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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 functions 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 conductance,
leveraging Ohm's law and Kirchhoff's laws to achieve weighted summation; in optical systems,
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inputs and weights are encoded 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
modal 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!!31.

2 BCM U AL SEELS R

Fig. 2 The mechanism, implementation and prospects of BCM rules
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U PR IR, 13 P A SR 245 5 5 RSO AR AR R 20 (o) ik BCM
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Fig. 3 Biological synapse structure and visual cortex plasticity
(a) Schematic illustration of biological neurons and synaptic structures, 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) 261 (¢) Simplified
BCM rule curve, illustrating the key features of threshold sliding and the non-monotonic enhanced
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depression effect (EDE).
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N, R TR, PRI . R =R AL T BCMEL IR A5

PEA YRR BB D S B P AT RTAE S R B PR

4 BCM LI e A5 78 5542 1T bR £
(a) W5 N TR AR E Kl (b) Hebbian MU A ZMEE E#IZ . (¢) CLO
(Cooper-Liberman-Oja) E1IE#EZ, I TH#IHX . (d) BCM AZIE#IZE, 5IANBEEE.
Fig. 4 Synaptic model and correction functions of the BCM rule
(a) Schematic illustration of biological and artificial synapse models; (b) Linear correction
curve in the Hebbian rule; (¢) CLO (Cooper—Liberman—Oja) correction curve, introducing a
depression region; (d) BCM correction curve, introducing threshold sliding.
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Kl 5 BCM AU )51
(a) BCM HUI A [F] B4 25 S A vl 38 1 SRS T 88 s (b) &L pair-STDP 5 BCM
RN FEAHER, IR T triplet-STDP KN 4 37 fik e ief 18] 5 ik b 2 il gk 2 0%0: (o)
BCM LI H 1y BIELHE R AT 9 6 Sl A 7 3 seAgoe, 424t 7 A T 384 1Y): () BCM 11
T AT VB T AR P U 8 I 44 1) 3 3l P24,
Fig. 5 Characteristics of the BCM rule
(a) The BCM rule incorporates both synaptic plasticity and homeostatic plasticity; (b)
Classical 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 rate; (c) Threshold sliding in
the BCM rule introduces history-dependent synaptic behavior, enabling homeostatic plasticity; (d)
The homeostatic plasticity of the BCM rule can be leveraged to regulate the activity level of neural

networks.
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(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.
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Fig. 7 Physical implementation of spike-rate dependent plasticity (SRDP)

(a) SRDP originates from the accumulation dynamics of 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 time; (c) Spike-rate encoding 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
stimuli 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; (¢) LTD implementation: in ideal memristors, conductance change is
solely proportional to flux, making it difficult to emulate LTD under spike-rate coding; however,
practical memristors typically exhibit spontaneous decay, enabling LTD behavior under
low-frequency stimulation.
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Fig. 8 Physical implementation of threshold sliding (a) WOy-based second-order
memristor realizes SRDP and further achieves threshold sliding by leveraging its
long-term state variable; (b) HfO«-based second-order memristor demonstrating
threshold sliding; (c) STO-based second-order memristor achieves threshold sliding by
modulating the spontaneous decay rate through electrode composition engineering.
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(a) WOFE I IZBH AR 7E Bk AT R 4w il N 2 BLiF SRDPAT N; (b) Triplet-STDPZ it SR 1] 43 i
N—IKLTPH A5 —RLTDHF A AN (o) LTPH R b, 331 8 i I (S5 U R LA
XUk 4% (PPF) 24 (d) 56%E M) Triplet-STDPu A i] /EAN[RIHI 4 L RS T 7 il 51
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Fig. 9 Physical implementation of EDE
(a) WOx-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; (c) 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, demonstrating
non-monotonic behavior; (¢) Under triplet-STDP coding, the WOx-based second-order memristor
exhibits EDE behavior; (f) BCM rule implemented in a perovskite-based memristor using
triplet-STDP coding; (g) MoS2/W Se: heterojunction device shows monotonic SRDP behavior
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under spike-rate coding; (h) With gate modulation, the MoS2/WSe: heterojunction device exhibits
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 processes. This strategy features a
two-terminal device structure and natural spike-rate coding, making it highly compatible with
existing 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 generated by the junction parasitic capacitance in the CulnP,Ss memristor can be
equivalent to a series capacitance including a leakage resistor.
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Fig. 11 Applications of the BCM rule in different network architectures
(a) Application of the BCM rule in a single-layer neural network; (b) Application of the BCM rule
in a multi-layer neural network; (c) Application of the BCM rule in a recurrent neural network.
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R, A0HT T HAEM 2 T STk S R R . TEYEESEILR T, K BCMM
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AR BORT T, oA i BB R 5 SR B BT 7 T . R BCMBL I Jy 3
VAR CUIUA 5 R, AR B A 0 10 A5 I 485 o 1) S B 0 8 T THT I 2 22 Bkl o

FEFRR LA Z T, A BCMARL AT — v FE PRABAL AT, FLJR X K ki
=R T R IR 2 MU 20Y RO AR A REAE — 8 R P AR SR A ASL R PR L [ 18 5 AT
BINREEIEILGR, RS S I03) 7R 5 A0 R B i R 5 4 B B o sz L) )
F) 5 fsk T 998 P 3 LB R B B 1R 4% ) (I STDP AR U, 3% 55 BCMUBRLIU f¥g ik i 4505
R AEAE B 5 22 50590, JE T triplet-STDP T 4 B 15k [&I 72 I 1] 4 5% 5 49 R 25 i 22
)RR ST AR, A A ) B I B B A & B AT A 452 55— 1, LTS
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BRI N R BACIRAS AR A RT AR D R i 3 P SL i o 1 Ha s e, #ET 4% m) 28
PRI, X (A0 UE T BCMELIRE (A N T R0 o SR, ORI 1] U 54
Y SEIAH AT 75 32— 27T
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B R ZHC AR AR A EDE R P A T3S 145 52 B9 A% 5 30 (Utriplet-STDP) EY
A1 SRR A2 ] o AT SN A A FBE 1 5 N BC MR U 7 K I ASE A 3 2 45 ) 2
BT REPRR . I, AR T EARRAEAL Gk 3 2 g ) 2% A4F RSB BCMA I 1)
AAERBE . X THE ML RGUM T, BCMBI 2 E000 B U] 520 A58 RS Sl |
T T HAR WML P R AR, A2 it o UR . A BCMBLR i K 75
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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 combining 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 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,
demonstrated in WOy, HfO, and STO-based devices where additional
state variables modulate competition between potentiation and decay.
EDE realization follows two approaches: external coding strategies (e.g.,
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triplet-STDP) that induce non-monotonic behavior through precisely
timed spikes, and 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 that
prevents weight divergence, mitigates catastrophic forgetting, and enables
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 fully capturing 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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