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Fig. 1. Concept and challenges of physical neural networks. (a) As the core of artificial intelligence, deep neural networks consist of
layered neurons and synaptic models that store weights and perform weighted operations with input information to enable func-
tions such as classification, recognition, optimization, and prediction. The key computational processes of neural networks can be
fully mapped onto physical systems: in electrical systems, input information and weights are encoded as voltages and device con-
ductance, leveraging Ohm’s law and Kirchhoff’s laws to achieve weighted summation; in optical systems, inputs and weights are en-
coded as light intensity and device photo-response patterns, with weighted summation performed by reading photocurrents from the
array; in mechanical systems, input data and parameters are encoded as strain and force, with outputs obtained by measuring mod-
al oscillations!'”. (b) Main challenges in implementing physical neural networks: first, the cumulative effect of noise during signal
propagation; second, the difficulty of directly mapping current neural network training algorithms onto physical systems, which

often leads to isomorphism breaking!'?l.
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Fig. 2. Mechanism, implementation and prospects of BCM rulesl®..
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Fig. 3. Biological synapse structure and visual cortex plasticity. (a) Schematic illustration of biological neurons and synaptic struc-

tures, where synapses serve as connections for information transmission between neurons. (b) Weight changes in the primary visual

cortex of animals under natural stimulation: sustained potentiation under high-frequency stimulation, rapid depression upon visual

occlusion (low-frequency stimulation), and stable weight maintenance when neural signaling is pharmacologically suppressed (no

input)?. (c¢) Simplified BCM rule curve, illustrating the key features of threshold sliding and the non-monotonic enhanced

depression effect (EDE).
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180805-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180805

Intrator 5 CooperP? (1992) & i 51 A H br ok %k,
s BCM AL 2y — A~ X e b [

1 2

R=—B[+ ;B ©

MR 2 K b 8 AR, (7) SR — i
iy A BB, B R B S T ok o
DN 2ok B8 A B, AR R RE AP Al AR SR ]
HIBR T B4 S 1, AT PRAIE T 8 B AR E
PE. ORI I BCM SR

y=o (ZZ wzx,) , (7)
Wi oy — o ), 0
m =FE [ZJQ] . 9)

WU FE B BCM R 3o 5 | A0S pRA o BB 5K
MO T AR W p 2 ST R A AR, R B0
N Wrgiite Bl AR AR M, 5 TR
53T
1994 4F, Law 5 Cooper #-—2544L T BCM
S RO Y R 5Tem DA e o G B U W) P i e e
SRR, T ERAHI AT AN [ (R AR YA ) R
M. HAE
dw; _ y(y — GM)-TZ'.
dt Om
X — 2 E I AR e AE BCM A B804 o, 38 2o 9
R R, AN TR AR S, b TR
Ui, EBHURCE. iR AR A8 T BCM
PRV RIS A BB AL SR R ™ WAL
fb . AT ARSI R T e DT L.

(10)

2.2  BCM #i0 g4

BCM ¥ 7E Hebbian % S HESR N 5] A T
SR SR T S B, RS T 2 il m] ¥ 1 5
Fazs T SAPE IR AL 4054, JH b g fk o] ¥ ) FH 45
TP R i (spike-rate) £4X Hebbian LM
R RS B Bk b s TE] (spike-time), 7 6 A [E] R
JIE S Bk I S A RS P D3 o g B 9 BB A
PR G R, i B Sl B R T 2 A, A
T SEFAYE A K a2 . Ani&] 5(a) Bz, BOM M
T %) b 2 m ] st 5 1 e Bt ) )RR | A AN ER A
SRR R b BARES AT A TR 5 fk T 98
aZsal SR ERE X BCM ML 4 R T

Wie.

