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BE TEEFITFENNAZEATAISE, EBGAGWEGsREAT AR EZNE. I
A7 M fko 44 2 W 4% (memristive spiking neural network, MSNN) (W Ll B ¥ = E &+ TRl &
TZ R RT IR, XEEFINIRT R WE B TAS T HE KA 80K H KA. BT
2= A EIATIL M E 77 X, H38 33 T e B 77 20K 1 B R8Ok Bt sk LUJ& or BBkl W 451012, B At
AEAERAFZANRERINFANEEERFREEREL, WH BB D MANME TR MM ZE W&
AE. RAXRET —METEE AR or# 4 W% (attention-based associative memristive
spiking neural network, AAMSNN) #y & B ¥ %It B HENA TEREEGS KLA. L4, RN
GAERAER N R BERER T ARWERANG, ATE R EBEEERER L, B> AAMSNN
WAL TR E. BB for L P 4 B BE S KB AT I X 7 Ak, 38 38 98T B AT AT A
EXALEEEEGS %, 5HM MSNN 465, AAMSNN A # F /Mgy MSNN #LAEFn F D ol 17 [ % %
A EATERN TR EEGSs R EHRE.

XHgR  ZEFor AR %, EE A, BRAILIE, TREF Y, Bga %

1 51§

Fk i 2% (spiking neural network, SNN) CAAEY A & FR ik i 5 SO G SR A AL AR ) 1o 48 DX 245 1)
55 A B, A K5 5 R AL 505 2, BAMRBEFEA = v SRR AL 3, iz ik Fe v T &
WO ALSEAR AN TH AR I st Bl AR S B SNN Sl H IS ATAED - iR (von

SRR XM, ERE, R, 5. BT ER BRI b i 2 [ 25 R B R 4y RN . shE R (5 8 8HE, 2024,
54: 2554-2571, doi: 10.1360/SSI-2023-0393
Deng Z K, Wang C H, Lin H R, et al. An attention-based associative memristive spiking neural network and its
application in unsupervised image classification (in Chinese). Sci Sin Inform, 2024, 54: 2554-2571, doi: 10.1360/
SSI-2023-0393
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Neumann) K REMIMEGIHH RS P B TS - UEF 20k R 450 P o5 oo ) B
Ir RS R, AT I B A, T A A B A ST AR B PR R ZE R, RIS T
SR AN BERE AL 5 BAFSCBUAT L, SNN RO BE (R SC B AT BE BRI Ak B P AN SEAR K ShAE. 8T, K&
HSNN (R R S B2 ik Z AE 2 RBFHE Y CMOS B F %1, X SRS IR 4. TR,
VF2 B AR 5 AV A 2 A Rt B, P2 B 28 10 28 A ) RAMBD A REE Dy SNN (1 HL B BT 92
BT BRI TT 5. AR E SONEE 4 R T U, T RoR i B S bE R 2 MR R A,
2008 4, B SIS 1 RHER 1 — AR AE 5 R AEAE A D RE RGN WU IZ B 5 44 B, b, Bk
5 0N, L U RAZ L35 50 T AL S 0100 R85 U 11~19) B2 14
(14~17]

SNN [JC B 2 3] & — R R & a2 21 05 3, Sl Vr 2 AZ B K AR ZE 2% (memristive spiking
neural network, MSNN) # 42 Hi H T T M 2% 31, 1X N SEELR N (-~F & B9 7 24l 2020 4F, Zhao %5
(18] 365 3o 76 Bk s 1) 443 AT %8 1% (spiking timing dependent plasticity, STDP) 2% ] F I A s il 41 1 A1
FASHUH], #2557 MSNN AT R PERIE: 2] 202, 2021 4, Adnan 55 191 ST — iy G 0UIZ BH 5% ik
f¥) MSNN, Jfilid STDP % IR AIRE A LA SEIL T JE B4 7. 2022 45, Ku 58 P9 ¥t 17— M A AT
WA IEIZ (winner-take-all, WTA) BIHLKI P2 4245 MSNN, FRHEHY 17— FfoBE 11 A0 1A 5% i S AL 1)
RSP STDP 25U 2023 4, Wang 48 2 it 7 —Fp HA STDP 22 3] UK MSNN, T
B IRBN. 25, Florini 25 221 # it 7 —MJET STDP Al Bienenstock-Cooper-Munro (BCM) 2%
IR MSNN, SEBl 7 el &% 20 4RI, 3% 28 MSNN FZOGHE RIS M40 A STDP 8¢ BCM
Gefh ST RE, T2 T MSNN Hh e [ B2 [8] T N ERIC 2. H1 T STDP 8¢ BCM 2 2 A% RE )
PPN Bl IXAEAT MSNN )22 PERER 2 7 ERM. BAh, BlA MSNN il % 7 2 55 A BB R B4
HF I AFPZTE, X FE MSNN 73 B R 22 X 25 R AR BE HScdE . A SRR IE 28 GE AL I
21 ACAFRIRAE B AHEIR AR R B 20 1 A2 BRI R, (HRAT KL 150 T34 1 4R AL
A S JE AL i 1 RN Ay T A 2808 A N A 48 5 2 i ) BB R e 22 X 28 PR ASE, NSRAIE RG
A E B NGRS B g I e B R EE R B2 R, — S TAER TR TIZIE M2
JIE R Transformer (45 HLEE [25-26] {EXLE B BJRELGG B 2 21 T . 5 B2 SO L, Tl BF 22 21 A
BT GAARE AT A TR, W 7R 2RS B 5 BB, WA T A T B .

HRAECZ A M i 1 R AR R SE DS I R 7 . TSR (Paviov) 25 St o —F i R )
HRAEICAZ, Fd s 25 PH I 5 AR 2 AR IO B ok DU SEAH BRI 8102, EE I AR A i
SEIG R, AR AR AR R R N S S B, WP R 4 S LB R AN RTINS, AH S, ISR 5%
A AR AR TR A A, PRI A 8 S R BR R A IS AT 4Rk, ELHT IS RIRAEICIZ
12 PH FL 6 7 GBI OGS 27 2 T2 AL 27281 sl W HZ B L ER S T R I R AR IR S A SR AR
T, K B RV R IBCAEAC 2 S BN T TG M B 2 2T ) MISNIN 757 e it — 4R AR SR 2 ZE ok i

(1) BEE PG TS RIS ARG &, $EH T — Pk T30 0 BRI ABAZ BEL b v 22 o) 245
(attention-based associative memristive spiking neural network, AAMSNN) [F]J4x STt

(2) FETVER NIRRT T VER A% i B A E R ki, T AERE S R AL %
HIRFFIEE S, 98> 17 AAMSNN [ At o, R, 2 ERS RIKRECIZ B, it 77— Fb
SR ABUAZ BEL Pk e 22 0 22 3815 S (R TRV R 28 SR NEBER B, SRR T T M TR 7 2K

