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1 3

B 5 B AR RZ AR THREA L ER . b 24T RCRIR T ORI 2R, iR ge it 5L
T von Neumann ZEF LR, CLEeZ B LU 2 X S ZOR. RUE Hardey tHENLE S 7€ mis
SR A HR, W DB — e B A ) (2 B RORIR I RE, (HiH LR G i RE B FEHOR il i gE AR
TSNP 70 2 R B v SR AR o ) SR TE 06 2 S BRI oK . AT SR B s W K
IFEIBAE, M NASHRKERGEBUL, —RARITENUREIIBYIFR. BEART T, B2 RS SU
WEFAEAT 2 2 A T ]ty ok — e R AR B B DU 2 T 7R BT AT, 22058 T 1971 4F KT AR
FrBEAE HLER B R B B, ORI T W R ITHLE TR ZBHAY, B R TDRER B R A R
TEAS LB T2 AR O MM ZRRLART ST, 2 2 G000 i RO DS BEAE T ORI B Jo 22 e ) R
FERIZE (101 ~ 10%), BN KRB ERAE 1 i BEIRAT AL B /) 7). DRI 28 70 < 8] FO 4 JE A B 1 T 44
N R BIEEER, T RGN 2 5 ALk 5 RIS I S A AT B AR e SR A R, A
FIYEE R 5 3] FACIZ AR 0y 1 BE A, (RIS B A AR IR £ [ % PR PR B b 3 B B AR . T
NOURIN, FERFIZ I ZA 7 T 0 R AL SRe v, SN2 BEL S5 mT GRS IL— D R A B A T e, S51%
i I 22 A d R A L R AR AR S B I AN & S AL AR (CMOS) SRAS UL — A A4 L >
TARZHEAE, WIRAC T SR BB I S 2R I (12~ R e, AATIIF IR s R IZ B 2% 04T %5 T R Al T
075, T SE A R P A 15 1916 JF i Bl A B T IZB S 23S THE LR N
RACL SR Ak D RE AR LR, fh)3s BT — AR B S N e 3 B RENL. 50— T, SRt FE 40 K B
0K FE T T B A B A AT B A S B AR R A T RE T i R AR > T AR B L DT S LR BUR, AR
Z RN L2238 A2 BH 8 DAL 1 SR 1) 2% Feh Th R, AR SORE 208 5 i Ty BE AN R RIS UL 5 7%
BEAT — A RV B4

il

2 SRAFNIZPAZZHVTE /Y

DRIV A 2 21 212 IR 5 IREEIR 2 A Amif 3l e AE R SRR 5 BAL B b0 D81 R 5 %
PNV, BRKKIX). 55, ENTRH0E abF s s R s, HE R ab B T, R o, ml b
BAFET Ry R A E RN B R Hk, e —MRERKF LT EE S, AR HBA
wzeTe. ik, B THE S RIS LR Ge it a T USEELR, S T B AT R T S
B VI T AP Z Tl S AR TERERC AN K, BRI, B A A MR T S =
W FLEN AT LA 2T, 9 HLAT ORI G 26 A AN R HEAT B 3R, 1002 8 X T 80v i AL e
LR Rz — B9 DUE 3 AMUN S RIS TS TR 5O T — IR — IR 2R,
ST ARSI i ST D RE. R A JRs D0 S5 T e K I e oo i, T 22 T 2 TR A 2.
PR AR T SRAIXANEEH, KNI 27 I AL 55 D REMORE T 5l 284k, DAL BEAE A R Al AZ B &R 5
B R DI RE /T, B e 24— T RIS A o0 2 (015 B3 1L 7.

2.1 K RAATEEME

R FEA L TT S A TTERR AL, A A AT I . S (B BN R A J5 R 3 . AR
IR T AR, SRAdAT LA O B R AR A S, AR SR BEOGE A A R

B 107 (a) BRI EE T I S i, A AR 22 T I e — ANl ROBE IR — A S I o 2 A
T (BIMEHAL) Vinen—pre BIFRARAERLL (T 22 70 (K40 Lo AT 5 R A M AP AR FBAE Ve AR T
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Figure 1 (Color online) The connections between neurons. (a) A synapse is where a pre-synaptic neuron “connects” with
a post-synaptic neuron; (b) detail of synaptic junction [17] @Copyright 2009 Nature Publishing Group

YU AN I RAL Ve & X, Vinen—pre = Viret — Vore— s Vinem—pos = Voost — Vpos— ). TE— kL 2
AL (KA LA ZAR) B Rk £ T RS IE ST TS ], LBt — L8 & 1A
Sy, AR B A . XA RE T (B 1(b)), RALFT L ToAE AL T
L3 T A /N SR A R R B, R 22358 TR TR S s BT 5T, o 2838 o e % M i B e 5t g
BRI TH 08 R ik S 0 2 O . SR AT AR RIS S AR R CRIET iR 2 so A HoAh i 22 75
MZRBAS S D) 2N FBORAE P E 7T L — B sh e s Az 07

BRI ThRERE AL P, HakE IR 5 Sikigid iah, M
WSS R TR A 22038 0T U 1 A A KD, A IR A g R ik ] P s B (200, AR SO SR A 2
FRE N T ) — R 4, HIR W R A AE R 22 70 2 1B ) — IR S 2 il R i BT A PR, E B AR
Gy RNEBORS R B BB T i e 22 0 35 i T A A2 B5CA , T DAL N S A ) Ao 22 R 5 R B2 Y
YT U221 RIS . DIRE . 9B R AU A BB AR BRI R AR <R T
HHANAE RN RHCAZ B2 F A v A H EE BAE ], AR 38 Gt o S M At 2% b D g SE I EI'J
FLfi [4,23~25]

R n] BEPE R AR 2 B, F2a0 12 BN AR AT 73 R S A2 AT 28 14 (short-term plasticity, STP)
AR FE T (long-term plasticity, LTP), i iy 2 i) 58 VA0 45 SUSK #i0il (paired-pulse depres-
sion, PPD)\ XUk Z4t (paired-pulse facilitation, PPF). 58 B JF 458 (post-tetanic potentiation, PTP),
IEANEA — B HAR P AT B i ORI R AR ] BBV (spiking-rate-dependent plasticity, SRDP). JiX
FHLE [E) AR AT 3B P (spiking-timing-dependent plasticity, STDP). £4:%% ] (learning-experience)~ JEIEk
222 (nonassociative learning) « BRAETE% ] (associative learning) FARZAEL (synapic scaling) &,
EALERAMBAT I S AR, TR R, 725 B — i

TEAZ T & B2 7, AR 22 B2 500 SRAmT B8 1tk AU BEAT 20k, A AT TR L R 2 s A T AR
ZAFEIR R TTIE (W B B IRESE) SRR R AR Zh e, P fE > VLSI (K
FBLAE R R ) SO0 b A7 AR K28 7], AR VLST & 7 B BT RE AR X — 2% o7 S frh 1) A ol 22 L
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SEBR N RS R S8 B R Al R MR 2. SEAREL, FTEAZEZN T 50 nm x 50 nm x 50 nm AR ESE
LR A D) BERAN ) 34 —— 2P BRI 1 BRI .

