signals
passing through the memris-
tors. However, it can not be used
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OAHHBIX HHGOPMAIHS MOCTYIIaeT HA BBIXOJHOE
YCTPOHCTBO, I'le IPOUCXOAUT ee OKOHYATe IbHas
o6paboTka (CrIeKTPaabHBIM aHANIN3, CKATHEe HU30-
OpaskeHHUs M CBepTOuHas QuAbTpanus). [lanee
IIOATOTOBIEHHAS K TPAHCIOPTHPOBKe HHbOPMaA-
LU [lepefaeTcsi HA UHTepdeHCcHBIN 6/10K.

BBuAy MacmTabHOCTH apXUTeKTYyphl HeHpo-
npoueccopa 1 60JbIIOro KOJIHUYECTBA 3TeMEH-
TOB B 3JIEKTPUYECKOH CXeMe, K ero y3j1aM Ipefb-
SBJISIOTCS Clefyonihe obmure Tpe6oBaHUS: BBICO-
Kasi CTelleHb MHTETPALIUHU 31eMeHTOB IIpHU 06be-
OUHEHUHU UX B CBepXxbOJBIIYyI0 MATPUILY; MUHU-
MH3aLHUs IUIOMALH, KOTOPY 3aHHUMAaeT siuelKa
MAaTPHIBl HA KPUCTAJ/Ie; BEICOKHE OBICTPOJeHCTBHE
U 5Hepro3ppeKTUBHOCTb.

3D 3ANOMUHAIOLLAS MATPULIA C BbICOKOM
MHTErPALIMEA YIEMEHTOB

3amoMuHapIas MaTpPUIlA Ha OCHOBe Kpoccbapa
M3 KOMIIJIEMEeHTapHBIX MEMPHUCTOPOB [5] B oT/HU-
4Yye OT 3alIOMHUHAKIKMX MaTPHUIL], HCIO0Jb3yeMBbIX
B HHQOPMAILIMOHHBIX TeXHOJIOTHSAX, IOMHUMO Xpa-
HeHUSI MHGOPMAILIMU I103BOJIsieT IPOU3BOAUTH
B3BeIIMBaHHEe U CYMMHUPOBaHHe HaANpPSIKeHUH
BXOAHBIX CUTHAJIOB, IPOXOASIIHUX Yepe3 MeMpH-
cTopbl. OLHAKO OHAa He MOXeT OBITh HCIIO0JB30-
BaHa B KayeCcTBe CBepxb0JIbIION 3alIOMUHAIOI e
MaTpHI bl HeH PO poLieccopa M3-3a HU3KOM SHepro-
30 PeKTUBHOCTH IPH 3aIIMCH K BEICOKOH Aerpaja-
LMY BBIXOJHOTO CUTHa/a IPU CYUTBIBAHUHU BCIe-
CTBHeE TOTO, YTO B 3alIOMHHAIOIIel ssuekKe OTCYTCT-
ByeT HeJIMHEeHHBIM CeJIeKTUBHBIM 3JIeMeHT.

1 2
M1
D1
3
MpOBOAHMK . N+ NoayNpOBOAHUK
Conductor n + semiconductor

. N NONYNPOBOAHMK . p NONIYNPOBOAHNK
n semiconductor p semiconductor

| MeMpUCTPHbIN oW
Memristor layer

Puc.2. Dnekmpuueckas cxemad u monoaozus omoeabHouU siuel-
KU Kpoccbapa
Fig.2. Electrical diagram and topology of separate crossbar cell

[Ipo6i1ema 3Hepro3¢PpeKTUBHOCTHU CBepXbOOIb-
IIOM 3alIOMHHAIOMIEN MaTPUIbl pellleHa IyTeM
HCIO/Nb30BAHUS KOMIIJIEMeHTAapPHOM MeMpH-
CTOPHO-IHOAHOU STUEHKH, KOTOpasd peAcTaBaseT
cob0M ABYXCJIOMHOE COeIUHEeHHe KOMIIJIeMeHTap-
HBIX OUIIONISIPHBIX MEMPHUCTOPOB U OJHOIO pasfe-
nswomero fuofna 3eHepa. [IppMeHeHHe [I0C/IeJHET0
[03BO/ISIeT YMEHBIIUTD AeTpafalikiio BEIXOJHOIO

as an ultra-large memory matrix
of the neuroprocessor because
of low energy efficiency during
recording and high degradation
of the output signal during read-
ing because there is no nonlinear
selective element in the storage
cell.

The problem of energy effi-
ciency of an ultra-large mem-
ory matrix is solved by using
a complementary memristor-
diode cell, which is a two-lay-
ered interconnection of comple-
mentary bipolar memristors and
one Zener separating diode. The
latter allows to reduce the deg-
radation of the output signal

when summing the input volt-
age pulses.