2.2.1  FhET AN

BCM AX 5 HF MLl 5 22 4% 7K T Hebbian [
ot AR, I BB T —A AR st 18 1 R 8K
SEERAH HR AR A XL R . AR K2 ) 512
rh, RCER SR R RN B TR S A R SRR AR
ZHLH PR 2 P 8 A TR A S AR I AR AT ).
DRI, 2 finh 52 291) %) 1T i A4 428G TR 380 o 5 A M B
NHESRPE x;, SRATE w, 2R N o, SIEIE
PREL ST

dU)i

= 2i(6), (1)

Hrfr ¢(0) Fom BCM B A AR LR PEAE IE pR %R, AR
(3458 5 0 1 S B(E 0 Yo, HoA SRR
JEPE AR AR, 22 R 5 R F B A, A AR fh B
5 R 3 LTS 2 T R AU T 1 A 2 B
TR BRBC A B R AR, PR Sy 8 S 44 S
(EDE) 55561, 3 35 Xt 2 i B A0 1E 47 A SRR M 48 1
45 58 il ACEE 43 31) H o5 /A A3 % ik b 5 5 LTP/
LTD, It HAe Tk AR R ERE. EDE 1T S
H Rl P UL ) 45 R 5E W, W TR 5K
AR AR e B 2 O E B A4 Y 12220,

BCM B A 5 fpl o] S - v, LA S Ao ] 2 11
DAL e 03T 238 11 S 35 s B A3 R AR, 3B ik o
RS T I AU AR AL ML B AR SRDP. T 48 i
{140 2 fish T 8 P L3 ) 3 0 A JDK v s D %) 7
TE STDP HESLR 5 ik i ok 1 75 J6 5 56 T 28 fis i ik
WA RESET LTP, R 255 LTDP. Uit B &,
BCM H g sl L DX 3 5 ARG 4 B[] 25 44 1) iy AR
2. P, 5 il T BA P 5 T H MK O R A R
fik ot ] 3 5, — EUR A AR R U S S B 1
WU 185859 gy STDP 5 SRDP Z [6] (B £ |
Kempter %5 (00 F 1999 45434 1 P 35 1] {4 X6 i ¢
R, Mo falis i oh HAT 20 ORI IR 1 R
A=, W STDP fh4k iy 2k & nnl &4k 4 SRDP JE
2. AR, XFIEET pair-STDP IS8 H-F 145 5 f
AFFA BCM B, Jovkff el 2 00 s, it
Ji %, triplet-STDP BLAIYY $ 1 Ui B o 2 520 B
G2, R BCM B e bk 4513 5 ik Ji [ B 11 56
B (& 5(b)) 6162, HART, LTP AT 58 fk
I 55 5l J Bk b ) D R, 308 52 i — > 2 A5 ik
PR RIS DTSR BE AT, M5 A S e 28
T R STIAMAGE T HRRPERT, triplet-STDP F A A]

180805-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180805

(a) BCMHELI (b) ST ¥
I. Synaptic plasticity Paired-STDP N

. S
fﬂ Aty >0
) Oy 61 K Post 4%2
= —= Spike rate
< 100 f

IT. Homeostatic plasticity

Faisa ik

—~
a
~

Input 1 Input 2

WA
H activity

Major input

Synaptic modification
=)

After losing the

Neuronal

major input
9M”<:I O

Synaptic modification
o

Neuronal
activity
(d)
\/J\f /A\
/,
A T Gz

Set point \_ Trigger )
4 —

OGN 4 " — A

\Mechamsm/ Outcome

TR

I

|

I

50 !

X 1
() e

< 1

I

50} !

|

|
—100 | | ' )
—50 0 50

Aty/ms

Triplet-STDP

N

Aw/%

—-20 -—10 0 10 20

At = tpost—¢pre /ms
SRDP
LTP

-

<

60

g >
4 \_ Spike rate

LTD

K5 BCM AW AR (a) BOM BN A [ i 42 2 2 fi vl 280 S5 AR5 AT 284 (b) £ 844y pair-STDP 5 BCM LI IF A7,
BEAR T triplet-STDP K0 7 ok b ik 8] 55 Jok o 450 38 22 1] 9 6 3 1920; (<) BCM I o i [0 {0 0 B 47 2o 48 2 fi ™= A 7 g S0 4Ol
AL TARZS AT B 1 (d) BCM Y AGZS AT B84 AT LU T 985 0 448 0 4% 1) 1% 2l 7K - 1240