2.2 |ZPEZEHYELRIEIE

1C B Z G0 BAT R S5 LT B g, W] DA FHAS R B3k e sz & s, B “idiz”
ThRE, AR A RS — IR S350, A2 R Geh BHAS B3840 BT S Bk AR 25 8 1 AR A AR
RAERE EBUGR T35 048 T R R MR R0 AL, AR T RAEB R E THIER R LA
BUA R GERPIRA B R E 2550 H B (261 RIFTIZRH S Rt 22 SR i, i A AR I 2 & B A B Tt
AL R BT R RS R B, AR, BRI R AR, XA AR AR R B I S — S S i HY
DRI G LB B P (27300 AZ BHL AR 1) L B AR AT I T LA AR — R EA RAER KM
P e BEARZS, 53— 2RI 2L riPHERARAT O, #4745 2 A v BEL AR 80285 9 T RAAE Jti o # 1 I SEEM 1Ry
() BRZSBC () BHASHZETEAR. 78I b P 22 X 2 A 400K 07 2B LB o, 28 R S — Tl PR AR
BLR. HLIRAZ B AR BRI R, Ay F BH 22 A0 A 2 1 BEL B FT DARE P R i A AR 384K, JRRERS 104 I3 1Y
WA, R B — 21 R B ES 8 Ze N 2805 A U T I S 5%, X S AR R o 22 S i 1 BB
AR AL Fh R A SR b m] A AN W O R 450 1271, e B R i ie A2 A die ik, o
22 JuZ IA) R IEFE 9 P TR A AR B IR, T ASh A sl ol S 5 B 45 5 iR oo, R ORER
BELRAALRPIRES, b B 22 A R 451 REAL DL SR A AR

3 RERTIBEFNRINFTE

SRR, 12 FH A 388 H R P A i e (O G5 A, ST LA A, DRI SR Ak R I P 0 ) A R
NCTHESAE AP AS b, FEAZ B AF Lk o e s T RSRAR R feh e T AR 2 RIS 5, T2 FH A5 1
5 LA U SRR A AL E (30 (A EELE BB AT/ 0 31 %o 7 g AL B PR 88 KA/ ), et o 3 ik
TR AR L R | RpERIN 18] 55 2 BORRSE AN [7] 5 i Dy BEAR L ) e 2 0 005 RO R L, AT A5 28 AR
L) S LS AR AL, 3 HLAS AR AR 5 JME (1, IR e SR A PR 254 £ HEL BEL 2 LR Xk I - #e 0 5R fk F)
A YA 131,

3.1 ERTIERIZBMFNKATIZR]#B M (STP/LTP) REMEEXK

NG FE R 1217, (short time memory, STM) FFEEE [B] — R # A MR BB 8P A SE ) B A il
T IO R T I 4ERE, I 1212 (long time memory, LTM) RFZERF A9 JL/NES L TR LA I
BAKIE—4, BATERBEE MRk 4R, FN'E CARIE TR AR5 =T —seiify, 82, 5%
I AZ A TCAZ AR 7 A B T SR PR R IS A W] 28 (STP/LTP) A =2 AL sl P R i o s &
BRI PIAR R Ak wT B BT 2, STP X 2T+ 5% ik 52 ) i (R 1 s 2 T 1, K280y STP 2 i
sk — g PRI ) 51 R0, B0 STP AT LA Ca?t 78S Al #1122 0 (BRI A BUE i, 1X 28 Ca?t (1)
SN R SR S M S i ) A 225 5T (R RE TR 77 P31, STP A A X IR S A N (1 A B R R L A B R
TR DA AR G2 B, 9F B ] DL B K i b — SR L 45 B B4 3%, i
LTP JUlJ& 76 5 I 112 ) Al b 28ad e SN GRAIA s SCREERE T B 7K AMEARAZ, X6 BT SRAMAT E 4 A
[y e A 186,371 — M RE RIS A B LR B b, 3@ 78 20 IR, ATRASEEL STP 3| LTP %41k,
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REMINE, EFFARAEXTFRIEMNEL B
Figure 2 (Color online) Examples of experiments illustrating (a) LTP and (b) LTD. Synaptic weight, defined as the

initial slope of the field excitatory postsynaptic potential (fEPSP slope) is plotted as a function of time (33] @Copyright
2008 Nature Publishing Group

3.1.1 ERTIEA¥E% (STP)

STP C075 6 S At 48 5 A I R AU, 3 P b 7 U A2 ey SRA XU vk 53 46 (PP, 5 L/ 38 5
(PTP) FUXUKph 40t (PPD) ThARESCHLM. F i FE I 5 A2 15 70 b 220 FURE TOME A< IR A S A T v,
SRR R AR 207 T 0 % s LA 8 K. T R U0 A 16 1 o 20 0 R O 5 P A ST o, ol
TFEE AR 5 R KA 20336 [ T80 3 5 L A AR R kR J85E o 22328 FORE TR A2, PRI L 5%
il FELIAE IR/

PR LRSS (AR T ARG KRS 15, SR8 55— TS5 5 PR i 2 2 48 562 R 5 % floxe
5 ANRIAE B A Rz 38239 AR PPF (34, Figure 1], WIS NN PPD, 2 RI#{E 5
BB/ T 20 ms B, PPD JLF-EHTA S At v S RE L5 31, 388 4 IR B0 G A RE Dy BT FL P A A
) Nat, Ca®* JHIH SRAT, B 2 B 3R 1E S AT 40208 70 A 28336 I V6L 1) 2 )R SRS T . A )
ISR (20 ~ 500 ms) [, RIL PPF, HI LG I fiy S A RE Al 2 58— AL 57 2R I 41
PFRRA ) Ca?t & SEUH Z YRS SRl MEFVBSMETR 59. TEik2 PPF L& PPD, #851X /5l
B R A %, T E TR 5% i T 2EVE 5 o 20 3 ST RO R AR 075 0%, 240K A 55 — WRBR TR 22 o
33 RN, EH B A A S A 5 ) A 1AOL, T 2R UORR TR R B ST D I e
AN SR AT B SRR B, SR ELS IR (PTP) 5 PPF J50L, R A R 5 — Fh R B X,
AR ST ) J S B A AL — S I TR R R B, BN — 3 o (K 2 B A b S A iy
RELK AT 15 TR P2 ) 8 T 5 S50 ) b 28338 JORE ORI I 5%, B ARSIRI 92, PPF B FREEI TR T2
b, T PTP Al FEEL LR EJLo80 11.

