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Abstract: Brain-inspired artificial intelligence (AI) seeks to emulate the structural organization, functional mechanisms,
and adaptive learning principles of the human brain, with the objective of developing intelligent systems that exhibit high
energy efficiency, strong generalization capability, continual learning, and robust adaptability to complex environments.
Despite the remarkable success of contemporary Al approaches dominated by deep learning, these methods remain funda-

mentally constrained by high computational cost, excessive energy consumption, limited interpretability, and weak adapt-
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ability to nonstationary or resource-constrained environments. Such limitations hinder their deployment in real-world sce-
narios that require long-term autonomy, online learning, and efficient decision-making under uncertainties. By contrast,
the human brain represents an unparalleled natural intelligent system that is capable of performing perception, cognition,
learning, memory, and decision-making in parallel while consuming only tens of watts of power. This exceptional effi-
ciency arises from the synergistic interaction of neuronal dynamics, synaptic plasticity, neural circuit organization, and
neuromodulatory regulation across multiple spatial and temporal scales. These characteristics provide profound inspiration
for rethinking the computational paradigms, learning mechanisms, and hardware architectures that underlie Al. Conse-
quently, brain-inspired Al has emerged as a frontier research direction at the intersection of neuroscience, Al, electronic
engineering, and materials science, aiming to bridge the gap between biological intelligence and engineered systems. This
study presents a comprehensive review of recent advances in brain-inspired Al from international and domestic perspec-
tives. From the viewpoint of brain structural inspiration, we systematically analyze multilevel modeling approaches that
span neuronal models, neural circuits, and neuromodulatory systems. The evolution of spiking neuron models and spiking
neural networks is reviewed, with particular emphasis on the trade-offs among biological plausibility, computational effi-
ciency, and scalability. Key mechanisms, such as dendritic nonlinearity,, neuronal heterogeneity, synaptic dynamics, and
event-driven information processing, are discussed in terms of their contributions to efficient temporal encoding, sparse
computation, and robustness. Furthermore, neuromodulatory mechanisms inspired by dopamine, acetylcholine, and other
neurotransmitters are examined, highlighting their roles in regulating learning rates, credit assignment, and context-
dependent adaptation, and their potential to support continual learning and mitigate catastrophic forgetting in artificial sys-
tems. From the perspective of brain functional inspiration, this study reviews algorithmic developments across core intelli-
gent functions, including perception, attention, memory, learning, reasoning, decision-making, and control. Brain-
inspired principles that underlie convolutional architectures, recurrent neural networks, attention mechanisms, reinforce-
ment learning, and meta-learning are analyzed, revealing how biological concepts, such as hierarchical processing, tempo-
ral recurrence, selective attention, reward-driven learning, and multi-timescale adaptation, have shaped modern Al algo-
rithms. Special attention is given to recent trends toward integrating multiple cognitive functions into unified architectures,
enabling closer coupling among perception, cognition, and action, and facilitating more flexible and generalizable intelli-
gence. From the hardware and system implementation perspective, this study summarizes state-of-the-art neuromorphic
computing systems that are designed to support brain-inspired algorithms. Emerging computing paradigms based on near-
memory and in-memory computing architectures are reviewed, emphasizing their capability to overcome the von Neumann
bottleneck and achieve significant gains in energy efficiency and parallelism. Advances in neuromorphic devices, includ-
ing memristors, ferroelectric devices, electrochemical memory elements, and novel transistor structures, are discussed
with respect to their capability to emulate synaptic plasticity, neuronal dynamics, and memory computation colocation at
the physical level. The importance of algorithm hardware codesign is highlichted, because the efficient deployment of
brain-inspired intelligence critically depends on the co-optimization of learning rules, network architectures, device charac-
teristics,, and system-level communication mechanisms. In addition, this study provides a systematic comparison of interna-
tional and domestic research effort in brain-inspired AI. While international research has demonstrated strong advantages
in fundamental neural modeling, large-scale neuromorphic platforms, and interdisciplinary collaboration, domestic
research has made rapid progress in application-oriented system integration, independently developed neuromorphic hard-
ware, and large-scale brain-inspired computing platforms. The complementary strengths and existing gaps between these
research trajectories are analyzed, offering insights into future collaborative and competitive development strategies.
Finally, future directions and challenges in brain-inspired Al are discussed. Key trends include deeper algorithm, hard-
ware codesign, tighter integration between neuroscience and Al, and the development of scalable, interpretable, and
energy-efficient intelligent systems for real-world applications. Emphasis is placed on advancing theoretical foundations,
improving system-level robustness and adaptability, and accelerating the translation of brain-inspired technologies into
industrial and societal applications. Several strategic directions are outlined to promote leapfrog advances in brain-inspired
Al, particularly in the context of China’s long-term scientific and technological development.
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Hatas