The paper [6] presents nano-
technology for the manufacture
of a superlarge (more than 106
cells) multilayer storage array
with non-volatile memory and a
high degree of integration of ele-
ments based on a combined mem-
ristor-diode crossbar.

Technologically high degree
of integration of elements can
be achieved by sequential verti-
cal build-up on a chip of planar
two-layer memory matrices in
a 3D structure of identical hori-
zontally arranged and mirror-ori-
ented combined crossbars (Fig.2).

Due to the shortening of the
length of the connecting conduc-
tors, the energy efficiency of the
matrix is increased.

Two-layer combined crossbar
can be considered as a separate
functional layer. Fig.3 shows the
electrical circuit, and Fig.4 pres-
ents the topology of the fragment
of the three-dimensional mem-
ory matrix of the three combined
crossbars explaining the princi-
ple of joining adjacent layers.

The memristor layer and semi-
conductor layers of the diode
can be formed by a magnetron
method. The layers of semicon-
ductors with a donor or acceptor
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Puc.3. Dnekmpuueckas cxema ppazmeHma mpexmepHoul 3ano-
MUHaruwel mampuusl. Tpu ysema coomeemcmayom mpem
KOMBUHUPOBAHHbIM Kpoccbapam

Fig.3. Electrical diagram of fragment of 3D memory matrix.
Three colors correspond to three combined crossbars

CHUTHa/a IPU CYMMHPOBAHUH BXOJHBIX HMITY/Ib-
COB HaIIpSIKEHHS.

B [6] mpencTaB/ieHa HAHOTEeXHOJIOT U S U3TOTOBJIe-
HU cBepxbonbmoi (6osee 106 syeeK) MHOTOCJION-
HOM 3aIIOMUHAIOI e MaTPUIIbI C SHEPTOHEe3aBUCH-
MO IIaMSIThIO U BBICOKOM CTeIIeHbI0 HHTeTPALluH
371eMeHTOB Ha OCHOBE KOMOMHHPOBAHHOTO MEMPH-
CTOPHO-JHOAHOTO Kpoccbapa.

TexXHONTOTUUYECKH BBICOKAS CTEIIeHb MHTerpa-
LMY 371eMeHTOB MOKeT OBITh JOCTUTHYTA IIyTeM
II0C/IeIOBATE/IPHOIO BePTHUKA/JBHOTIO HapallHuBa-
HUs (sequential vertical build-up) Ha xpucranze
MIaHAPHBIX ABYXCAOHMHBIX 3alMOMHHAOIIHUX
MaTpHI B 3D-CTPYKTYPy U3 OAUHAKOBBIX TOPHU30H-
Ta/IbHO PACIIOJIOKEHHBIX K 3ePKaIbHO OPHEeHTHPO-
BaHHBIX I10 OTHOLIEHUIO APYT K APYry KOMOUHU-
poBaHHBIX Kpoccbapos (puc.2). [Ipu 3ToM 61aro-
Iaps COKpalleHUIO AJTUHBI COeJUHUTENTbHBIX I1PO-
BOJHHUKOB IOBBIIIAETCS 3HePro3pPekKTUBHOCTD
MaTPHIIBL.

JBYXCITOMHBM KOMOHMHHUPOBAHHBIKN Kpoccbap
MO’KHO PacCMaTpHUBATh KaK OTHeJbHBIN QYHKIIU-
OHA/IBHBIM IJIacT. Ha puc.3 mpuBefeHa 3/1eKTPU-
yeckasi cxeMa, a Ha pUC.4 - TOIOAOTUs dparMeHTa
TpexMepHOH 3allOMHUHAaIOm el MaTPULBL U3 Tpex
KOMOMHHUPOBAHHBIX Kpocc6apoB, MOSCHSIOIAS
NPUHLUI COeJUHEeHU S COCeHUX IIJIaCTOB.

HAHO MHOYCTPHA Tom 11 Ne s (84) 2018

MpoBOAHMK . N+ NOYNPOBOAHMK
Conductor n +semiconductor

. N NOYNPOBOAHVK . P NONYNPOBOAHMK
n semiconductor p semiconductor

] MeMpUCTpHbIZ cion
Memristor layer

Puc.4. Tononozus 3D 3anomuHaroweld mampuybl ¢ 8blcokol
UHmMezpayuel 3neMeHmos

Fig.4. Topology of 3D memory matrix with high integration of
elements

MeMPpHUCTOPHBIHN CJION U MOJYIIPOBOJHHUKOBBIE
CJIOM AHO0Ja MOTYT ObITh COOPMHUPOBAHBI MarHe-
TPOHHBIM crocobom. CloM MOTYIPOBOJLHUKOB
C IOHOPHOM MJIM aKI[eITOPHOM NPHUMeEChIO U pas3-
HBEIM ypPOBHEM JIeTHPOBAaHMS CO3JAIOTCS MyTeM
OLHOBPEMEeHHOI0 PAacIblIeHH I KaTOJ0B U3 UHCTOTO
MOJYyIIPOBOAHHKKA U JIeTUPYIoIlel IpUMecH [7].