3.1.2 KAEFIZEFTEEM (LTP)

I ] S 4 S8 SR fe L 1 Bliss MM AR T 1973 SE4RIER) B9, AT Bl 5 X %
PE S figh R FE SR B> 3 BOR M A% 1 AU RE ARG i, XA SR T AR TN LR, RANBLRBE X
ARG SR (LTP) (K 2133)). LTP 725 LU 4R P AA T 2009, DN BRI R B T
F V2 B RH 3 HIL A DG (42043 A N2 LTP BB FL I i i A%, (H ] LA R 2, i 5 X
¥ LTP MR A2 LTP 2RI i —Fh, 11 HAE LTP H LR A oA KR (LTD) 1)
FHAE.
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(@) (b)
B 3 (MEEFE) (a) Ag/Si IZMEBFXTHFMME (LTP/LTD). Bl iEiniEaigsa (nsl) pof, st
SSEHMIEM FR). SXREOPRFE, £ 1V NEETNEHES, LFIHERML. ERKY P, 3.2 V,
300 us; falEEKH D, —2.8 V, 300 us; (b) £ NiO, IZEEHELE PPF MiEE S EERALER M
Figure 3 (Color online) (a) Ag/Si Memristor response to programming pulses (LTP/LTD). The device conductance can
be incrementally increased or decreased by consecutive potentiating or depressing pulses. The conductance was measured
at 1 V after each pulse and the read current is plotted. P, 3.2 V, 300 pus; D, —2.8 V, 300 pus @QCopyright 2010 American

Chemical Society; (b) magnitude of the paired-pulse facilitation (PPF) of a NiOg-based memristor as a function of the
pulse interval [l @Copyright 2013 AIP Publishing LLC

3.1.3 STP # LTP MEHIREEERL

SRR, B STP M LTP S e ATz 18] A A A T LAl ik e AR sl i R s 2 Ay o 8 o)
WA (W TR)TRDRE ) « RSECRRSE I ] (hkal 58 ) S0 AS a1 5 SR ECR, B S, XR T
KA (98 SR E. BN, HAM NG SN, 728 T B A2 & b, B IR sy,
BT A ER B A, YU HEEE T FEARARRUIZ R A5, MRAR LUK, MRAR B AR E ; R S RATZ AR, =
R AT BCE N 6 B8, FEAN[F) Aoy, BEORBH AR HILEE AT DX, AR ATT R8s A SR8m0 0], B ol ik
Z, IAEA R, B E.

Jo 45 1 &t AT SR 1E W Bk il — A Ag/Si A2 BHAS AT LOZ T e 1) 5 fa bk, R0 LTP. 1
T SR I FR Pk v A e Y, U2 BRI S f A, 28 B0T LTD (1 3(a)). LTP #1 LTD &4 H Al/TiO, /W
12 2% (44 TiW /GeySbyTes /TiW ZFH2S (1. Ag/polymer/Ta {ZFH2% (6], a-InGaZnO 1ZBH 2 47 %,
. STP WM7EMR ZAZPHAS P13 DUEHL, 0 Hu %5 48] 76X} NiO, 7 BH# Mt R 3L, 25 =4
BRI 7 A B LA G B N kRO P AR R RRRCOR, I L PR OBk TRD R B B 0, X AR IR
BHEES (F 3(b)), XEAEMR A PPF DhARAHML 2017 45, Wang 55 491 7E Pt/Ag/Pt FHIM
BUZ IR S 7 PPEF A PPD DR, AbAT TS B InwI 46 B R ik iy, sz 4 HICk: — 28 Ag RikE
“Hbth, TFARTE RS FME, SRT, SN TR AN BEBUR AL 88 R 7 9 R 8] T2 1 58 B 1) Sl i A2, T
SR I P P 6 SRSUASE R PR AT I 380158, 1 3 2 0 SRk o BsF 1) 1) I 66297 et B 1), 0 B8 22 1)
RLIE N FEUA TR (R TRT R, 5 B 0 T 2B, SRAULTAE M R Ak b 1) PPF BLR. (HBEE Hdg1n) &4
— i A% FEOR R 22 R RIORE, 5 — iy (R RIORE B8k /D>, 45 R R] B2 P RORE B, 241 FL R T BB SR 0k, X 2
T B RS B T R R S AR, AL T PPD R,

N R Gistr, STP 5] LTP 7 LUl 7540 M1 S50, th & NALIOTFIE a0, 76 (8 L I3 b
P2 ZRGE AR, R DA I 9/ SIS NF ] (] o 385 m =0 A2 i B S5k 58 STP 31 LTP B4

120



HERBYERRE B 48K 2 M

Ilu lfl’! uouo

P
i @ [ =" N 29
- Q.9 ’n‘;)‘) ® ‘}) e
- 1 L&
2 e 9 o
— 1 Q t)-’. ‘3‘,")
0 “‘Q 'f’
il ] i
=2 -
4 [ Si Subsirate ]
1 T T L} 1
-15 -10 -05 0.0 05 10 15
V(V)

(a) (b)

B 4 (MEMEE) (a) Pd/WO, /W IZFEZBHER I-V #i%. FEFHEEE (1 ~ 5, +1.2 V, 2 V/s) MG
FHEERE (6 ~ 10, —1.2 V, 2 V/s) FRELIEMAERB[HSEM; (b) RIZABHRES T HAREE PO
Figure 4 (Color online) (a) DC I-V curves of Pd/WO; /W memristor studied here. Positive voltage sweeps (numbered
1~5,+1.2V, 2V/s) and negative voltage sweeps (6 ~ 10, —1.2 V, 2 V/s) increase and decrease the memristor conductance
continuously, respectively; (b) schematic illustration of oxygen vacancy diffusion in the memristor device [20] @Copyright
2011 American Chemical Society

F B ER K2 Lu N 2O BL Pd 1E AT, W AE AR, 400°C FHUEAGE K (RTA) 4AbFHAE
F) WO, AR T Z, #44508 PA/WO, /W IZIHL g8, ek, K 4(a) TIZFHS H 5
MRS B WO, F i HU AR 3 T (1 48025 7 8T 20 A 51 &2 15051 & 4(b) B, S i & 4R X 3]
B TE T HIE T, A2 FH28 S 3 nT DU ik S8 2 A (R RS T SOR 1 AT @S (BN A 5 L X I
TR SRS, (R FE S ek 0 A @ S8 2 7 P IE RS R SR A 3 F BT (b i 5 B X S ) ok
S BT HECA AT, ZNHIE G N T AL B RS HU R Z R AR 5(a) HdE] il 2R i EH
BHBSr (b A2 RS AR ED I, E A B R IER S T ECT BB AR, (AR ] —
A G H R APIRAS, TR0 P S e = L 5 25 1 AR BE I TR k2> ).