Fig. 5. Characteristics of the BCM rule: (a) The BCM rule incorporates both synaptic plasticity and homeostatic plasticity; (b) clas-
sical pair-STDP is incompatible with the BCM rule, motivating the development of the triplet-STDP rule to establish a link
between spike timing and spike ratel®; (c) threshold sliding in the BCM rule introduces history-dependent synaptic behavior, en-
abling homeostatic plasticity*; (d) the homeostatic plasticity of the BCM rule can be leveraged to regulate the activity level of

neural networks4,

WSt BOM 2% ) B £E I KL Al |, Gjorgjieva
85192 3 — 0 BCM HLIU] DA TR A7) 5 ik 7T 98 1 34
I RN REAS AL HH = B B 25 M OGR4 ST HESR ) A
G FAER T oA S s R g N FERR R )
—J51fi, Graupner &5 5 B 55 £ 1 T A [0 A -
FESE R A A SRR AR R 251, 5 fi
PR B B[R] P B e 2 R, T I R A
PRSP (5 8 T 32 S A A

TSI o P ik o ol 2 D0 4% v 2 o L T 2 5 el

Z2ICVLHL, AR LA —(%) STDP #LN 5 SRDP
TN Ay Gt i S s (64661 e T RE SRR, 350 i
1t 38 1 X6 fk v 870 a0 A 7 ) S 34 00 SR AE {5 B REHE
PUELR kol i RE 3l 5 AR S TR R AR
0L/ 16 B FL I R AR S M 2514 A R 67 A
L TR B B AT 450 9 STDP, BCM #80U) th SRDP
ELA U P 081, I L Ik v A 36 ) 7 A T LA
ZICHL I TR A, (A5 D FE 5 Se A AR
T R R I X SR T

180805-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180805

222 AEALETTHM

52 Mg ful n] SE RN L, BOM B A 4%
CAETFE T I T 58T D7 52 1% sl % 1 sl B (E AL,
T S B 2 P 48 AN U A e 124690, AR A AT
SHAEAI L] 38 2o X 5 A P 3E A AR Y F Al N T T, 4
FERLEE 3 AR )RR AT, 8 X 28 RE A% BT 52 375 Ml Ly ot
AN AR, WE 5(c) B, BCM Hr g fazsn]
SR R D B 1 YR A T R LTP
B¢ LTD fill5 , £ sl il g oot DARME fi 22
R GG FRAS. HA R Rk P2

0= E"[y], (12)
Horr Br R X5 b J5 16 3l y B REBY B ] ~F- 2 (Gl
WO BB ECRERCE ). BE 0 VR ZBIRES
AtE (SR WPIRES AR &) EHEAE T A& IE iR,
TR 3l 122 7o Yz oo Ak
TG SRS T, 0 Fhvar, fA5AH [R5 B i) o] i o
MES T LTP; [z, B{EREAR, S il AT
U P, NINREIZ A, X — LS T = B o fp ]
YAME (SR JT AT ¥, metaplasticity) B9 7585, B
“OE ik nT SR ) ] SR 0T HAZ O T AT 56
fik A DA e Ty =m0 25 SRR, TR AR A Py s 28
B (AN A5 =F & R B L N POK F 3T o A DG
Jilh) ShAS VRN 5 2k 2] S ry s

BCM F0 rh s s n] #8380 0 Iy s jilioss 3 8
fih A PR A AR, DT 9] R 28 I 4% 1 3 B, AN
Bl 5(d) s A 33— R0t 38 FH 1A ok o s £ 4
PR S, B BCM B i 5% B AR AL
FHT P22 [ 2. X —HLTI B B b A AERFEEL = AN
A, TR R AR AR TR E . I,
X — T s MR RSP, (1S R AR
2T WA B 2R, NINTE— e R F 2%
fRAELR 2 > vh gt G m) A RIS, BI(EL RS BTkl R
R 2> B AR R S M i 4 A i, AT I 8% PR ST B
AR AR A .