YHUBEPCAJIbHAA 3D IOTUYECKASA MATPULIA

C BbICOKOW UHTErPALIUEA IIEMEHTOB

MaccuB AKepca Ha OCHOBe MEMPUCTOPOB [8] MOSKHO
3aIporpaMMHPOBATh Ha BEIIIOTTHEHHE 11000 10T U-
yecKolM PyHKIUK. OJHAKO B OHOM MaCCHBe HeBO3-
MOKHO peajin30BaTb KOMOMHALIMOHHYIO CXeMY
YMHOXeHHS BeKTOpa Ha MaTpPHIy H3-3a HaJIH-
YMs B HeM TOJIBKO OJJHOTO BEIX0Z,a. MCIIoNIb30BaHHE
HeCKOJbKHUX MAaCCHUBOB [IJI OpPraHM3aljuH TaKoM
omepaLiMy IpHUBeJeT K POCTY KOJTHYeCTBa d/leMeH-
TOB U, COOTBETCTBEHHO, K YBeJIMYEHHUIO pa3MepoB
JIOTHYeCKOro yCTPOMCTBA. IIpU 3TOM MeMpHUCTOP-
HBIN MaccUB AKepca obnagaeT c1aboi MHTerpa-
LIHMeH 371eMeHTOB, UTO CBSI3aHO C 60JIBIIUM KOIHYe-
CTBOM TPaH3UCTOPOB B siUeliKe, U BBICOKOU Aerpaja-
LlMeH BBIXOJHOIO CHUTHala nNpu 6onbIIoM pasmepe



NANOTECHNOLOGY

MaTpulbl. EC/IM 5Ke HUCII0/NB30BaTh MAacCUB AKepca
B IIOC/Te[0BaTeIbHOCTHOM CxeMe, TO CHHU3UTCA
OBICTPOEICTBHE M3-3a II0CTeL0BATEIBHOTO BBIUH-
CJIeHHU S KaK[,0r0 pa3psi/ia BEIXOJHOIO BEKTOPa.

[InanapHas matpuua Hewlett-Packard (HP) [9],
npefHa3sHauyeHHas AJs 06paboTKHU BUAEOCUTHA-
J7I0B, BBIIIOJIHSIET YMHOKEeHHe BeKTOpa Ha MaTPUILLY
B aHaJIoroBoM Bufe. OHa MoxkeT paboTaTb Kak
uudpoBas Joruyeckasi MaTpUIla IIPU Mofavue BXOJ-
HBIX JIOTUYeCKHX CUTHAJIOB Ha 3aTBOPBI TPAH3UCTO-
poB. Ho 1 5Ta MaTpHlla He MOXeT HCII0/b30BaThCs
B Ka4eCTBe JIOTUYeCKOM CBepXOOIbIION MaTPUILIbL
HeHNpoIIpolleccopa M3-3a HU3KOM UHTerpaluHu dje-
MEHTOB: Ha OJMH TPAaH3UCTOP C MUHHUMAaJIbHBIM
pa3Mepom 4F2 IpUXOLUTCS TUIIb OLUH MEMPHUCTOP
pasmepom 1F2. 3Ty mMaTpuIly He LenecoobpasHo
HCII0Nb30BaTh U B KaueCTBe BXOJHOIO yCTPOLCTBA
HelpoIlpolieccopa, OCKOIbKY IIPU CBepX60bIIoM
pasmMepe ee sHepro3dPpeKTUBHOCTb KPaKlHe MaJja.

B [6] mpencTaBieHa HAHOTEXHOJIOTUS M3TOTOB-
neHUs cBepxbonpmon 3D JIOrHYeCKOM MaTPHUIIBL
C MCIIO0/Ib30BAaHHEM JIOTUUeCKHX BeHTH/IeH U MeMpH-
CTOPHBIX KOMMYTaTOPOB, 06/1ajafomelt BBICOKOL CTe-
MeHbl0 UHTEerpalluu 371eMeHTOB. JjleKTpHUYecKas
cxeMa 3JIeMeHTAapHOMN S4YeHKH JOTHUUYeCKOM
MaTpUIIBl, IIOKAa3aHHAas Ha PUC.5, IpelCcTaBaseT
cobort 06be M HEHHe MEMPHUCTOPOB C CeJIeKTHBHBIMHU
AHoJaMu 3eHepa, MOAK/IYeHHOe K OLHOMY M3 IIPO-
BOJHUKOB Kpoccbapa. B cBO odepenib 3TOT IIPOBOJ-
HHK coeIHUHeH ¢ 3aTBopoM KMOII-uHBepTOopa. [Juox
SIBJISIeTCSI YACThIO TOTUYECKOM LIeIlH, a TakKe yCTpa-
HSIeT [Tapa3sUTHbIe TOKHU IIPH 3aIIHCH.