/N B PR RN — BURE M B rR F R, B 3 FPId s RESAE R IR, 193] T SRR N
3 rE B R AR 2R PO (B 5(a)), KIZ ML 5 AL 23R thZ A& (K 5(b)), BIFERWI
— BT IE] (7) PEREE, T AE LUS T B IR0 IR R 2248 Ut B 112 B35 B 0K IS L5 B R ) 39T LA
IR IF AL CAZAE NI A 2 5 BT S 2. B 5(c) SR 1 7EAZ P28 T FR AR Bt n 1) R, LS —
ARSI +0.3 V I (A ANBIR AT Z 28 T MR THR) B 5 A +1.3 V, FREEISTE] 1 ms,
JAHA 200 ms Bk R, A 5(d) BTBAE H, BEAE ke s R & it b, S8 4 HE S S B b 5 B K
FTEU, SR 2 ko o N 2 S, RS RORAEAE H RS, (R S ek & T, XA B TR
SR 1 o B T A, AN A2 DA BEL 25 R B AU IR, 28—/l ) P3G 58 77 28 — s 7
1B ESCIR B AU vh S48 (PPF) ISR ELE 1858 (PTP) ThfE.

b 7 SRR A, EESREERT, SRR B K. XSRS AR
AP ARNE LRI IA) L ke ) B B — i 0 — R AUk P R, oT OISR R B R AR N B
RGN, IR RS (B 6(a, b)) P01 N 6(c) RTLAER] + BRI, JFH Y - 8, K4JL
FRBT, XoF it in A R RBURR, 1774+ B, 20 LB, DUk it ) SO BRURR, 1K A T A
A5 AL A F AR S )2 128 FALE #e, I BN ) (4 48025 A 97 IO B4, (6755 R d i AR A A
W, ik 6(d), X5 STP [1] LTP (G 1R KMARLZ &b B2 KBHEAZ T8 Bt 2 B T3 6 5 fk %
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5 (MFEFE) (a) I1ZMHEEEFREBIZ; (b) ARIZIZHES Z (YR probability of recall B4 AR
AARNMZEIZE T aE MY, SBETREFH); (c) MIZMEFIEMMEE, 8F—MFEN +0.3 V HIZHBEE, f
54 +1.3 V, #4EA1E 1 ms, A 200 ms MECTERE; (d) & (c) BEERTHEREK 20
Figure 5 (Color online) (a) A retention curve of the memristor; (b) a forgetting curve of human memory; (c) the
voltage profile applied to the memristor, consisting of five +1.3 V, 1 ms pulses and a constant +0.3 V read voltage; (d)

the corresponding current through the memristor data recorded continuously throughout the test (20] @Copyright 2011
American Chemical Society

FEANWTIE B, A5 R fid 1) 4 % i 308 T R B 22 IR iR BIAG €, I IC 12 B BRI IRV 3, (EROE I T
121 F , XA EAR AT 2, i LI I 012 BH &5t 22 52 R0 30nT DAAE 735 A AR 45 ) i 2R AR A T AR
I MR I 1 AZ T RS2 R R AR

B T ER R AN, XA R G FU R, BRI A (RIS 1] AR A 8] TR ) Xof 5 Ak 50
WA B BN, %08 2H 3 o S R P ] A I TR TR] B SE B 1 0 R RHEAZ [ K RS AL B AR AR AL
XHZ A AFREAN 10 A58 20 [R50, AU oA R e (R i 8] 1) B (B2 RUOR R ), 03 FR I
Al i 7(a) O RTE W, REIE ARG 10 s I, AR I, TR RS Y 15 ms I, H
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Figure 6 (Color online) (a),(b) Memory retention data recorded after different numbers of identical stimuli (dots) and
fitted curves using the SEF (solid lines); (c) characteristic relaxation time (7) obtained and the current Iy plotted with
respect to the number of stimulations (N); (d) the distribution and diffusion of oxygen vacancy after the application of a
number of stimulates [20/ @Copyright 2011 American Chemical Society
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Figure 7 (Color online) (a) Current through the memristor recorded after each stimulation pulse, at different pulse
interval conditions; (b) the current increase AI = Al — Al; after every stimulus plotted against pulse number for different
pulse interval conditions [2°] @Copyright 2011 American Chemical Society
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Figure 8 (Color online) Implementation of the transition from short-term plasticity to long-term plasticity (and transition
from short-term memory to long-term memory) in a AgsS memristor. (a) Application of pulses causes the precipitation
of Ag atoms from the AgsS electrode, resulting in the formation of an Ag atomic bridge between the AgsS electrode and
a counter metal electrode. When the precipitated Ag atoms do not form a bridge, the memristor works as short-term
plasticity (and short-term memory). After an atomic bridge is formed, it works as long-term plasticity (and long-term
memory); (b) and (c) changes in the conductance of the inorganic synapse caused by the input pulses with different pulse

intervals. Smaller interval can more effectively realize the transition from short-term plasticity to long-term plasticity [10]
@Copyright 2011 Nature Publishing Group
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Figure 9 (Color online) Schematic illustration of a Cu2S gap-type atomic switch in sensory memory (SM), short-term

memory (STM), and long-term memory (LTM) states depending on the interval (T') of the input voltage pulse stimulation.
The conductance (G) for a single atomic contact is given by Go = 77.5 uS (53] @Copyright 2012 John Wiley and Sons
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Figure 10 (Color online) Changes in the conductance (G) of a Cu2S inorganic synapse in vacuum at room temperature
depending on the interval (T'), amplitude (V'), and width (W) of the input voltage pulse stimulation. (a) V=150 mV,
W=500 mS, T=10 s; (b) V=150 mV, W=500 mS, T=1 s; (¢) V=100 mV, W=500 mS, T=10s; (d) V=150 mV, W=50 mS,
T=1s; (e) V=100 mV, W=500 mS, T=1 s; (f) the values of time constant (7) extracted from the fits of the conductance
decay curves shown in the dashed rectangular box in (c). An exponential function, y = yo + Ae~ /7 was used to fit the
conductance curves [?3] @Copyright 2012 John Wiley and Sons
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Figure 12 (Color online) Temperature dependence of
conductance (G) of a Cu2S inorganic synapse in vacuum
for input voltage pulses of amplitude = 150 mV, interval =
1's, and width = 500 mS [53] @Copyright 2012 John Wiley
and Sons
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Figure 13 (Color online) Implementation of SRDP in the AIST memristor, dependence of synaptic modification on the
frequency of the postsynaptic firing rate. For postsynaptic firing rates below fy (50 kHz), the synapse is depressed, while
synaptic potentiation can be observed beyond fg. The presynaptic rate is fixed at 50 kHz (16] @Copyright 2014 Nature
Publishing Group
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Figure 14 (Color online) SRDP of Ta/EV(CLO4)2/BTPA-F/Pt memristor. (a) Schematic illustration of the
Ta/EV(CLO4)2/BTPA-F /Pt memristor and the biological synapse, (b) current and (c) current change (AI) with ten
voltage pulse stimulations at different frequencies [54] @Copyright 2016 John Wiley and Sons
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Figure 15 (Color online) (a) Pre- and post-synaptic membrane voltages for the situation of positive AT, result in positive