2.3 BCM #IMPENX

BCM Fi 075 25 i () 2 fiph o] SR MR LRl 1 42
TSR], B LTP/LTD 5840
TG B SR 29, 7 HE b R T A AL T i 2R
SRR RVE R, DA il e AR o AR S 7K
] 3 7 8 R T A T 1], SEER TSR B, BCM
W BEAE & 30/ BT 12 J2 10 7 1) a6 5 R IR S 1

Bl 5e 4 —30, LR R ARSI AT 43 3 5k sl 417
il 5 i P SIS 55 SR 0372 W Sy B ARG 14 2 fh T S
Rl Z — BCM MUMTEM 2 SR MG 5 T
PRI A EEAER. 7EMZ%)2 1, BCM AL K
TR RN — R T T R RS
P il 7 T, BCM KSR R AN E AR A B ol 7 ¥ 2 )
{ELRRT I, (9 E B 77 52 336 Sl A8 TR A R AE A e il 2% )
R OHE—ERE LM IMEMERE P ks, BCM
5 STDP £ & MR XN G R, 80 STDP Hfig
R AR ff st [R]85 34, 17 455 triplet-STDP A% &1 1] LA
el BOM BRI 33X — Wl 457, BCM HLSEBR
SRR A 49 Jk e ) T SR P R R G
81, AT FEREHLIK i AT A5 2T A T Hh 2K,

S BCM FUEA KB R &0, (BAR
R—FET LR R ES, HAEHDLH S5 EY
A HMEA TR ABRUE 26, FiE 2B, BCM X}
i I FRURE RN S50 B e AR [ {1 5 Y s ]
B 2 2 RETHE OV, W SR E 2 5 A
ARGE (WNHFEEE K oii®R), 78 BCM HLAH S
B RE I, ARSI DAT S BE LA 2 fk R B A
70, SB—J7 1, BOM BLUAS i [ R — A3 T
B R HCR MG IR 5 A Wi 2o i pLHIATS
RIFAEZES. T aRis T B4R S,
ok B RS R W STDP B4, REE
AW R, FERE T (A =fknp STDP #i7)
BCM HLI 2= > i 2T 5 STDP XJ L, (HIX Fjxf
AR T Bk b S AR B AR AR B, BCM
1) 3 Bl B (22— MR 5, o LR
S PR R AR Z TS SR A A AR AR DR (R PR K

3 BCM #1 U] #y 52 2,

BCM KLU xsf 2 k] #8141 R WA N 2 H
RUSAB R AR — | PR 2] FU S5 A2 2L
il R I A T B R T A B SR
BCM FLIH 8l 1 241k FE Wi R D BRER RIR S
WAL, X —FE N T PNNs #5645, 4115 6(a)
i, BCM LU AT A6k LR = AN SRR ARAE: ik
MO R AR AT B (SRDP) | B S Lk, LA
R IX SR 1 AR SRS SR A 1 20% (EDE) P64,
SR, FeNTEM AR T L 2RSS B
G J12Ed B, MELLER G2 CMOS #7F 5 H—
ARSI PR AS PSP, R, A0 S AR S A

180805-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026)

180805

(a) BCMMNFEAEAE

I. Spike-rate dependent plasticity (SRDP)

II. Threshold sliding

i

III. Enhanced depression effect (EDE)

1

= 5 >
Spike rate < V‘Q, Spike rate < I\/ Spike rate
(b) R 2
First-order memristor Second-order memristor Memtransistor
SR SRB IR ol
W(t) W(t) I -
KPR
T‘Tﬂrﬂi?ﬂiﬁ l S T<— F T “
| e ]

G
LG E

G
HL ARk

Tvio

Bl 6 BCM B i A 1 5 8L

(a) BCM #L I FrRy A% 0 ¢ AiF 4D 45 Ik b 351 38 M T 28 4 (SRDP) . ] B3 A% L S 49 5 1% 400 74 280 0z

(EDE); (b) ANIRIB R B2 BHAS 287 — B AZ B4 . Z I AZ B 512 f 8 % (memtransistor)
Fig. 6. Hardware implementation of the BCM rule. (a) Key features of the BCM rule include spike-rate dependent plasticity

(SRDP), threshold sliding, and the enhanced depression effect (EDE); (b) memristor categories with varying complexity: first-order

memristors, second-order memristors, and memtransistors.