(3) AHEL T LAt 0 B BB 50 2610 MSNN, Bristit () AAMSNN LRE /M) MSNN RIS AT 5 /D
FIMZ B S ECRSCIL T 48 T Hofth MSNN f73 REf .
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| |

| Tmage Feature extraction Z feature pixels 4 q n pulse signals Unsupervised learning |

| N ng First \ution kernel (H X H) »{ Attention encoding [—] | ;‘;:::::;:::I:::::ls] »| [ Associative memristive spiking |
( ) | irst convolution kerne ( )I i L groups neural network with I

| o L Pavlovian associative

| Rotate by 90 memristor cross arrays| |

I A ; ; ; |

Image R eatur raction Z feature pixels i octi n pulse signals
| age ) eatu e.exl actiol »| Attention encoding > /\ttcntl('m selection i |
| (N X N) [Second convolution kernel (H X H)| | n attention channels] L groups |
X
| |

1 (MERFE) BT EEHNRKEIZEBORHZ M EAEE
Figure 1 (Color online) Framework of the AAMSNN

2 BEES S

2.1 HERIEESLEN

AAMSNN FHERIE 1 FroR, P aE 4 M RRAERR OB . 3 B gmb it | = ik
BEHUFIRABAZ BE Ik b i 22 WX 28 B IRABAZ BELITK rp b 22 IR 2R B L /N R/IN R K x ke R B R v R IAR
TCRAAE SCREFR R, AERER Y, RN N x N EHREE KN H x H B3 1 N ERIZRI Z MR
EE R, X Z MHEGRIATERE NIGEAEREREES Sar. BEEIMGES Sa HsE n NMER
JIIETE TR gz n MRS S, ¥ o DIKME S L Hor aE R L AN
FIKALNZBHAZ XBEF ) ke BUREAE . [FIBT, K EUR BB S 90°, JEI K/ H x H BI5 2 BRI
R Z MFEB R, X Z MHEBR R TR IR BNERIIE T Sas. HRIET Saz BiftH
B n MEFEEEEH TEBERIEZERE n ANKES. K 0 DIKITES 2R L A5 i
L NEHS RPARIZIEA X BEFI b ATROF . &)a, BBV REAEIZ I AE XREF X 5 N 2k
ANk S 5 AT T R

AAMSNN [ 2 fion, BUGEPE I FHESR L. 7355 /1 guid FyE 28 IR 3 5 i i
b NIk E T, BKiP S 545 B BAR T2 BTk i 22 I 2 b b A7 T B 22 20 Horb, CMOOS 124811
IERYEN 5V, SRR, FIEEEN 2.5 V.

AR, VP2 B R P ) B 17 PSS 2 4t T AR 0 5, 0 THO, fZPHAEZY 291 I VTEAM 45
7301 fHE Ti0, ZBEAE R B B FELE; % VTEAM BEAY i hn ko e S5 B, HAZ BUIR &S AL B A
i 2 1T A DA SE R IRAZ P AR AR M. A SCR A —Fh RS BE 12 P28 4 B H T PSPICE 1 &, 1XFh
PR R 3L T Ag/AgInSbTe/Ta (AIST) {ZBH#% 0 SZIGHHE BT 1. H5IHANIZBHATYAR L, AIST
17, BH A3 A AL AE Jte N ik P A 5 B B8 S EAZ BEAE AR e PR 1T, ATST ZBHAS B £ ik =X

w(t) w(t)

M(t) = RONT + Rorr <1—D) , (1)

Rox o
— F
Fe = i —io (w(t)), wv(t)>Vry >0,

% =40, | Vg 2 0(t) = Voo, (2)
iy RBN Zii?F(w(t)), 0> Vi > o(t),
Flu)=1- (257 1), 0

Forbr, M(t) NIZHEME, Ron AIKBHZS, Rorr NEIHAS, w(t) NBIRXTERE, p, A FEIE TIIEE, D
NI SR, o, ion A1 io N, Vg M Vi 2039 IERAE B RE L, F(w(t) NS
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(d) Associative memristive

() LR EHEon () AETENGIEINg - (@)Aeriton setwion spiking neural network | Pavlovian associative memristor cross array 1
i s ) Fia(0) Yia() Y
5V Fa0) 9 9
’ H ¥aa(0)
E, [:} 50 ot Py
5V Yaiult) MR M.y €
o) ” .
Rl}h\ M:,%\ R oA v Yaa(t) Misd Mo
0 O Paviovian Y2 Y2
R.?l‘\ M3 g 3 associative = M
EE0) Y oA Yol memristor My Mz
AN 20| crossarray 1 ; :
: : ) ot
Yin(?)
R:"’\ w:%

Ry

5V

Pavlovian

associative

memristor
cross array 2

Yap()

N
Y
>

Y

»o«

z

Pavlovian

associative

memristor
cross array L

;“/;’:/

B 2 (MERFE) BT EEN80ERIZRE bR #RE M 4% B BR 451
(Color online) Circuit schematic of the AAMSNN. (a) Feature extraction module; (b) attention encoding module;
(c) attention selection module, which contains two main components: attention matching circuit (AMC) and control circuit
(CC); (d) associative memristive spiking neural network module consisting of L Pavlovian associative memristor cross arrays

Figure 2

% 1 [ZPA%E PSPICE fAiESH
Table 1 PSPICE simulation parameters of memristors
py (m* 571 Q71 D (nm) Ron (kQ) Rorr (kQ) Vi (V) Vr— (V) dog (A) idon (A) o (A) p
Value 7.6e—8 10 1 10 0.1 —0.1 1.5e—9 1 le—7 10

BREL. 12241 PSPICE 1 EZ¥W#E 1 Pk,
5 S ) L A BRI R RN, 2 BELAR CR B AN AR . 2412 L 2 19 o 1) b, P e e 1 R, 2 LA 2 s
SRIGEENS Uk /N, 2447 BEL2% 9 vty 1) H R ot 7 R LIS, 2 BELEL S0 3R 3 K, SR 5 2R 18 K

2.2 $FAEIREAESR

2(a) FT7RFFIE SR IR B L AL 5 P AN REAE SR B R %, 23 ) - MR is % A\ G R e 90° 1 B4
RIS R . B MRESR S m NMIAFI— AN, B m = B2 v 1(8),v1208), .., v1.m (1)
SRR G R AT S, van (), v22(0), . .., vam (1) EHEFE 90° BIGIIG RIS 1%?%%%5&4*

T g (t) FHEEIRE V,, HEEKIEZE p,, AR S], /TR
Vgi=

Hrg=1,2,i=1,2,...,m. X BFEHRREL p,. € [0,255].
FRPEIEIRE K (Kirchhoff) HIREE, va,(t) AILATHE A