vMmR; (b) Pre- and post-synaptic membrane voltages for the situation of negative AT, result in negative vyg [17] @Copyright
2009 Nature Publishing Group
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Figure 16 (Color online) STDP experiental curve of Bi and Poo [72] @Copyright 2009 Nature Publishing Group
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Figure 17 (Color online) Demonstration of STDP in the memristor synapse. (a) The measured change of the memristor
synaptic weight vs the relative timing At of the neuron spikes; (b) the measured change in excitatory postsynaptic current
(EPSC) of hippocampal neurons vs the relative timing A¢ of the neuron spikes 1] @Copyright 2010 American Chemical
Society
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AHhLk, FRE A SERRT NS AR BB R A & 5 7E (78]

Figure 18 (Color online) Implementation of STDP with nanosecond-scale time windows in the chalcogenide synapse with
the (a) antisymmetric Hebbian learning rule, (b) antisymmetric anti-Hebbian learning rule, (c¢) symmetric Hebbian learning
rule, and (d) symmetric anti-Hebbian learning rule. The red dots indicate the experimental data and the blue lines are the
fitted curves. The insets show the pre- and postsynaptic spike schemes and fitting functions [73] @Copyright 2013 Nature
Publishing Group

AR S ). JE A P B R S fe R B, T LR TSR B g STDP ik
Aw = Ae 7 4 Awy. (3)

A M7 73512 STDP BRI ELAF) R -7 RIS 1A) 4, Aw & — N, 2R AR AL B AR IR 5 PR 5

Gy, 3T ROGFR Hebbian % SJ BNt ) LTP, A = 4.56 Fil 7 = 114 ns, T7EAEY ISl b i 18] H BOE

ARG JiAh, W LLERL I f RO R SEBLE AR 3 A STDP JEa. #l4n, SOFK % Hebbian

S SR AT DL I DA S Ia] IR 7 2 A Hebbian 27 =) F00 A A5 FH 0 SO0 R SEB (B 18(D)). BkAb, Xf

FK Hebbian %% > FLNANXSFK S Hebbian % >J B ()57 2] ThEe AT AR IR N Gauss BREL (K] 18(c) M
K 18(d))

Aw = Aexp(—At?/7%) + Awy. (4)

3.3 £I§% 73] (learning-experience)

5 N2 55 2] (learning-experience) {7 AL “5 2] — s - F52 207 MR 2wt
piRAN N R VA SRS O X VN AR TRA rAS N TS STy T =0 s AN L1 5% 71 | R T VA 1| R T A A
DN ZR A 2 inag, ARG st as, 2ead 2 IR I B 2654 A NI Z, BIAEAS FE ot
T EARKE B A Re s, ASCH /R 2 B F SRR T 2 (B 19). Liu %5 B4 AT EV(CIO0,),
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Figure 19 (Color online) Demonstration of the memory and forgetting function of human brain
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o
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=] o /
‘s 604
3 /
E' 204
3_‘- 04 e 1" learning stage | The 1* forgetting stage | The 2™ learning stage | The 2" forgetting stage | The 3™ learning stage
0 20 4 o0 150 3 2 4 6 8 0 150 0 1 2 3 4
Pulse (#) Time (s) Pulse (#) Time (s) Pulse (#)
(@) (b) © (@ (e

20 (MEIRFE) EV(C0,)./BTPA-F (ZFEBHEN «323 — & - BFS)” mhag 54
Figure 20 (Color online) Demonstration of the “learning — forgetting — relearning” process of EV(ClO4)2/BTPA-F
memristor. (a) The 15¢ learning stage; (b) the 15¢ forgetting stage; (c) the 24 learning stage; (d) the 2°d forgetting stage;
(e) the 34 learning stage 4 @Copyright 2016 John Wiley and Sons

/BTPA-F {ZBH &SIl 73X —Thie, E5EM 40 MEESLN ket i R0z a3 (B 20(a)), &2 5 70
B R RE (B 20(b)) IES] SRR, BEJE SOOI 9 Ak Az 2 1R« A
WREEN T 5 — RS RPRES (B 20(c)), WTRARI, 3T R A I R A5 S M A i fje i/ 1) 7
— AN T IR ROR U B R AE, I s T th AR5 2218 (] 20(d)), XUt BxTE g2 i
5 B KRR A2 20 AT DL B I InACAZ 1 9 PO IR G S R, PR, AURIN 4 AR H AR AR
BB TR IRPRES (B 20(e)), $aE bR DU AR S I 2R ] DALERATTBE 78 55 R Bt (101042 g e i,
MITSEBZEBL T STM 2] LTM H# 4 i)l 75

Wang 55 17 AT 2 T 208 7L A 0L (FRIm 25U T30 R AN -3 BUAE TR 204 A
Rl ET AL A5 & AR TSk AR 1R LR AR AR AL, A B F IR 1E) ) a-InGaZnO {ZFH 25 B
B T 2282 S Thee (K 21), ESEM IS PRI “RACE" 850, AR «317 IR, R 1E
R, PSS R B ACEIRANER s WA, A SR EEAT B, SR ER TR, R T A
I EEE 27 21, AR IR R I A

3.4 ZMZMEBMEMERTHRAESEMNERINGE

B 7 BAAMZ B B A R A Dh R 2 A, IR 2 /N T 2 M2 BB A LA A e AR (FRLEH
R, HLZY . iR SE) SRAGE R RS, n B — LB S AR R A Th g, T e E —Fp DhRe i,
AH EE T BAAMZ B8 SR 18 A I RT DUIA B 58 47 3R Bl 2010 4F, Pershin /N 74 ] 3 ANHFHHIZ T
A2 AN PASS S A b 2 7 AP TR AS B, BEAUL T BEARCAZ I RE; 2013 4, Pickett /N 175 R B Mott
17, BE 2R F0 HL 25 25 55 028 1R 2H R ) S 48 rE B AR T AR S T IR ) SR F i D) B 2016 4F, Yang 55 (7]
H W12 BEL28 S ] B By o — i 1) 2 i b 4% 38 3 B8 o0 A AN SEH L5 EIE B HAT S2 B STDP 2%
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& 21 (MK E) 884 LTP/STP 1 “learning-experience” {TAMBFHTIEMNFNTER. (a) ELEMRIE
T, SRR EJLEL MG, B «Z 37 (I812) 37%; (b) SBEENBARRE, LH: STP Witi&kidE, X0TF
ABHTIZE) “ESHILZ”; (o) MBRUNERH, B «F¥s)» gig 47