A B ICBH AR SRS SR AT &, DA
Rl BCM KN (8] 6(b)). TR A TR I S5 R
b SR A AR 1 A R BL I B T BCM R
(RS, AT A BRARIC BH 25 i Py AR TR 1 i
AT A AT BTToT0L R A, FRAT I R B B MY
LA T NG Z 1 2 B BCM MU, e dhdhat
¥ 5 4ty 250 T -5 BRI A 22 (7778, AR
KR AE BCM FLNAE (S8, 0 8l 7 2 R
K AR e 7 20, JRFE I IERE b 25 A3
1A SRS TAE, 2 —Fh S 585 BCM AL
F1%) 38 FH SRS

SRDP HJSEIR

Jik AR S BCM R %) At 2 %y =X, AR
F4) 348 58 5 400 ) B JDK e A R S T R (L A
H—Fh I T Ge P44 ) 72 AR A | A H B — 2
B[] 0 1 P ) F 34 RO TR, X — R R R
SRDP. 7E/:¥2fi b, SRDP 47 4 T Ca2thy &
BUgh 12, X — U R AR 4R T A
(I 7(a))B7L B 58 L 228 CMOS HL i
L TR S il Ca2+3h 12, 0 =g R 7EAL
2 105 4 W R A A B, LR G 8E mT Bk
IR e g 0,

WE 7(b) FiR, ACBAAE R SRDP f 8 {4 52 30
PRALT B SR B S G TE b T e

3.1

555 5% F AL 1 A8 A 82, B % HL 5l P A DR
ST ERRE . BRI S i E4)
PRAE , XSRS 32 it e s 4 P [ BR 3 (g3 ) 94
5, BERS 1 ARAELII RO B384, AR BHL 45
EIVIE LB

% — </(vpre(t) - Vpost(t))) ,

LR Vire (8) 5 Voost (8) 73 BTG IIAEASF 19 975 £ i /
Je FRL S, I R G A A I, RLARE IS ] PR
FO LR AL 5 DK R R L (I8 7(c)). 88T, 12
BEL#8 P s FE R O ARl S RO P B, DL B A
Wy 5 fsk v A SR KLU, 85 %ok 5 Ak 5l g 2 HEAT R A
WA 7(d) Bz, 40 RS G % RS bk
3 G R IE /SRR R T bk e, o S SR I
AL i SRR 89861 ) P e B ] 3 S LB (AR A
) AR S i R, YN A2 LA L AR
TUBHL RSN 5 A i B Y AT 42 3] ] 5788,

X BARAZ B R UL, AR SRS BAT AR
Oy I 6 L R kR 3RSl AR FAE L
PR AEAE SRR B A AN, Joik Sl LTD. 4R,
PRI fRE I AR AR A R, NIRRT
H A Bl A 22 IR A A (18] 7(e)) 000
PRI &R B A T B A RS

dG

o) — k
n ne(t) -k,

(13)

(14)

180805-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180805

Spike-rate dependent plasticity (SRDP)
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Fig. 7. Physical implementation of spike-rate dependent plasticity (SRDP). (a) SRDP originates from the accumulation dynamics of

»

>
Spike rate

o >
< Spike rate
LTD

Ca?*, providing key inspiration for device design/™. (b) The conductance evolution of memristors is typically driven by the voltage
across the device, with conductance change proportional to the time integral of the load voltage per unit timel®!. (c) Spike-rate en-
coding is determined by the number of spikes per unit time, and consequently, the flux per unit time is proportional to the spike
rate. (d) Two implementation strategies for the multiplicative rule in synaptic models: the first encodes pre- and postsynaptic stim-
uli as positive and negative pulses, where coincident firing induces LTP when the voltage exceeds the device threshold; the second
maps postsynaptic stimuli to a tunable resistor (transistor) in series with the memristor, enabling LTP only when both pre- and
postsynaptic stimuli are simultaneously present. (e¢) LTD implementation: in ideal memristors, conductance change is solely propor-
tional to flux, making it difficult to emulate LTD under spike-rate coding; however, practical memristors typically exhibit spontan-

eous decay, enabling LTD behavior under low-frequency stimulation.
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Fig. 9. Physical implementation of EDE: (a) WO,-based second-order memristor exhibits monotonic SRDP behavior under spike-

rate coding; (b) triplet-STDP encoding scheme can be decomposed into a combination of one LTP event and one LTD event/;