P3

P1

DD4 DD5 DDG6

Y1 Y2 Y3

Puc.5. dnekmpuyeckas cxema QyHKLUOHAABHO20 nAacma
C mpemsi i4eliKamu U MexXnAadcmosoe cOe0UHEHUe s4eek 6 N0-
2uyeckoli mampuue

Fig.5. Electrical diagram of a functional layer with three cells and
interlayer coupling of cells in logical matrix

KoM6HMHUPOBAaHHBIH MeMPHUCTOPHO-AHOMHBIH
Kpoccbap M3roTaBIMBAETCS IO TOH Ke BaKyyM-
HOM HaHOTEeXHOJIOTHH, UYTO U Kpoccbap 3almoMHuHa-
Olled MAaTPHULbl, B IPOU3BOLACTBE TPAH3UCTOPOB
KMOII-uHBepTOpa TaKKe HCIIONb3YeTCsS MU3BeCTHAS
HaHOTEeXHOJIOTH .

impurity and different levels of
doping are created by the simul-
taneous sputtering of cathodes
from a pure semiconductor and a
dopant [7].

UNIVERSAL 3D LOGICAL MATRIX
WITH HIGH INTEGRATION

OF ELEMENTS

The Akers logic array based
on memristors [8] can be pro-
grammed to perform any logi-
cal function. However, in one
array it is impossible to imple-
ment a combinatorial scheme for
multiplying a vector by a matrix
because there is only one output
in it. Using multiple arrays to

organize such an operation will
lead to an increase in the num-
ber of elements and, correspond-
ingly, to an increase in the size
of the logical device. At the same
Akers logic array has weak inte-
gration of elements, which is
connected with a large number
of transistors in the cell and high
degradation of the output signal
at a large matrix size. If you use
the Akers array in a sequential
scheme, then the performance
will decrease due to the sequen-
tial calculation of each digit of
the output vector.

The Hewlett-Packard (HP)
planar matrix [9], designed for

processing video signals mul-
tiplies the vector by a matrix
in analog form. It can work as
a digital logical matrix when
input logic signals to the gates
of transistors. But even this
matrix can not be used as a logi-
cal super-large matrix of a neu-
roprocessor because of the low
integration of elements: one
transistor with a minimum
size of 4F2 has only one mem-
ristor of 1F2 size. This matrix is
not advisable to use also as an
input device of a neuroprocessor,
since at an extremely large size
its energy efficiency is extremely
small.

Vor.11 No. 5 (84) 2018 NANO INDUSTRY
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IMpoBOAHNK
Conductor

Puc.6. Tononozus 3D nozuveckol Mampuubl € 8bICOKOU UHMez-
pauuel 3nemeHmos: |, P - npo80dHUKU Kpoccbapa 8epxHez0
naacma; O — NPOBOOHUKU HUXKHE20 haacma

Fig.6. Topology of 3D logical matrix with high integration of ele-
ments: I, P - conductors of the crossbar of upper layer; O - con-
ductors of lower layer

Ha xpucTanie cosmaercs oguH QYHKIMOHAb-
HBIM IJIACT, COAeP>KaIlUK B HUXKHeM cioe KMOII-
MHBEPTOPHl, a B BepXHeM - KOMOMHHUPOBaHHBIH
MeMPHCTOPHO-AHUOAHBIN Kpoccbap. Beilmeneskaui
[1JIaCT OpPUEHTUPOBAH OPTOTOHAJ/JIBHO K HUJKHEMY,
YTO SBJISIETCS. HEOOXOMMMBIM YCIOBHEM JJIsl 0bpa-
30BAaHM S KOMMYTUPYIOIUX MEMPUCTOPHBIX KPOC-
cbapos Mexkay miuactaMmu (puc.6). Takast KOHQUTY-
paLus IIJIACTOB ABJSIeTCSI ONITHUMATbHOM, ITIOCKOTBKY
IIO3BOJISIET MCII0Jb30BATh BBIXOMHBbIE IKHEI I1J1aCTA
B KaueCTBe IIPOBOAHUKOB Kpoccbapa. Yucsio MeMpH-
CTOPOB, 3JIeKTPHUYECKH COeJHHEHHBLIX C O4HUM
MHBEePTOPOM, PaBHO YMCJIYy CHHAICOB (CBs3el)
OJTHOTO HeHpOHa B 3allOMHHAIOIeN MaTpHIle.