Figure 21 (Color online) The LTP/STP and “learning-experience” behaviours and the dynamic model of device operation.
(a) The nearly linear increase in the synaptic weight with consecutive stimuli; (b) the spontaneous decay of the conductivity,

i.e., the relaxation process of STP, which is similar to the human-memory “forgetting curve”; (c) re-stimulation process,
which is similar to the “relearning” process [47] @Copyright 2012 John Wiley and Sons

SIRUEIRE AT, [FIHIE B HAZ PR A AR AL R 2R R, 5 B M2 AL, BB M5 B R e BV IR A7 R 4T,
AT DA S P T B R A A

3.4.1 Bx#EME>] (associative learning)

G MANE MR ITAR AN 4 5, AL G2 id e () 06 B HAtRRAE, 32 KA 3AT]
PR R I AT — R e AR N BB AR 27 2] B D g, AT AL FRATTRE X B 2 — S 1) — L8 AN [ (e AZ B Rt k.
WRAR I 2 o 75 EEAE RS e B [RIAELE ORI, FRIRARA: 2% 5 SOpl U 0 87 505 2], AN 7 B AE ORI e
ZIBAAAE B R OC R 177 AR 2 STIX PR A M e /) AR IR T A28, IR 2 3t AL & X Fke
il Paviov 781 35 44 (48 LA AR S ST SRS v, MIAERZ SIS 1 rh 2 B ) 20 WM. A SR fERZ £ 4
ARG R AR, REZ IR, RS &), W 218 S I Faa 40 ey 1X B AR &A1t
P, 53 WA AR S A SO, B FEAE R 2 AR, e ia Wi B4 7 4 WM AR D 2% A . Pavlov 1
SEB WY JRAAN G AR S I, BT R R 8 IR SR A SO R IR, AE 2 IR E 2 G,
AR RE P AR SN (SR A BN, B AE T IR

Pershin /NH 74 F 3 AN T4 SO RERE S A TR /MZ LA Al i T — M2 TS L (75,
Figure 1], RUBCEE — N FRALFTHIZ 70 Ny 12— MR E AL RIS IE 3D (BIanE WoE), 5 = Rl
PZETE Ny FE— N IR IES) (B8R ), Sl #0270 4 S SRR R« Wb me 1)
).

LI TR T XA —ARES [75, Figure 5]: 25— RAERAR SR (Si PAAEIR/DN), 5 AR
1B59 (S BHAERK), fEZHE—A “PREW” (probing phase) (t < 9 s), M “HWLEY” MMHEITTHN “&
FEY A TN — A AR E & AR, 4R R AR E B WL AT, <ot P
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22 TCAF B0 N, T[] <R P R TN B e B XA BT Sy BRAEAR /DN, B N1 $NTT S
i Sy Kkt R T Ny RIERME R, MR, Sy AR K, M Ny ST aiEE Sy # bkt B R AR
T N HIBE A S XA A I ARSI, B S, Btk ®| 7 e m/ IR, B/
CENRRAEE TR 7 M Sy EIHERICEARBIELRE. /£ “4= 21" (learning phase) (9 s
<t < 12 s), [A) P Al AR S TG [R] N TR R e, AR R A K, R B PSR T KA AR
K, BRANSKAEES (BT Bk F SRR NBEHLE). EX I, AR E <M pf
2 ERR Rk (BT B e e ciRIE) SRaT eIk E U BIE S #hg Tk
MEREES, A T PMEGERRE, BXAEEEND S, i, B 7 S, AR, §15 S, fE
HAR R — A EARA R, SE B S, JRRIIE Ny Uk Al 7 BIE R, (RS A .
DO 2 TAE AP AR S T — MR R, XA R EA wre f B Ray M orsgs m
FIESECRAER T . A “REW (t > 12s) "LMEH RS HE R R AR AT — T gl
W, EWRKAT “BREY Mgouikt Wr B Mo, #nTLE oMM AL o A
B2, B 1 AR 2 ST B T g

3.4.2 ZRMMFERL (synapic scaling)

BT [ 2 P 82 A, o] CRRr M REARUE J LT TF 28 0 280 [ B 8 R T 9B A (1 %A THI AR i)
L, VAT RN S KT, 4 295 B R DA A 2 I A% R T AN 2 31 2R B K B X
DAz I (IR A (791, 17 7y — v RS e P i 850 S BT T S 5 ke = B oy 1525 SR S IR0 3 7 P 7 A 48 X 4%
FR I A 2 T (1) D R B ol A A i At Ay 5 fh it P 8 JEC At A4 PR P 11728 e (20 3 o 8 1) s 4)
AFFEKI TR SR (LTP) A A3 (LTD) 21801 AT T4 st 28 fik J5 0028 70 1 £ WAL A B 2 A
N, AR TG B S ki N, AT 3 5 1 R A (0 mT i E A s () SR s 7 %o S ik f5 4 4
JEH AT FE AP ARG A R, FRIGAE — AT i I S ISHE A o 4k S o, F 20k S B & Tin s
PR [2181,82] - 53 A0 X P OE RO, — S8 B AR TE AT -5 S A S A T IR IR AR /) 1) S s iy 1 48 7 8
55 EIN LMR A 5 5 Sl 5 Ju i 2%, B B PRSI 51 A, A AT Tt mT DAt s 21, 4 ig
BRI T0 AT DUBCRE B B IS5, JF B R S A E K, B B TS s L — e <R EfE”,
2 B ATTAE THDG S Al AN R Hp - SR TR 1R 781 B 2 S Ak B2 (1 AR AL D 2 R R e BL83], +
SRR, LER R JEME ORI T IXFE— L, BERR A TG 5, AT SR B e ] LA JR P 2 B A
28T () S BB, A HL ) 5 A I T T AR AL B4 X — R IR B, MR e (TR B2 %2 ] LUK B R e 1
— BB TE A P A IR BRI IR, H RTE R 2 07 AORE X P iR R, (HAA A FE S REME
TOXTIXANPP TG B HEAT AN, 5 HL AT DL 5 98 fid (4 1 5 SR k> 9 e A 5 8% A ) 22 S 185861,

Pickett /N [75) R B Mott 1ZFH AR FH HL 25 35 5 u a8 H AR 28 P s B (N ] 22) BEH0L T RS
AT IR () TR A AR I e, Mott ZE 2R DR A 2R Iy i L iRe 4 o 1) 674 23 rBEL, 9 HLZE FH T
A BAZR A BUE L PR GX PP G A2 — PP ik — &R I T W AR iR, 4 298
DL IE I AR AR S T D A LA e} 2 Y R A B LR R DL B, S5 B AR R A A N 5
HLIBTE, T 51 RAZ R — S JEAR). T mEsah b N2 9% 1 Re 2R I AR RME FHk 21 (1) S sk
AT E— 2RI A, B e AT A o — R BE R TR T SR B RS B AT IR ar A, 58
filt ) “SEARAET DhRE IR RO BIE IS, B — @ AR (&), %NS Mott 12 BH#
(14 FEL B A 175 1T AR G b B UL Ik e