(¢) during the LTP event, the effective load voltage across the device resembles paired-pulse facilitation (PPF); (d) a complete

triplet-STDP coding sequence can induce either potentiation or depression depending on the initial conductance state, demonstrat-

ing non-monotonic behavior; (e) under triplet-STDP coding, the WO,-based second-order memristor exhibits EDE behaviorl;

(f) BCM rule implemented in a perovskite-based memristor using triplet-STDP coding®”; (g) MoS,/WSe, heterojunction device
shows monotonic SRDP behavior under spike-rate coding[™); (h) with gate modulation, the MoS,/WSe, heterojunction device exhib-

its EDE behavior(™.
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Fig. 10. Implementation of EDE based on intrinsic memristor dynamics: (a) EDE realized through a pair of competing dynamic pro-

cesses. This strategy features a two-terminal device structure and natural spike-rate coding, making it highly compatible with exist-

ing physical neural network architectures®; (b) BCM-like rule implemented via competing mechanisms in a dual Schottky barrier

junction, successfully emulating EDE behavior under pulsed voltage coding/™; (c) EDE behavior achieved under pulse frequency

coding by utilizing the junction parasitic capacitance effect in the second-order CulnP,S; memristor®; (d) the reverse voltage gen-

erated by the junction parasitic capacitance in the CulnP,Sg memristor can be equivalent to a series capacitance including a leak-

age resistor.
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Abstract

Physical neural networks (PNNs) leverage intrinsic device dynamics for energy-efficient computing by
mapping neural network operations onto physical parameters. However, practical PNN deployment faces critical
challenges: cumulative non-idealities during signal propagation and the mismatch between conventional training
algorithms and physical hardware. Biological systems overcome similar limitations through synaptic plasticity,
which combines local learning with homeostatic regulation. The Bienenstock-Cooper-Munro (BCM) rule, a
prominent model of synaptic plasticity, addresses these challenges by integrating Hebbian learning with a
history-dependent sliding threshold that provides intrinsic stability.

This review systematically examines BCM rules from three perspectives: theoretical foundations, hardware
implementation, and PNN applications. The BCM rule exhibits three essential features: spike-rate dependent
plasticity (SRDP), threshold sliding, and a non-monotonic enhanced depression effect (EDE). At the device
level, first-order memristors naturally emulate SRDP through flux-controlled conductance modulation.
Threshold sliding requires second-order dynamics, as demonstrated in WO,, HfO,, and STO-based devices
where additional state variables modulate competition between potentiation and decay. EDE realization follows
two approaches: 1) external coding strategies (e.g., triplet-STDP) that induce non-monotonic behavior through
precisely timed spikes, and 2) intrinsic dynamics strategies leveraging competing physical processes in two-
terminal devices to achieve EDE under natural spike-rate coding without external circuitry. At the system level,
BCM enables unsupervised learning in single-layer, multi-layer, and convolutional networks, approaching
backpropagation performance in certain tasks while offering biological plausibility and energy efficiency. The
sliding threshold mechanism provides homeostatic regulation, preventing weight divergence, mitigating
catastrophic forgetting, and enabling self-repair in fault-tolerant systems.

Despite progress, challenges remain: theoretical gaps between frequency-based BCM and observed spike-
timing plasticity, reliance on external coding schemes compromising device simplicity, and parameter sensitivity
in complex networks. Future directions include deepening theoretical understanding of BCM dynamics,
developing intrinsic device strategies that fully capture BCM features under natural coding, and fostering
interdisciplinary collaboration among materials, circuits, and algorithms to enable large-scale, robust PNN
implementations.

Keywords: physical neural networks, BCM rule, memristor, synaptic plasticity
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