SPICE - MOAE/NINPOBAHUE PABOTDI
3ANOMWHAIOWEW U TIOTMYECKOH MATPUL
MognenupoBaHue paboTbl MaTPHULIbI BBIIIOJTHEHO B ITPO-
rpaMme LTSpice Bepcriu XVII. IIpoliecc 3aKCcH B BbIOpaH-
HYIO siYelKy 3allOMHHAIOIIeH MaTPHULIBI IPOUCXOAUT
IIPH [OC/IeA0BaTeIbHOM H3MEeHEeHHUH COIIPOTHBIEHHU S
ee MeMPHCTOPOB. [lyof 3eHepa BRICTYIIAeT B Ka4ecTBe
CeJIEKTHBHOIO 3JIeMeHTAa U IIpeAoTBpallaeT IIapas3suT-
HYIO 3aIIHCh B COCeIHUe STUeHKU Kpoccbapa uepes cMesk-
Hble IIKHBL. [I/1 UCK/II0YeHH I 5TOM [Iapa3UTHOU 3aIIUCH
B MaTpHlLie 6e3 11ofoB [5] Ha He3a/leHCTBOBAaHHbIE IITHUHEI
II0JAeTCA OJIOBMHA HAIPSIKEHU A 3AIKCH, YTO IIPUBO-
IUT K yBeJTHYeHUIO0 SHePrornoTpebneHusI.

Kak BUIHO 13 PUC.7, 3aTPATHl SHEPIrUHX Ha 3aIHCh
OJHOH SYeHMKH U3 KOMIIJIeMeHTapHBIX MeMpPH-
CTOpPOB B MaTpulie pasMmepoM 100x100 cHUKAOTCS
B 8 pa3 npu n06aBIeHUH B KaXKAYIO STUEHKY AHOLA

In [6], nanotechnology for the
manufacture of an extremely
large 3D logical matrix using
logic gates and memristor
switches with a high degree of
integration of elements is pre-
sented. The electrical circuit
of the cell of the logical matrix
shown in Fig.5 is a combina-
tion of memristors with selec-
tive Zener diodes connected to
one of the crossbar conductors.
In turn, this conductor is con-
nected to the gate of the CMOS
inverter. The diode is part of
the logic circuit, and also elim-
inates spurious currents during
recording.

The combined memristor-diode
crossbar is manufactured using
the same vacuum nanotechnol-
ogy as the crossbar of the memory
matrix, while the known nan-
otechnology is also used in the
manufacture of CMOS-inverter
transistors.

A single functional layer is
created on the chip, contain-
ing CMOS inverters in the lower
layer and a combined memristor-
diode crossbar in the upper layer.
The outermost layer is oriented
orthogonally to the lower one,
which is a necessary condition
for the formation of commutat-
ing memristor crossbars between

HAHO MHOYCTPHA Tom 11 Ne s (84) 2018

the layers (Fig.6). This configura-
tion of the layers is optimal, since
it allows the use of output buses
of the layer as conductors of the
crossbar. The number of memris-
tors electrically connected to one
inverter is equal to the number of
synapses (bonds) of one neuron in
the memory matrix.

SPICE MODELING OF MEMORY
AND LOGICAL MATRICES
Modeling of the matrix is per-
formed in LTSpice version XVII.
The process of recording to the
selected cell of the memory
matrix occurs with a conse-
quent change in the resistance
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Fig.7. Energy required to write one cell of complementary mem-
ristors without a diode (blue) and with a Zener diode (red),
depending on number of cells in square NxN memory matrix

3eHepa. B 0boux BapHaHTaX HCIIOIb30BAIKCH XYAIIHE
BO3MOKHBIE YCJIOBUS JJIs 3aIIUCH, IIPU KOTOPHIX BCe
SYeHMKH MaTPULBl H3HAYaIBHO HAXOAHUIHUCH B O U~
HAaKOBOM COCTOSIHHH, a OTHOLIEHHe COIIPOTHBIIeHHU I
MeMPHCTOpa B BBICOOKOOMHOM X HU3KOOMHOM COCTO-
sSHUU R = (R~ R,)/R,, = 10.

B cBepx60nbmION MaTpHUIle, NMPeLIOKEeHHOU
B HacTosimen paboTe, IPOM3BOAUTCS B3BeIIMBAHMUE

[ Temmsan
A N\
\
!
0 \
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vou(' B
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be3 anopa 3eHepa
.- With diode, R=100

Without Zener diode
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Puc.8. 3asucumocmb 8bIX00H020 HANPSKEHUS 0mM pasmepad 3anomu-
Hatoweli Mampuubl Npu NOcAe008amenbHOM YIMeHUU Npu pasHbiX R
Fig.8. Dependence of output voltage on size of memory matrix
for sequential reading for different values of R

U CYMMHPOBaHHUe OTHEeIbHBIX UMIIYIbCOB. PaboTy
C OTHeJBHBIMH BXOJHBIMH HMIIYJIBCAMH MOSKHO
paccMaTpUBaTh KakK II0CIe0BaTeIbHOe CUHTBIBA-
Hue. PHc.8 mOKa3bIBaeT Aerpajallio BEIXOJHOIO

of its memristors. The Zener
diode acts as a selective element
and prevents parasitic record-
ing into adjacent crossbar cells
via adjacent buses. To elimi-
nate this parasitic record in the
matrix without diodes [5], half
of the write voltage is applied
to the unused buses, which
leads to an increase in power
consumption.