- Z gAq Vg,i(t).

i=1 9

ZBEAE ATt I i s 2 TN Ok R AN B 3 B, 412 B A%
IS,

(4)

)‘pq,ia

vag(t) =
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3 (MEhMFE) IZABZEARRETE PSPICE iRE4R

Figure 3 (Color online) SPICE simulation of memristance adjustment under different applied voltages

BRGIR vy () FTELTE N

(1) = - @ T 1) + a0 ) ZRFq (Ve Ty ) P = = 2 Mot
©)
SO, Mg RS o MEESRAUCRESS ¢ MZBLB LI 1, 55 o BB § MU
B Rag = Rag, W Wy = Reg (7= — 7).
340 A T L R P PR B L, AT 25 B B 55 AL 5012, 44T, 4
AR (15 T BLE R E) 0\ BUZ BRI PAF I, M N (R
99 Hox H EBEEBINSE 2 R 7 MSEGE. SEUPIRRE 1, Bk Z = (V — 1+ 1)2
BRI BT I T., RIS 0 B 1 2T,

2.3 EBNRDRR

T2 L AT T B, A 20T 20 Pl i 3 I s Bl BT PR AR SRAL 1R A5 B 1990, Rk, AT
NSRRI IE RS 5 R mAE R /55 . £ 2(b) FoRITE R gt b PANE = /1 4m i i
FERIEHEUE S va(t) B oo (t) DA IEZIRGE S S(t) T NERIIES Sar(t) M Saet). E5

S(t) ASNEEBIG ) EZRG S5, S(t) TR RRY F S BR] T, AHE. S(t) I f nf
LR N

Ji = fa +IF, (7)

Ht 1 =1,2,..., 7, fa AR, F 2ZER. Kt S¢) £ — N 2MEIRGE S, S EKEN
ZT,, E 58 BE GBI A —8 0759, S(t) B E M IEZE SIRER. FE ) gmig gk
HIHEFHAS R BN 10 kQ. TGay il TGao AEHITT (transmission gate, TG), FHEEREEMWIE 2 £ T A
s, 4 C oA HIEN 5 V B, TG F38; 4 C i A BE/DNTET 0V B, TG #1E. va (1)
vy (t) 733052 vpy(t) BT vpe(t) MIRAE . W 4(a) FiaR, 29 0~0.1 ms B, v, (1) < 0V, [K 4
BHIE T va(t) = =5V, TGa1 #L, Sa1(t) =0 V. 24 0.1~0.2 ms i, v, (t) >0V, HIk va(t) =5V,
TGy S, LT (1) BURGHIR VRN Say (1) ROBRKHE. FIEL A1 0,1 (1) > 0 V, WARIHRH
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(@) | (b)
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0435V 0433V

v_(V)

|
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| 0171V 0.182V
)
T
1

S /
z

- 0

-

=

=100kHz, fQ l=70k]-lz

=100kHz, f,=90kHz
=100kHz, f =100kHz

a

S (V)

Ssan

fSAl

fSAl

5 | 2t foay=100kHz, £, =110kHz
L0 i i foar=100kHz, £, =130kHz
< |
Yo h 3 . . . .
0 0.1 0.2 0.3 0 0.02 0.04 0.06 0.08 0.1
Time (ms) Time (ms)

4 (MEMEE) (a) EBENHOHBERHELR; (b) TEALRBE AMC:,1 HEEHREEIEREG], A
Sa1(t) BISAZEA 100 kHz, s1(t) BISRESHIA 70, 90, 100, 110 1 130 kHz
Figure 4 (Color online) (a) Circuit simulation of attention encoding; (b) examples of the attention matching results for

the attention matching circuit AMCy 1, where the frequency of Sa1(t) is 100 kHz, and the frequencies of s1(t) are 70, 90,
100, 110, and 130 kHz, respectively

55 v,(t) =5V, TGaz T8, S(t) FHRGIRIIGN Saa(t) FISHREFAL.
2.4 EENEFERIR

TR IS B T A P 5 2 B RO B 28 G B L R R ML B BT R
FERE, HETEE R 5 25 B [F i 2 ASHH OGS 2, T BE A ROl 2 S) R AL EEME R, 3
THEACE B E 2(c) FRIERINERFBIH T MERIES Sar(t) Fl Sax(t) FHERAEF ST
BOAS SHRAN IR, VER MBS Sar(t) A1 Sao(t) 20 BIEANBIMB 0 AT @EE T, &
ANER BB A —ANER A ULE R (AMC) Fl—AMEHEE (CC). AMC Higfeikss. B s B
KL SARIE SBOR LB AL AR, 7E 2 FIZR) AMC, , HR, ik 33 I AN NS 11 23 Sl B SE 78
55 Sai(t) MULEAE S s1(t). AMCy P 21 1(8) B v 1 (8) RABTEK. G5 ver 1 (t) Fl 21 1 (2)
A AR RN

'Ucl,l(t) = 7RC1]_C /51(t)SA1(t)dt, (8)
z11(t) = _%Ucl,l(t)- 9)

TEAFIVIGEHAL AR, SER G S SILEUE 5 A M FSRE, iS5 0 (t) FEEERK,
HH @y () 1R AE B B 7045 5 5 ULECAE 5 A0 2 3G I g O T B DRV R 05 5 FIUL AL A5
SRR B 1R B B A AH R PRI AR AL, AR A N ARG (S 5 VT aa AE A AR 1 B o 0. &
4(b) B REREDILRE R RG], KA BEBRSEEEN Ra = 50 kQ, Re = 10 kQ, Re = 10 kO,
Ry =60k, C =10nF H T, = 0.1 ms. ILEE SIRMEREN 5 V. IERENILEE RER, 2 Sai(t)
Al sy (t) BAFHFIRAR (100 kHz) B, % B EE RS (1.907 V). FB, Saqi () Al s () FISREZ
V) P 22 P BEOK, g st LR ARDBR /DS, B0 fsan = 100 kHz, foy = 90 kHz I, %yt e e FRUBR BN 0.433 V,
M fsar = 100 kHz, fo = 70 kHz I, %t fes R E Y 0.182 V. KL, AMC,, WTRAMIEREJIE
T Sar(t) THERIFEFSILEAE S si(t) FHRMIZARFE, Saq(t) RSB VLS 5 A,
w1 (t) P F R R R K
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NEMGE R G R PR TR RN RE R, JEREE &P S HARH RIS
JEE R R TE R e B, R UL RCAE S R R BB sF, DMEAE SR ATEH A8 R AL
EREES BARIREHE. LRSS s;(0) BIMR fo; WEN

fmj = fa +jsF, (10)