W 22 172 FoR e T B H R RN (0.3 V, 10 us) fE IR T 0.33 V EI4 R, TR TR
RN (0.2 V, 10 us) WA T 0.028 VI H HE, AR0L B #5464 2. 10 BT 45 B S
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B 22 (FUEIIRE) (a) Pickett NMAMMEHAMZBE: B Mott IZ/AE My 1 My, AAF(THESE (C
M Co) REEBFMMEES; (b) a BEHMENBERAAN 0.3 V, b WABE a {EFATHMHEE
0.33 V, ¢ EFHEREEHA 0.2 V, d WABSE ¢ (ER THMEEE 28 mV [

Figure 22 (Color online) (a) The neural circuits of Pickett: two Mott memristors My and Mg, with a characteristic
parallel capacitance (C; and Ca, respectively), voltage sources and output device, (b) a — super-threshold input 0.3 V,
b — super-threshold output 0.33 V, ¢ — sub-threshold input 0.2 V, d — sub-threshold output 28 mV [75] @Copyright 2013
Nature Publishing Group

FHE N — A AL A Z AT 58 D ST I PA, DR AR B AR H AL W™= A I 206 S S sl AN A
RIFGREAIRZS, ILAFILL T 1P 22 48 TR AN IR R

3.5 IJEBLIEM 3] (nonassociative learning)

W ST ET U, BRAR A A )RR AR AR AR BOR R Rk, ARBRAR RS S A R EX R R, (H
ARICARPE 22 2] 2 K p — PR S ThRE, KR BVEMR T B 2 047 MR IR & NAT A, TR
FEIMAIEIIRE. EE R, T, Yang 25 87 45738 7 R —A =i 28 4F h ) AR B4R
PRS2 ST AR, SEBL T SRS SRR B0 AR DB, AR SK A F 7 38 A LA 8 2 2 1) Dh R AR AL 1 37
(i) R

ARIAR M 27 ) BUHE ST AN RIUB AL R AT S, SIS AT 2 8 AR WA o) B 53t B0 P 553 S P e
WSS, I G A A R I 2 Bt o B 1) [ A B SR, 2 R B — A S5 DT A= A A e o
WVKE (SIPARRR), 1X U0 BH AR YA BIAE =22 7 SIA6E, 2452 21— AN TR RN 30 2 e 0 il s R it
(1) 5 25 BUBRARAT 9 T2 i S5 B 2 A R AR A R P 38 5 P o 238 58, AN HE BT 1 S fik
154k, tHEZN T AR TTYIRR (0 5-HT) MR, FERURALAT N, RS20 (SN) FUE B4 T
(MN) Z [AI R EFH 2 0 (IN) P08 F B A €, e nT DABOR R JECR 451 5 40 57 M 402 5 b A B
TR IS B4 28 700 o 42 A o

Yang 25 87 (ZH 2811 45Ky W/HEO, /Ti HIIZBE 28 FE i A7 4E 0.13 um 324 T 2H1 &1
NMOSFET VB &5, HIO, FEIZFH28&IHE SN Al MN 2 [8] () 2 il (I Th B, BAUME RS S i i),
NMOS SR i IN SRS 2208 15 I Thae. B 23187 (b) Sy 100 /NS5 55 ikt o 38
(K 23(a), TE{E —1 V, FFEEA] 1 ms, BKeRIEIRE 30 ms) 218 55 (1 i . LI, 158 W% N T 98 fih
AR A PRI S B AT —— WP TEEE N, ANSREZN A0z 3028, A AN R A S 1o R 177 24— A
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23 (MEIRFE) (a),(b) Yang FEHBEFRAMPELIAN SIRUITA. (a) WAMORFFIRIIRE. BE)E R
ZEfiE); (b) BRHFEIZBCPRIM THINIRERIR. (c),(d) JRUITARSRRMKBIERIE. (c) ARMETEKHES
E)EIFE TR E R AN I (d) R ARREIRKHRTEIEIRE TR B RAEK (AT) REROPE BT X R 87

Figure 23 (Color online) (a),(b) The implementation of habituation. (a) Schematic of stimulus trains used for this
measurement; (b) measured device current changes under the application of stimulus trains. (c),(d) The dependence of the
habituation habituation behavioural response on stimulation rate. (c¢) The variation of recorded currents after every 10

stimulation pulses at four different pulse interval; (d) current increase (AI) plotted against pulse number under different
pulse interval conditions [87] @Copyright 2016 Royal Society of Chemistry

BRI (IEE +0.45 V, FFEENE] 1 ms, BKAFIEIRE 30 ms) 0 1-1X4> O 4 ST AL L7 SR Ak e, 3
LT — G A N, 58 12 T SRR ST B S5 IR P AR M B RE AT AR, 1%/ MR AL
TBERME ) ST AT, Wil 23(c) A1 (d), ATRATE HY, Fka R i 1] 6] bRl min R FE It PR A2 A
R, R SBACAT Dok 5

W ESCRTR, EAR AR R U AT AU T R Al Sy 4k, T HLS IN ORI AR S T (o
5-HT) A, N T BABURAT N, Yang 25 87 RiH NMOS S 7R v [ & iR B s 22 1 154
JEIE T DIRE. AR AE AR FE B e N — RAIAS RN AR, TSR AN [F] A F, st & Ui 2 B2
() LT AN S KPR 5%, IO T M A F e PR EL. DRIk, AR P o) A2 BEL 28 F 5 28 1) 1 15 4
AT U AT R SR (5-HT) BIRTTVER, 45 S A it n — AN X B i H R 2840 T3
T IN, MTIRE I8 Ak B2 00 5-HLT, 17T 25 s A A7 Tt o — A P 5 1 PR R R ABEHOLOR AR A TN, AT AR A
M 5-HT REERIEIML T, BT 5-HT 3R FBURAAT NI FE B v] AR b in e NMOS =
PR AR H R ). 1] 24 87 (a) J2 A NMOS B0 IN R, Sl s AN 1.5 v 33 2.7 v i (Rl
PR 0.6 V, FIEAIRG 30 ms, FFLENTH] 1 ms), AT AR B BIFEHR LN 1.5 V B, BFEKIR D, &
AHBUBCILG, A S R KR 2.7 V I, BRIGKAR T3, U1 5 54, R SUBLIT A,
Kl 24(b) o H R FA R X BURAAT N AR B BB AL AN IE A E A R R B
AT N, R AR — PR M BURAAT J9, TRIE N 0.8 V Bk Rl ARTR A F IR, Rk —
it A0, 7 Z0) H BB S S e B S 8 () 2R AR B R URALAT A, FEEE KRS (0.5 V) N
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Figure 24 (Color online) The implementation of sensitization. (a) The modulatory effect of NMOS transistor, the current