As can be seen from Fig.7, the
energy costs for recording one cell
of complementary memristors
in a 100x100 matrix are reduced
by a factor of 8 in case of addi-
tion of a Zener diode to each cell.
In both cases, the worst possible

recording conditions were used,
in which all cells of the matrix
were initially in the same state,
and the ratio of the memristor
resistances in the high-imped-
ance and low-resistance states is
R = (Roff - Ron) / Ron = 10

In the extremely large matrix
proposed in this paper, we weigh
and sum individual pulses. Work
with individual input pulses can
be considered as a sequential
reading. Fig.8 shows the degra-
dation of the output voltage as a
function of the size of the square
matrix NxN with a single pulse of
1V amplitude for three values of
R: 10, 100 and 1000.

Fig.8 shows that in the absence
of a Zener diode in the cells, the
output voltage decreases almost
to zero already in the 3x3 matrix.
When the Zener diode is added,
the output voltage decreases from
50% to 70% in a matrix of the
same size, and a further increase
in the size of the matrix has lit-
tle effect on the magnitude of the
output signal. A slowly varying
output voltage level (about 0.3 V)
is sufficient to perform a further
summation procedure.

To model the operation of
the universal logical matrix, a
scheme was chosen (Fig.9), which
performs the multiplication of
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Puc.9. ModenuposaHue yMHOXeHUs Mampuubl Ha 8eKmop. BAOKU pa3Ho20 Ligema coomaemcmaytom pasHbiM QyHKUUOHAAbHBIM NAGCMAM
Fig.9. Modeling of multiplication of matrix by vector. Blocks of different colors correspond to different functional layers

HaIps>kKeHH B 3aBUCHUMOCTH OT pa3Mepa KBagpar-
HOM MaTpulbl NxN IIpHU Hojade O4HOrO0 UMITy/IbCa
aMIIUTYyAoU 1 B Ay1s Tpex 3HaveHHUH R: 10, 100 1 1000.

the 3x3 matrix by a vector of three
components. Multiplication in
several functional layers realiz-
ing a conjunction with inversion
is possible when using positional
number coding. Each input and
output of the circuit is respon-
sible for a particular numerical
value. The blue block performs
inversion of the input signals,
light green - directly multiplica-
tion of the vector component by
the matrix element by redirect-
ing the pulse to the correspond-
ing bus. The summation block
consists of two parts: dark green
blocks is a set of three-input AND-
NOT elements corresponding to

the unique combinations (sums)
of the products obtained, and
the lilac blocks transmit unique
sums to the output.

The proposed scheme is com-
binational and performs matrix-
vector multiplication in one clock
cycle.

Fig.10 shows the switching of
signals through different chan-
nels in a matrix of two functional
layers. In the output of the first
layer, inverted input signals are
obtained, and the second layer
performs their conjunction with
inversion.

The matrix is programmed as
follows: output yl is connected

HAHO UHAYCTPUA Tom 11 Nes (84) 2018

Y3 puc.8 BUAHO, YTO IIPU OTCYTCTBUU B siuell-
Kax Auoja 3eHepa BHIXOJHOe HAIPsIKeHHe CHHKa-
eTCsl MPaKTHUYeCKH JI0 HY/Is yke B MaTpHIie 3x3. [Ipu

with inputs x2 and x3, output
y2 - with x1 and x3, output y3 -
with x1 and x2. The correspond-
ing memristor conductivity are
shown on the diagram in color:
red means high conductivity,
blue indicates low conductivity.
Fig.11 shows the time depen-
dence of the power level con-
sumed for processing the input
signal with a diode-memristor
matrix of 12x12 cells in binary
code and four cells of the HP
matrix [9] with a possible num-
ber of states equal to 64, which
is equivalent to 6 bits. It follows
from Fig.11 that the energy con-
sumption (area under the curve)
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Fig.10. Signal switching. On left are input, and on right are output signals. In middle, upper layer is marked in blue and lower layer

of logical matrix is green

nobaBneHUH NHoJa 3eHepa IIPOHUCXOAUT CHUKEHHe
BBIXOJHOI'O HaIIPSIKeHU S B AHarma3oHe oT 50% mo 70%
B MaTpHILIe TOrO0 Ke pa3Mepa, a AaJIbHeHIllee yBelH-
YeHMe pa3Mepa MaTpPHUIH c1abo BIHSIET HA BelH-
YMHY BBIXOJHOIO CMIHa/Ja. Me/leHHO U3MeHSI0-
IIMHCS YPOBEeHDb BBIXOJHOIO HAaNPsI>KeHUS (0OKOJIO
0,3 B) mocTaToyeH s BBIIOJHEHHUS JaJlbHeHIIeHn
IIpOLIeAYPhl CYMMUPOBaHHUA.