Horbr s RAREEIGRE, j=1,2,...,n. Jehb, VFERIEEREE n TR A =2

£ CCyy HEEH, 5% 211(¢ ) N EE L E FE R S B R vy, BEATHRER, FE4H bt g
R X11t). Hxa(t) = om B, Xoa(t) =5V 3 21() < v B, Xp1(t) =0 V. ZETTES, BIEE
JE vy, WHERN 2.5V, KL AMC §%iH R 2.5 V IS BUEAH N CC. /£ 5(a) B CCy
HLERA L, 21 1(t) HH Sax(t) F1sq(¢) DLERARRR, FoH foar = 100 kHz, fo M 75 kHz 3| 125 kHz i#
W P AIRR R BN 1 kHz, BRRIRG AN 0.1 ms. 4 201(8) > 25 VI, Xi1(6) =5 V. &
X1 =5V, W 2001(¢) =5V H 2p11(¢) =0 V. 55 za11(t) T 2,11 (¢) FHEERE —BHRFLERE
FES r(t) > 25 V. BAES r(t) & MkiE 5, HMK e e s N BB 05 2] 2 JE LRI A4, 4

r(t) =25 VB, 2p11(8) =5V H 2a11(t) =0 V.55 c(t) A TEH Y1) B lki(E5, Hik
M TERIME S ERER ARG Z AN, W ct) =5V H 24010 =5V, Il NMOS N, 4
SHEHY () =Ve W ct) =5V H ap1 1 =5V, W NMOS Ny, FHBH Vi1(6)=0V. Hc(t) =0
VI, Yy () BIHEREE 0 V. FEDF R, e(t) A r(t) BB SE FE R BN 1 ms, c(t) A r(¢) IR R
WEHNS5V.

ARSCHE P B ERE T 1R N E G B P R AE AR IR AL, > T M NG
SHEE, WD T AAMSNN AT ot E. R, EE R e B B b 25 8 T iR ik 2
VB R AH DA, RO B ORAIE T B 2245 Sk 0 B8 HJo (5 B &, AT £ ek iy A A5 -5 His 19 [R] I DR AIE
TR ] R

2.5 BRIRIZFEBKHRE LR ARIR

T EL RIS A R SE e, W (ARSI P LS| M o s (AR SR AR BT, A& —FilE 2 1
PR SN 25 AFRIOR 5 & VAR DRI IE AT LAS| e b (25 PF ) ML mhfl i, M e 55 —%1F
LR R B, P AR S R (BRABICZ) 3858, W R &) 522 A 0 R H B, U 7
HIPREE SBLIR RIS . AR PR V% R AR SR S8 R IR B AR AZ SR B, BT T — P L R v R EAEAZ
BHAZ LR, dnlE 2(d) Frzs. BRARIZBE K 2 IS Bl L AN TR i R R ARZ B AE SR B R A,
ATV RIEARAZ BAAS SR F AL 8 — RN ke x b BZBEAE SCREFIAT | ANt . VR ke
I n AN KS5S80 L A0S L A E S RBARZ IR X . UGS EE k
MESH L =% 12 2 Fros i EH S RBARIZBHAS RS 1 i1, BkiE 5 Y (), Yia(t), ..., Yie(t)
INBNCBHAE SRR SE & FIREATE, FIRKGE S Yau(t), Yao(t), ..., Yoi(t) iﬁ*ﬁ)\ﬁ‘mﬂiwﬂu
3L & ATEAT. BB AT BT 3L 2k NGB SN 2k NSRRI ZARIE. PiAS 2 AFH]
BT NS —MZBRAE X ToHh, AL oo & AN BEES. 41 raﬁmyﬁmnwi/\rz,
BH 28 2 10 (14 ity 1100 2 1 380 — A 1 LB, 7 2 ) TR0 %o 1 4 N AR SR AF RS 5, 7K 0 R % 11
iy HH A2 BE A8 S TG PR AS SR A IS AR SR A AR IE 2 25 SR TC B AR 1 H S E AR 5% #ﬁwﬁ%ﬂlﬁ
FAFRIBATBARICAZAUE, WHZBHLAR Moy B9 EACRBARICIZAE war g, BV wark = 57

PLEE k HIREF AL BHAE X Te R, fE5% I, %7 c(t) = 5V H or(t) = =5 V, Il TGg, &
i, PMOS Ppy, ‘Fi, NMOS Ny, 1k, 12 BHAZ X0 - ANMZ B 2% 2 18] oy 1 5 N A 2% A3 3E
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5 (MERFE) (a) FHIEE CCi1 BWITESER; (b) KIRICIZNEN 4 MFTHER

Figure 5 (Color online) (a) Circuit simulation of the control circuit CC1,1; (b) four cases of associative weight adjustment

T oopk(t) = Ve, MFRMRIEES Yo () HIBKIES, BI Yo, (t) = Vi, WIZBHER Moy x Pivm0HE
var,k(t) = Ve — Vig; A Yo (t) THKIPHIL, B Yo 1(8) = 0V, W va1 5 (t) = —Vi. MEHSERABICIZAN H B
Var,x (t) BT AT T, RO SR AR A 2% A R o 22 s B 2R HE BB S BR TS, #5 c(t) =0 V
H vr(t) = =5V, Il TGpy ik, vpe(t) = 0 V, Bl H AR A JEFZAF RIS, FE c(t) =0 V B H
CC FAE MRS 5 Mok AL B, BEIHZIRES Moy PI3RAIHEIE a1 (0) = 0V, RIHAZ FEAE O FF
A,

Bl 5(b) FTas A— AN BRAS ST A BANZ B 38 76 2% S AT AR T AZ AU 1) 4 AR 1S o, o
War x MR Yo 1 () ARSI BARICIZ LR, wiy o AR Y () 5 AES R R
HMACIZAE. B EH, Vg = 0.15 V. Case (1): 4PN RAFRIE Yo 1 (¢) 1 Yy (¢) BIBK RIS BB,
Bl Yo 1(t) = Vi H Y1 .(t) = Vi, BB wa1 4 (¢) > Voo H o1 1 (8) > Vi, BUE way g 1wy g #E N,
I A SR AR TR S R 2 A R P 28 S ST R AR I 5. Case (2): WIER A AR Yo 1 (1) (K
B, BRI Yo, (t) = Ve H Vi) =0V, IS vag 2 (8) > Viry H op1k(t) < Voo, BUE way e 380 H wiy ke
N, B Yo, (t) HAEZAFRR A4 S BB R IGRIM Y (1) 5 AESAF R0 A 28 S RLIEE 2R 55
Case (3): WIER XA KMAIBL Y1 . (8) PIBKPFHEIL, BT Yo 1 (8) =0V H Y1 4 (t) = Vig, BERT vay 4 (8) < Vo
H ovprx(t) > Vg, BUE way g BN wiy e 300, B Y (0) 53R 1 £ N B AR 3 i i
Vo1 (t) SAESH RIS 4 SN BE R IRET. Case (4): 5P NSEAFHIBL Yoo (8) A1 Y1 (1) HIBKIPEEEA
I B Yo 1(8) =0V H Yik(t) =0V, BEBT vay 1 (t) < Voo B opy 4 (t) < Voo, BUE way g A wpy g #B
NS N R S I S E [ S LN TR G ESY I M P A 8 5