measured under every gate voltage was represented by different colours; (b)two forms of measured currents changed against
the repetition of two different stimulation trains respectively [87) @Copyright 2016 Royal Society of Chemistry
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BB R T RZ A  AHARZEEAS  3 F AL PR A S AN R ER ) 24 AL 0 S i
fE, AL S, A8 2 T A 0 B 7 B2 B AR R Ak ThRE I ] 78 %2, 152 T E AN TREFERAIG, R
SHRBUNERA M CMOS BORFGHAE, 5 CMOS SR ZIRA R, EREE CMOS HLE it N7 J 1
S AL AT VR Sy G A e, mT T R AL AR B8 S LR, TR E AR T < AR
IERRALHAS—— R RFEHEE IR R R IR STDP Thfe, Hoks M2 B R = 5
P, (EZENTAORE A PR AT RS i D RE ) 22 FEIE 2 31 17 B A (490,

T AE AR AR I B2, 28 TR A (0 2522 AT BUF R AL MDA B A AR R R, XM AR S B R A
FEARARAR, AT AAEGARD RIS [R) P9 S8 B, ELAS A Bl U B AR R oK RUBE 1891 ] DA SRl 6 e i 2 12
BHARLE — SRAREES. FHARARL TCISAT A B L IR RE R DU RF AR T X N AR L BB S
JE P SRR A5 S PR AL B L IR DI AB I N PSRRI 8 25 T BB SR 2 1900 25 {ER 5538 Y A0 2 TR
R AR L TORRL . CMOS #1228 7o HLER AT T SRR 28 7T I 45 1) BE i )P S A B, ARAR 2 T 2
BERAT R RRYE: tF R BB LML Bk B 45 S DR DR, SO B 2 n 2 KR i
L B) 7 55 AT A2 f /) FL i B SR AT TR O R P A2 B PR e ol L, e 48 P52 2 3800 A48 DA 1
(ARLNE) MhIR 2 A LL LR K R B3N 0 2 FT BE 5 2k — P i L FTZ AR AN s 73 0. T L, i T8 1H 0
Gy N R A R BV B RONE, M /NS i L R SEBIL AT RE 2 S 3 ] 5 A6 DA R g ) e 75 ) 8 T
TN T 2R A BE AL ) 53T R AN A G B,

S HUMFIZBH A5 o 2 T MR ORI 2% 0 e B AR LA R B 1 LR By AT D, ERABR 1 A
ML Z A, P AL A T 0 2 AR AR 2R 1R S R B A2 a1, 70T SRR B
H IS TR £ 5 AT Dy, DRI AT USRI AR (5 2R M) ACAZ AN AR (AR 53 kA 3212 P31, Hidek
RIPLFA R mT A S 7 O I8 AF, KRR/ RGT . 28 S 2 EH a5 AT — 28, ELan S i

137



GRS B TAZ AL S T 2 4k PO F 7 e

1V AR BONRRE, AT LR B A KD, 5 A G 554

JE B RTNIEIEEA —DNIRA R E5E, Ea iU, PEREEF T2 B AT LR L A B4,
{7 B PR ) 8 T2, X AR M) % B T 12 BELAS 1 vt o T e 2 b ANTT A s 365 =, AR R AR vl IR AN
BAE R, XADORT UG/ RERE, BT DART 1R 83 MIB0R; 55 =, D05 AT m ot Tauestt, REFm
AAEVE; SR, SRR BORRUE MERTRTSENE; RGP B AR AR UL L AR B S A DhBE R, 34 755 18 &%
PR R PHAR AV | AT LS5 bR, 0K, B2 — A2 Theg, M iZ 12 B 28 1S5 ik
KA.

4 ZEe5RZE

A7 B AR ESE 6 T BT g se c Z W RE R B H TV 2 R FH A 5ty 2 B A8 APt R A1) 92,931
CMOS T 1HE 5 J P m H AL Z 45 5 G (04 95) Al g AR AL AE At o 96), 0@ B 2% ) IR 4 T 45 S ik
e 196~981 8 T TER I FRATUCHAZ BHERAE N SAITE [ 3E B 2% > I 28 I 26 Hp 3R B R i 7,
R 9 12 FE 2% B FERR 1 mT DAd 45 148 e 1 AT T R O, X 5 N SR Ao 6 1R K AR AL 2 4k
N4 R G EE 22 Fh 5l v SRR AT A3 N SRR IZ IS RE 76 TE 55 I 71, SEia 2 X Pl AR BRI FE A
a8 IR 32 7 EI: STP/LTP M&H#AF PPD, PPF, PTP, SRDP, STDP, learning-experience,
associative learning, nonassociative learning, synapic scaling % 5 fil n] %8 P4 &8 ] DL A SCHT 2R AN A
) RN 7 V2R AU, 3 15 B AT 56 4 T DUAR S I fiske ) 98 14 9 91 ML ok 2 1K P AZ BEL 28 A4 A A 5%
fil (5 BAL S Th R, 75 A K AT LLRHZ BH 258 5 3L FL A SO R G R LA FL 1 RS R INRHIE, AT
PRIFEHT— A B P e % B L AR, B AL P A S FoAh Th et & TR A A AR AR Ik il £ T e
AT R ES . SRR AL BH A% B AR 3 A SR R R 22 14248, (ER A 5T P AEAE AR 2 1)
Bl AZFH A I BH AN B A GG 2, BRAR M Re A Aa e 9, 7 K p)—Le TAEd, X R —Fh a8 1F
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Abstract With the rapid expansion of data information, modern computers based on the von Neumann archi-
tecture are facing severe challenges. Intelligent computers that can learn, store, and process information flexibly
like a human brain will be the direction and goal of computers’ development. Brain controls almost all the com-
plex life activities of human beings, and information transmission between cerebral neurons relies on the structure
called “synapse”, whose outstanding property — synaptic plasticity— is thought to be an important molecular
basis of learning and memory. Therefore, it is widely believed that emulation of synapse and synaptic plasticity
is the first step to realize effective artificial neural networks. Owing to the birth and development of the fourth
fundamental passive circuit elements, memristors, which have unique nonlinear synaptic electrical transmission
characteristics, it is possible to achieve this goal. Thus, over the past few years, a great deal of efforts have been
made in mimicking synapse functions though memristors. In this review, recent simulations of synaptic plasticity
using different memristor devices and various methods are comprehensively summarized, including short-term
plasticity (paired-pulse depression, paired-pulse facilitation, and post-tetanic potentiation), long-term plasticity,
spiking-rate-dependent plasticity, spiking-timing-dependent plasticity, learning experience, associative memory,
and synaptic scaling. Finally, the current problems faced in the research and the development prospects in this
area are briefly discussed.
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