Jins MomenHpoBaHUS paboThl YyHHUBEPCATbHOHN
JIOTM4YeCcKol MaTpHIIbI 6pl1a BRIOpaHa cxeMa (pHc.9),
BBHIMIOJTHAIONIAS YMHOXeHHEe MaTPUIBI 3X3 Ha BeK-
TOp U3 TPexX KOMIIOHEeHT. YMHOKeHHe B HeCKOJIbKHX
GYHKIIMOHABHBIX IIJIACTAX, PEAU3YIOIIUX KOHDB"
IOHKIIHIO C HHBepPCHEeN, BO3MOXHO IPU HCIIONb-
30BaHUU IIO3HUIIMOHHOIO0 KOOHPOBAHMUS UYHCeJ.
Ka>kaplH BXOZ M BBIXOJ CXe@MBI OTBeUYaeT 3a KOH-
KpeTHOe YHC/I0Boe 3HayeHue., CHHUU 610K BBIIION-
HseT HHBePCHUIO BXOAHBIX CUTHAJIOB, CBeT/I0-3ej1e-
HBII - HeIIOCPe[ACTBEHHO YMHOXeHHe KOMIIOHeHTa
BeKTOpa Ha 3JIeMeHT MaTPUIIBI IIyTeM IIepeHallpaB-
JIeHUs MMIIYJbCa Ha COOTBETCTBYWINYIO IIKUHY.
B/IOK CYMMHPOBaHHUS COCTOMUT U3 ABYX YaCTeH:
TeMHO-3eJIeHble 6JIOKU MpeACcTaBISIOT coboit Habop

TPeXBX0I0BbIX 3jieMeHTOB MI-HE, COOTBETCTBYIOIIHX
YHHKaJIbPHBIM KOMOHUHALKAM (CYMMaM) IIOJIyUeH-
HBIX IIPOM3BeeHHI, a CHpeHeBble 6JI0KH IepeaioT
Ha BBIXOJ, YHHUKA/IbHbIe CYMMBI.

[IpensioskeHHAsI CXeMa SIB/IsIeTCSI KOMOMHAIIMOH-
HOI U BBIIIOJIHSIET YMHOXeHHe MaTPHULIBL Ha BEeKTOP
3a O WH TaKT.

Ha puc.10 moka3aHa KOMMYTallkUsl CUTHAJIOB
[0 pa3/IMYHBIM KaHajaM B MaTpUILie U3 ABYX QyH-
KIMOHA/IbHBIX I171aCTOB. Ha BhIXOJe MepBOro Ijia-
CTa MONy4YalTCd HHBEePTUPOBAaHHBIe BXOJHbBIE CUT-
HaJibl, a BTOPOU IIJIACT BHIIIOJHSIET UX KOHBIOHKIIUIO
C UHBepCHeH.

Marpula 3anporpaMMHUpOBaHa CJleAyRIIHM
obpasom: BeIXOA Yyl CKOMMYTHPOBAH CO BXOJaMHU
X2 ¥ X3, BBIXOX y2 - ¢ X1 ¥ X3, BeIX0OX y3 - ¢ X1 ¥ x2.
CoOTBeTCTBYIOIHe TAKOM KOHQUTYPALIUHU IIPOBO-
JUMOCTH MEeMPHCTOPOB II0Ka3aHbl Ha CXeMe IBe-
TOM: KpPacHBIN 0603HauaeT BbICOKYIO IIPOBOJHMOCTbD,
CHUHUH ~ HU3KYIO.

Ha pwuc.1l mpeacraBiaeHa BpeMeHHas 3aBHCHU-
MOCTB YPOBHSI MOIIHOCTH, ITOTpebasemMoi npu obpa-
6oTKe BXOLHOIO CUTHAIA AUOLHO-MeMPHUCTOPHOM
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MaTpHlleH pa3MepoM 12x12 siueek B ABOUYHOM KoJe
U 4eTBIPbM4 SiUerKaMU MaTpulsl HP [9] ¢ Bo3moxk-
HBIM YHCJIOM COCTOSSHHMM PaBHBIM 64, UTO 3KBH-
BajJleHTHO 6 6uTtam. M3 puc.ll cienyeT, 9TO 3Hep-
rornorpebneHue (Ia0LWAAb O] KPUBOK) JHUOLHO-
MeMPHCTOPHOK MaTpHULl B 355 pa3 MeHbllle, 4yeM
y MaTpuLsl HP. OCHOBHBIMU IIOTPebUTeIIMU 3HEP-
ruy B MaTpuue HP ABIAI0OTCA ollepallHOHHBIE

of the diode-memristor matrix

ycunutend (2,7 MBT Ha kKaxkasi OY), a B pazpaboTaH-
Hol MaTpulie - KMOII-UHBEpPTOPHI, KOTOPbIe ITOTpe-
O/ISII0T SHePrUi0 B OCHOBHOM IIPHU IePeKITI0UeHHUSIX.
TakuM 06pa3oM, C yBeTHUeHHEM YHC/Ia S4eeK pas-
HHUIIA B 3HepromnoTrpebseHUN 3TUX MaTpuIL OyngeT
BO3paCTaTh.