LEMIR AR, Vg BERESE 50 mV, ¢(t) =0V H vp(t) =5V, Bt PMOS Pg;, 21k, NMOS Ny,
T8, 2R T ERAEICIZ A RN Yo 1 () war ke + Y1k (C)wpr k. IR ABICAZE R 73 9l T 4
FHIEDL: (1) 4 Yo, (t) F1 Vi k(t) BIBKIREIBT RIS, Ya1(t) = Ve H Yik(t) = Ve, BAEICIZE RN
Ve(War k + wp1 k). (2) ARA You(t) BIBKHFHIAR, Yo 1(t) = Ve H Y1) = 0V, BAEICIZE RN
Vewar k- (3) UHA Y1) BIBKITHIAR, Yau1(t) =0V H Yi4(t) = Ve, BRAILIZERA Vewn i
(4) 4 Yo (t) A1 Yy o (t) #IRKIHIANRT, Yo (t) =0V H Yy 4(t) =0V, BAILZEE RN 0. ik, 78
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7 2B B MO BHAE X T0 R R TR IR R I AR PR 2% A Rk e 2 s S AN R AR IZ B AN BT K, AE
TR BOZAZ B AZ X0 A [ A E 0 79 /1 2 A S Pk 2 B K T A S 0 AR IR AB T IZ 5 . 28 &
FIRT A ZEAFRIEL Yk (8) 20 & M SCRTTH 526 AR Ya 1 (1), Yano(t), ..., Yau(t)
F R ke DASFIECREACIZ AR, 28 k IR St rEL B 10 % A5 508 & AMIZBEAE O i) S B AEE 12
G, MRS v () HHEON

Raq1Ra3

vsk(8) = Rao

Z <Y2z (t)waz,k + Y1,k (t)wpz, k) (11)

z=1

MRS vor () THHN

(12)

(t) 5 V7 if ’Usk(t) > Vvt}“
Vok =
0 V, if ’Usk(t) < Vvth,

H vy, A HERERE. E05EF, Vih =1V, Ray = 10 kQ, Rgp = 15 kQ, Rys = 10 kQ.

AR SCKe— AN LT I R ARAZ B A SRR A R A ST S 5 001(2), voa (t), - -+, vor(t) FEIAN R &
AL BT, B, vor(t) = 5 V I, WP HIRIEE & A ARES T 1 B0, 25 & M AiEdE
ZF 0. T AAMSNN 1 EA L AN EUETHE R BARIZBEAS XREF, DR A A B A D B o) ] DA™= A2
LS (01,02,...,0L). )5, % L NFHHEGHREA n A Rfafit 751 0S = [04,0,,...,0.],
I HF5 0S Fom EUZ 1R 45 3.

ARk, EH AR T — 22 HF MSNN [ B R o 2R ik, 55 1 A o ik & 76
B BoR A A 2 B i N A 22 I 28 T T i A 2 e P Rk B, ke B e A A A o ARl
NSNS AR R R M p 8 0 1220, 35 2 Fillaak T vk A 70 A A 8 P e A B U SR A HE e 42
Az R R Ik B B R 2 TR S N S AR ORI D91 5 3 AR U v R TE AR mi R A
FRZETE I K HL TR 5 RS A N R AR eIk (181 S /b B AR RS A B8 ATE B8\ 21 58 7%
%2 JE 1 AAMSNN H AT BEAIE, 363 M B AR BEAS BEAT AT AT 2 ST 3. S R — 20 v BT 38 E
G It 3 40 1) 8] — 7 s BEAT T, THERh RGN RS R 2R B0IE 7 1 DS I S GeiHE. 2R

T SR EGAIE P 51 5 AR 1 2 (R AR SR AT 40 25, SREGIE 7 41 i B 5 MG 200 i) B
HTA.

A E AL 2 38 5 T B A 1 B TR] ) A A SE AR 1 1361, AR SCR A R SEAHBUE ¢, ke &
MEMRFF] 08 HRIAEFF DS Z AR, KIZMUE C. itHE N

0S - DS

Cs = TAcl l™al’
|0S| DS

(13)
Hr 0S 1 DS Z/5%1 0S 1 DS K&, 0S-DS #F5] 0S #1 DS HIFHENF. |0S|| A1 |DS|
& OS A1 DS R LE #3754 (Euclidean norm). X4 Cy = 0 i, OS #l DS MK 24 C, = 1 K,
OS 1 DS 54 A0, Kk, RIZAMULE Cs 7T LUHAE 3 2R3

N T HERZAMUEE, AL T — A RIZAHCLEE T RS, B 6 Fros. ERZAHPIE THE
g, MRFH OS H AL s A B4 RS 5 vos1 (), Vos2 (1), - -+, Vosn (t), FREHIEJF I DS 1%
ML FAE RSB AT T vast (1), vasz(£), - - - vasn (t). WIXFFFI OS HIHE(E SHIAE 6(a) HI T
5108, FHHHARE] vos(t). KIRUEFF DS KIHEE FHAZIE 6(b) HHTIHHE DS, Jrimibe
3 vas(t). Bl 6(c) HTTHE R OS - DS, 4 th 45 2 vap (t). AR ZARLLE R H B8 Wi 6(d) Fros, H
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6 (PILEIRFE) FRIZMABOE T ERRE

Figure 6 (Color online) Cosine similarity calculation circuit. (a) Calculation circuit for ||OS]|; (b) calculation circuit for
[|IDS||; (c) calculation circuit for the dot product OS - DS; (d) cosine similarity output circuit

R ARG R vap (1) BREL ves (1) 5 vas(t) HITRAR, BELRIZAMPUEZ LR Co(t). 751 OS 5 DS [HE4,
BT BCEY 0.01, R A BEEN 1 ms, RZHPUZTHERBR AP R EDY 10 kQ. R5ZARLL
JETHEE R TP AR ZA U S5 2R Co(t) W IR E T 5y

- T'Lf VosjVdsj 7'17 Vos;j Udsj
C. = Vdp _ ZJ_1( de): 23_1( JdJ) . (14)

_UosUds (_\/VTS) (_m) Z?:l ('Ugsj) Z?:l (v?lsj)

B 7 B AR SEABUE TR B B 10 Bor ). B 7(a) B N—AN DS FRAII RS S, B 7(b) Al
(c) R OS 751 0S; Fl 0S, HIHIEES. Bl 7(d) 8 DS 5 0S; fERSZALE THA f i
M RLE R Horp vg = 0.145 V, vos = 0.289 V, vgp = —0.042 V, RIZALE ¢, =0.999 V. B 7(e) N
DS 5 0S, ERSZAHMLEETHR BB I THE S R, b vgg = 0.145 V, vos = 0.276 V, vap, = —0.024 V,
RIZFEE Cs = 0.605 V. HIFE LR 051, 0S; /7515 DS JF 4K,

3 RkmEBEGBIENA

TETG B G Kseie B MNIST #idl4E B (1 F 5507 BRI EMNIST 4 B8 F5
K FREEMGAE R R, BUEHI RN EEE N 28 x 28.