3AK/IIOYEHUE

IIpencTaBieHa KOHLEIIIIM S AllIIApPaTHOU peannu3aluu
HelPOIIPOLeCcCOpa U OIMCAHBI OCHOBHBIe QYHKIIH-
OHaJIbHBIE Y3/Ibl YCTPOICTBA. Ha Helipompoleccope
MOIYT YCTaHaB/AMBaTbCsl KaK HEHMPOCeTH, UCIIOb3Y-
eMble B MHQOPMALIMOHHBIX TEXHOJIOTHSIX, TaK U 610~
MopdHasi HeHMpoceTh ISl MOJeIUPOBaHUS PaboTh
KOPTHKAJIbHOM KOJIOHKH.

IIpencTaBaeHbl 3JIeKTPUYECKHE CXeMBI CBep-
x6onpmux 3D 3aIOMHHAIONEN M JTOTHYeCKOU
MaTPHUL, IIOCTPOEHHBIX C IOMOIIbI0 KOMOMHUPOBAH-
HOT0 MeMPUCTOPHO-IHOAHOTO Kpoccbapa, B KOTO-
PBIX JOCTHUTHYTA BBICOKAsl HHTErpallks 37leMeHTOB.
ITposemenHoe SPICE-MopenrpoBaHue [10Ka3aJ10 BEICO-
KYI0 3Hepro3pPpeKTUBHOCTD STHX MaTPHII.

IIpennoXeHHAs Joruveckas MaTpHLA SBJIS-
eTcsl yHUBepCa/lbHOM. B KauecTBe IIporpaMMupye-
MOM JIOTHYeCKOM MATPHIBL OHA BBIIIOJIHSIET YMHO-
>KeHHe MaTpHUIIBl Ha BeKTOp IIyTeM IOCIef0BaTesb-
HBIX KOHBIOHKIUU C MHBePCHeH; B KadyeCTBe KOM-
MYTaTOpa OHA HANpaB/sieT BEIXOAHBIE MMITYIbChI
HEeHPOHOB Ha CHHAIICH APYTHUX HEHMPOHOB; B Kade-
CTBe YacTH BXOAHOIO YyCTPOLKCTBa HeHpoIpolieccopa
peanusyeT mepBUYHYI 06paboTKy CHTHaNa B LU~
POBOM pe>XKHMe C MOMOIIbI0 YMHOXKEeHH I MaTPHILLBL

is 355 times less than that of the
HP matrix. The main energy con-
sumers in the HP matrix are oper-
ational amplifiers (2.7 mW for
each op-amp), and in the devel-
oped matrix - CMOS-inverters,
which consume energy mainly
at switching. Thus, as the num-
ber of cells increases, the differ-
ence in the energy consumption
of these matrices will increase.

CONCLUSION

The concept of hardware imple-
mentation of the neuroproces-
sor is presented and the main
functional units of the device are

described. Both neural networks
used in information technologies
and a biomorphic neural network
for modeling the work of the cor-
tical column can be based on the
Neuroprocessor.

Electric diagrams of super-
large 3D storage and logical
matrices designed with the help
of a combined memristor-diode
crossbar, in which a high inte-
gration of elements have been
achieved, are presented. The con-
ducted SPICE-modeling showed
high energy efficiency of these
matrices.

The proposed logical matrix
is universal. As a programmable
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logical matrix, it performs
matrix-vector multiplication by
successive conjunctions with
inversion; as a switch it directs
the output pulses of neurons to
the synapses of other neurons;
as part of the input device of the
neuroprocessor it performs the
primary processing of the sig-
nal in the digital mode by mul-
tiplying the matrix by a vec-
tor, converting the input data
into the desired format; as part
of the output device it com-
presses the information with
the same multiplication for
transmission to the interface
unit. [ |



NANOTECHNOLOGY

Ha BeKTOp, IIpeobpa3yst BXOAHEIe JaHHBIE B HY>KHBII
dopMar; B KauecTBe YaCTH BBIXOJHOI'O yCTPOKCTBA OCY-
IeCTB/IeT CKaTHe HHGOPMALIMH C IIOMOIIBIO TOTO Ke
YMHOKeHH S /151 [Iepelauy B MHTepPerCHBIN 67I0K.
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