SEEG 1 JEE MNIST a4 50000 Tk EUEAE N ARG, EH MNTST #E 41 10 M4
RN 100 KA B EHGAE IR UE B, T4 BRI IE 7 41, EH MNIST MREE H 5000 5K
Tobn s EEAE R EHA.

SEES 20 HL EMNIS #0548 100000 5K BURTE N TOARAE I ZRIEIA. £ EMNIST #E41 26 4
FA AN 100 KA bR EUSAE MR EIE, F T AR IGIUE 741, & EMNIST M4 H
5000 K IEFR 2 EUEAE Al EHE.

SRR T AR N BLR 5 AN IR

(1) BT A I EE 5N AAMSNN 347 BB, BE vr(t) = -5 V.

(2) SERATAIIGEGR LR BINGE, ¥ Ve HEREZE 50 mV H vp(t) =5 V.
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£ 02 £ 02 £ 02 Z 005 0021V <, 005 0021V
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! 0 > 02 0.145V = 02 0.145V
m 2 0.1
o - 20 S
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] 0.08V Q 0.16 V 9 S =
Zo1 o1 2o1 0.06 V 2 005 . 005 0076V
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- - 02 0289V S 02 0276V
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% o1 010V ot 020V Yon K £ 0
N a® N =7 0.02V 0 = 0
0 >
=.-0.05 YYORT 5005 -0.024V
— . 27 .01 = 04
> 0.
z« 02 2 02 0.2V - 2 020V s ! 0,999V s ! 0.605V
2 0.1 0.06 V 2 0.1 20.1 < 05 Z 05
s ' -
0 0 0 QO Q 0
0 1 0 1 0 1 0 1 0 1
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)

B 7 (MEMFE) KZBE T ERERNTESLS
Figure 7 (Color online) Simulation results of cosine similarity calculation circuit. (a) Voltage signal of sequence DS;
(b) voltage signal of sequence OSy; (c) voltage signal of sequence OS2; (d) cosine similarity calculation results of DS and
0OS1; (e) cosine similarity calculation results of DS and OS2

“!!”n' rII lnv ui E} v I l |

021 ‘ . ‘ ‘ . 1
5F T : . - 0 f'\:‘;"(‘|'>l\‘1"'\‘r‘fﬁ‘»'x‘<w
’ -1
-5
50

-
0
1
0 10 20 30 40 57.6 342
Time (ms)

Bl 8 (MEMFE) (a) FEHTF 8 MEIBFHEREIMMELR; (b) 34.2~36.0 ms FHEEIAKEE NMmIDER
Figure 8 (Color online) (a) Simulation result of feature extraction for a image example of digit 8; (b) attention encoding
result in a local time from 34.2 to 36.0 ms
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it 4&'t.‘.‘.'J;(w.w,a\%.'aa‘m\fprw.wﬁ%s«wa%wa%mwwwmw»mwwmw

i tu»'J‘\\
3438

a

v (V)

il
354 36

SAl V)

Time (ms)

(3) R EEAN I B SGUE P S N B ZREF I AAMSNN PLAE BRRIGHIE 751

(4) F MR RN BN R ) AAMSNN H, AN B Gl — NI 5.

(5) VRN 515 B A SEIRAIE > 51 2 18] (4 4% SZ AR AR . K A SZARABA R 5 K i I sl 1 51 5 2R
UER VAN R — 35

3.1 ZLWHESHSH

TESEEG A EoA A B h =i 0 (Laplacian of Gaussian, LoG) B SE I EGFFHE, K H =5,
m =25 7Z=>576 H T. = 0.1 ms. [ 8(a) ZX T 5T 8 KEHATRILRIUN T HLIR, iK
SUNTRIY ZT, = 57.6 ms. 4 v,y (t) MRS 0 V I, v, (¢) FEAHRLFTIS ] B2 AR {E N 5 VBRI
M. S(t) BIHRGIIFELE va(t) = 5 V R BGMILNER JIES Sar(t) BIPERRHE, 1k 8(b) B,
TR I ) B m AUE 2R G (5 S MELLEAIE R, B 8(b) BARHIRZ Sar(t) BIRFRINIAIME 5. FE07 H A,
fa = 100 kHz, F = 500 Hz.

Bl 9(a) F (b) s RIERIIES Sai(t) £ AMCy 55 F1 AMCy 59 HHIVER JJUCECE R, 7207 5
s =6,n =96 7EK 9(a) 1, HTHERENET Sar(t) TEAG sss(t) HREBRKIFREE, Kt
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e
s W

VsV X 55N xyy V) ¢V
Y150 V) Xy 59 (V) 25 59 (V) ¢ V)
= wm

" [ f

. N . R J 1 . Lobooy . E— N N N N pu— |
0 10 20 30 40 50 57.6 0 10 20 30 40 50 57.6 0 10 20 30 40 50 586 0 10 20 30 40 50 58.6
Time (ms) Time (ms) Time (ms) Time (ms)

9 (MEIMFE) (a) AMCy,5s 1 (b) AMCy, 50 BEENESELER; ITHIEEE (c) CCi,5s 1 (d) CCy,se
HAELESR

Figure 9 (Color online) Attention matching results of (a) AMCy 58 and (b) AMCy 59; simulation results of (c) CCy 58
and (d) CCy, 59

Digit 0 Digit 1 Digit 2 Digit 3 Digit 4
96 2 96 £ 96 g 96 £ 96 g
—_—
72 72 1 72 72 1 2 —
w 23 7" %" 7
2 48 2 48 1] 48 2 48 R 48
_ —
24 1 P | — 1 24 24 1 P —
1 1 1 1 1
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
Cumulative values of points Cumulative values of points Cumulative values of points Cumulative values of points Cumulative values of points
Digit 5 Digit 6 igi Digit 8 Digit 9
9% € 9% el 9% Digit 7 9% g 9 L
= g_ ——
72 NnE—— 72 1 Ne———
2 48 ] 48 2 48 RS 48
-—— —
—_— _—
24 P — 24 1 UE—
e—
1 1 1

]
e
e

e

50 100 50 100 50 100 0 50 100 50 100
Cumulative values of points Cumulative values of points Cumulative values of points Cumulative values of points Cumulative values of points

10 (MEIRFE) BFHEANPFEIEFT. BERRRERIERN TRIEFI P RRZIHE, DLIRRTEE
RSB

Figure 10 (Color online) Class validation sequence of each digit class. The abscissa represents the cumulative values of

the points in class validation sequence under the same digit class, and the ordinate represents the points of class validation
sequence

x1 58(t) TE 34.8 ms 2 AR BIHOKIEMEIFHERL 2.5 V. 7EE 9(b) 1, 21 50(t) HIBCKIEEAE 35.4 ms A4
#E 2.5 V. AT, AL 8(b) ATLAMEE R, {E R 155 Sar(t) REE 35.2~35.4 ms Z[AIHIRG(E S, £
35.4~36.0 ms Z A A IRGE T, B Sar(t) TEA G ss0(t) AHFEIER PPFFFE. X L825 R EL0], B
B I 5 A 5 VLR AR R e, VR e S e KR IE SRR
INGEIES PR E NPt LI PSP E SRR N SY

2 il FEL R0 L5 R 9(c) A (d) FoR. FERT 57.6 ms N, ¢(t) = 0 V. TE 57.6~58.6 ms H[H],
c(t) =5 V. EJTEP, Vg =03 V. fEE] 9(c) H1, B T7E 34.8 ms I 2y 55(t) > 2.5 V, B 34.8 ms I
U, Tar58(t) =5V H 2p158(t) =0 V. M c(t) =5V H 2a158(t) =5 V I, NMOS N,y 55 #3558,
Viss(t) = Vi, Ik, G0 AMC Bo% s S 2.5 V, BIRETEE G SRR T iER E S
(AR ATEAFAE, JF BARRL CC [ LA Vi, [RI3E, B 9(d) HEIF7E 35.4 ms B @ 59(t) > 2.5V,
RIEAE 57.6~58.6 ms H[H] V) 50(¢) = Va. MAIHE AMC B B E AR 2.5 vV, Il CC BfrH B &
N0V, FoRTER IG5 R AAEAE S UL EC AT 2 A [R] B G R AR 2R RFAE .
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B 11 (MEMFEE) FE s M k& SRETHSLERE
Figure 11 (Color online) Classification accuracy under different parameter values of s and k. (a) MNIST dataset;
(b) EMNIST dataset

FETMB 2 S AZ L BT AR IZ BEAE BEHL L B 7EXF 50000 5K TEARSE T 5 30 G347 o &
WG, B 10 NMECFFEAE 100 KR T 5B EE M AR 2R 1 AAMSNN A1, A2k 10 M6
AIRRIE T A, w10 Fras. )G, Bl B G N B ZR00 1 AAMSNN A, By th sl e 4.
J& , TEARSZABBURE v 55 L rp ok S0 21 5 2R BGHIE 7 471 2 R PR R S AR AL

3.2 RER

B EA SR s A kx b KN E RS RPARAZ A RS N 34T 05 325, MNIST
BAIEEEF EMNIST B¥E 4100 8 MEmfRn& 11(a) M (b) Fis. LI REM, 24 s =3 Fl k= 8 i,
MNIST s £ 173 R UEWI 2N 93.2%, EMNIST #5581 70 KIEM RN 76.8%, W& 15188 i 73 ik
. BT HA 26 NEAE EMNIST £ i B -G 5K AA 10 2001 MNIST HiEse
AR, Rtk EMNIST £ 42 170 i AR T MNIST #¥E4E. 4 k = 4 B, 0 2RAER AT
B, XA E IS RBEAEIZ RS XS (4 x 4) FHIZBER$ B KD, TiEE T EZMAE S
AP N R R, 2 k=16 I, 2 HERTR A XK, RN E R % RIAEAZ RS RS (16 x 16)
HZ B R 2, FEME RN RZE] T HZMTI. 4 s =6 (n = 96) B, 73 ZER AR T
s=3(n=192) Fl s =4 (n = 144) HK, RUCR ARG K T 8000 B UERf R PR, RIMTE SERR B FH
A [ 5 AT B R 7 R IR ARAZ BELAE SR B R /N s 3R A B 0 7y SR 45 R ) S 5 SR R 3%

4 MHEESHT

4.1 HMHEEXTIEHILLE

A AR5 HAb T T B A% 20 210 MSNN LB 45 R UNZe 2 o, 856, ATt i AAM-
SNN ] FHVE B JI ML R 5 8 25 B RS TR 5 &, Wb T AAMSNN i A& o s, i
NP TCECR 2 N HAL TAER 48.9%. Lk, Hofth TAE EZE STDP 8 BCM 2% 2 BN, 1X 53K
YR TR TGS, A % e MSNN HAS [ ) A S AT B AR 28 S MR &R . AHEEZ T,
AAMSNN [ F EVR v R ARCAZ SR B SR 1 p e I 4% vp (A 8 I BB R, LR /N MISNIN AR ASE S 801
THTEUE R B 5325, H AAMSNN B2 FH#8 £ b SCik [18~21) FR A2 a8 B N AN BeE g, R
7 OCHR [22] 29 39.8% MAZBHAREE. /£ MNIST HARLAE NI E 7254, AAMSNN A5 1t HAh T
VESE B 140 R 2. LB s SRR, T i) AAMSNN BUEE /N MSNN KRS 58 20 147, BH 28 5 &

2566



HERBYEERE Boa s H 1M

*2 SHMMATEREEEGS K MSNN HIEEE

Table 2 Comparison with other MSNNs for unsupervised image classification

Numb f Numb f
Work Biological mechanism Learning rule tmber MSNN scale HPEE oL INIST (%)

input neurons memristors

Lateral inhibition -
[18] STDP 784 784 x 400 3.136 x 10° 91.7
and homeostatic

[19] Homeostatic STDP 784 784 x 1000 1.568 x 106 90.1
[20] WTA STDP 784 784 x 256 4.014 x 10° 92.7
[21] - STDP 784 28 x 28 x 324 2.540 x 107 90.2
[22] - STDP and BCM 784 784 x 10 7.840 x 103 91.4
This work Attention Pavlovian associative 384 8 x8x24 3122 x 103 93.2

memory

#* 3 AAMSNN WI#ESERFH
Table 3 Power consumption and area overhead of AAMSNN

Circuit Power (mW) Area (pm?)
Feature extraction module 0.88 1.95 x 103
Attention encoding module 0.51 4.76 x 103
One AMC 0.07 3.09 x 10°
One CC 0.02 19.80
One Pavlovian associative memristor cross array 1.52 1.79 x 10*
Cosine similarity calculation circuit 1.92 1.02 x 10°
Total circuit 74.37 1.73 x 108

S TR T A MSNN 1) 45 R 11 4.

4.2 BRINFEMERTFHESN

AAMSNN [JIhFE £ BEAFRIZFHOCE . CMOS 4[], eizds . HIH. 1ZFH#% . NMOS A1 PMOS.
L% DI FEIE IS PSPICE i Bl B3 2], Wi 3 Fior, ' s =6, n =96, k =8, L = 12. b4k, AIST 12
FHES RSN 100 nm x 25 nm x 100 nm B9, NMOS Fl PMOS HTHIFZIN 0.9 um?. fFH 25 Q/sq )
Jr B R BH AT P 1 kQ BBHAEAAN (1 kQ +25 Q) x 0.6 pm x 0.6 pm = 14.4 um?. BHEK 1)
AL N 600 um?. “57 ZARTTHHEAARLN 5.4 um?, “BIF” ZAETTHHARLN 3.6 um?, “JF” B4
ITHTEARZ N 1.8 um?. FeEB LA 25.2 um?. ARHE IR 2041, AAMSNN AR R8T 545 1
m 3 fis.

4.3 BHEMST

N T 7rHr AAMSNN IS HENE, JATDR A A FIMUER B A 5 2 T BB AT 1 30 R334
(B ER MR P 56 B2 T FR) P P HE R 2R ARER MR 7S BT R 1 — S8R R B0 0 B 255, B R A 11
SREER] sp R, SRPEEHCR, MR R E . EO7E T, T MNIST #ESA EMNIST a4k v 7
FRIEUE, BME R/ 28 x 28, s = 3, k = 8. AFIMUERGE A R B2 T HI-F- EIER R a3k 4 Fos. R T
DA R AIE R R EAE D, AENE A ROBIERRME S A (E S, 8 AAMSNN Xt I 75 HLAT B 5 ) & M 1.
DSl E A R e 7 R S 0.05 B, AAMSNIN e S ORKF RLAT ) 73 FHERA R . BEA AR 7 9 B A K,
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Table 4 Average accuracy under different intensities of salt-pepper noise

Intensity of salt-pepper noise MNIST (%) EMNIST (%)
sp = 0.05 81.3 62.6
sp = 0.10 63.7 45.8
sp = 0.15 48.5 34.3
sp = 0.20 33.2 20.1
100 | |
*e - ©- MNIST dataset
RN - A- EMNIST dataset | |
804 .
~ RS S
S IR
~ L S R N (0% i
>, 60 S R
& ~ S
& AL ~.
= . ~~..
o 40r S~ o.__ i
2 S S~o
20 AL e
e D et T i
------- 2
0 1 1 1
0 5 10 15 20

B 12 (MEhRFE) 123 PSR AR IR MR 2 FE R R AR

Figure 12 (Color online) Influence of non-ideality in memristor cross arrays on classification accuracy

AR AR R BRI 2, RO 1 e MR R A R, S B RMET AR B .

4.4 JEIEEBMEDH

HAE DL T, 1CBHAR T A6 7 SR P RUE, (HTESLFrd, TS8R Mtk 2 1 SR 48 )
L AT 38 R I B EU A7 AT 9 1401 ER 12 BE A SR B i (1 R AR M 2 5 i T B 2 ST 1 o0 S
Wk, RIS T L . FIFI SR (Monte Carlo) 3 HTVEFE 12 BE 2% vh g A B AR 4 i A6 A2 BELAA
el W B BB BN o/u (%). AFE o/p TR RUERRLE R 12 s, 0 E S,
ffFH MNIST #HE £ A EMNIST HdSAE o Ik E, BB K/ 28 x 28, s =3, k = 8. FHFFRE
BRI EIRECN 100 IR, 0 FHERR R 45 RO PR . A RER W, BEE o/p FIBEIN, 43 KUk =
%, RIS R R R AR R 2 PR RER 2. JeRT RO SR I, 12 PR S SRS FR ) ER AR 2
W7 i 2 17 BELAZ SR A1 o A 288 F BEL ) 34 i /s T4 T Ik 389 0 2 B A2 SR B HR AT L SR AR B, R R
PR AR T (AR e Ak, T DA R AR LR B 2R (NEAT) J5ik B0 SRyg A2 BH 38 SR F1 il
PRAE .

5 Rgk

ARSCHEH T — Bl BTV E R B ARZ BBk v 22 I 4% (AAMSNN) (¥4 s i i, Ik R+
T M BB 2. S NI R ILEIIR IR A, Wit 7 R 779 % H B AT 70 b 3 LB P T A i
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FAG 5 PRI RILE R, > 7 AAMSNN fS A2 e, 51 s R IZ R BE, it
e TRV IR AU BE 5 SR 21 e RS FRT HERAEUIZ BEL P e 2 i % P T AN [ T B 8
PR, SEEL T M E BRIy SR. AR B Al A TR B R 20 2R MSNN, B Hi ) AAMSNN LA
S/ MSNN HUREA B A P12, BH &5 BB SE Bl 17 S v PR 3 SRR <. DR, A SC AR AT DU 2 /PSS
P/ e R G SR 7 e i Ve S T N A B s G s o LN R K TR O AN G SR - €7y
A, Rk, FATHERE— PO e 0 2% S5 40, I ST SEAIE A o M B 70 Sk g

SE
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Abstract Unsupervised learning does not require manual annotation of training data, showing significant value
in image classification applications of hardware systems. Unsupervised learning in the existing memristive
spiking neural networks (MSNNs) mainly focuses on the synaptic adjustment process between anteroposterior
neurons, limiting learning to local neural activity and neglecting internal connections between neural responses.
Associative memory is a crucial way for the brain to achieve memory, which associates different stimuli through
unsupervised learning to establish interconnected network memories. Meanwhile, the human visual system utilizes
attention mechanisms to select important information from massive data, effectively reducing the number of input
neurons and the scale of neural networks. This paper proposes a fully circuit-designed attention-based associative
memristive spiking neural network (AAMSNN) and applies it to unsupervised image classification. Inspired by
the attention mechanism, attention encoding circuits and attention selection circuits are designed to search for
and select important information, reducing the number of input neurons of AAMSNN. The associative memristive
spiking neural network module consists of Pavlovian associative memristive cross arrays, and achieves unsupervised
image classification by adjusting the associative memory weight. The AAMSNN has smaller MSNN size and fewer
memristors than other MSNNs, and achieves superior unsupervised image classification accuracy.

Keywords memristive spiking neural network, attention, associative memory, unsupervised learning, image
classification
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