K1 AW 2T 45 (Kandel 5% ,2000)
Fig. 1 Structure of a biological neuron (Kandel et al. , 2000)
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(a) ANN JH5A53Y

2 ANN -5 SNN SRR K A5 L (W 55,2024 ; Hu % ,2024)
Fig. 2  Computational models of ANN and SNN and their structural mapping (Wu et al. , 2024; Hu et al. , 2024)
((a) computational model of ANN; (b) computational model of SNN; (¢) from ANN to SNN)
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Fig. 3 Relationship between neural circuits and cognition (Farnworth and Montgomery, 2024 )
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JEUACFRFAE AR SRR, 8 1o 4 B 1 J 8 i 1 A A
{RAL s, SEB MR Z R AE (A% 808 2l )= 1R
SO SR S 5t 1938 24 (Krizhevsky 55
2012) o AE g —Ff i BLEAT 6 B a0 445 140 1 T 2
AR, CNN B S TR SE 5 U AT SR
[ERER OBLIE TR ) Z N RES R

2012 4F, CNN 7E ImageNet K HLAR A5 50 Pk %
FEPEUS T SEMPE R, Hinton AT BAEE 13 Y AlexNet
I (Krizhevsky 5, 2012) 38 i % 2 45 204 5
ReLU (rectified linear unit) 3 % 28 %%, ¥ Top-5 732
BTN 26% B 2 15. 3%, B I 3 R AL 48 )y
bR A TR 2 2 TR VTSR G s ) R TR
K. FlJ5 , VGGNet(Visual Geometry Group network )
(Simonyan I Zisserman, 2014 ) | GoogLeNet (Szegedy

&5 2015) 5 ResNet (residual network) (He %,2016)
SRR )2 45 M ) 2 B 5 B 2 S ML S R
PERBAL 5%, Hit, ResNet 38 1o 5% 25 HE ke 1446 2 TH
AN, A TR BE R R 28 152 123, IR Ay S ey
DR NI o R B2 R AEAL AT 55
RIMFGE B HAZ IR T a2 B, 7 AR AR
A s bR SOF BT AR TE — & A 23X fie fif
Vision Transformer 38 12 7 7 5 77 HL ] 78 0L 00 S5 4 1
R s SR, FEAS B i S ECS TR RCR IR
VA2 i 5 DL K 7 rh o NSRS AR Ao 552 FR Y S b iy
GRETELH, — RSO R & TR 2 W 28 25 R AT
Zeifi e CNNAEAS SRR ERYTERE B2 . Efficient-
Net(Tan il Le,2021) R 5l M 2458 R 55
ARUCRISSCBL T S8 MR R SRR E R,
Hrpr | EfficientNetV2(Tan fil Le, 2021) {E ImageNet |
IUAT 85. 7% Top-1 #E G 5 , A HL A ACTE I S5k [ 1
FETH3~9 M8, JF W 2 s D LR o B S 2 Y
ConvNeXt(Liu %5 ,2022) i i 5| AR 15 B Lay-
erNorm 55 “BUACAL " BET T, (i 4l 4 B 25 7F ImageNet-
1K [ 3K 5 5 5 87% + Top-1 K5 , 15 H ARG 5 1
XA EME S F W5 33 Transformer 155 51 4% 355 52 5
J1o HIFEZETAE ConvNeXt V2(Woo 55,2023 ) 7£ I JE
fih 454 T 44 Masked Autoencoder T Il ZRHE 28
5] A GRN (global response normalization ) Z¢ 45 ¥4 |
fiff CNN 1E [ W& SRAE 5 2] 58 I AT 55 vh (0 Pk g ik
— 4Tt

DVEAPNZE R4 . RN TE AL BRI (5 B A
3 B RO 5 SUSHREERE ), REAE AR I A] |
T 3B FH N IR, S8 BN % 2 A i PR S
T o 3K —HIL I R 96 B #2828 (recurrent neural
network , RNN) (3 42 it 17 5 % )5 & . RNN i i
W2 R 114 238 U1 2 3k A A P 1) A4l 1] 14 P ) 4K
G AR L (A AR BE A% 7 2 U A AR Rt b 255 T
5 B, AT S B0 2 28 i A B $RF 22 2 5 T
(Graves 5%,2013) .

SR, Bifi 2 00 28 8 5 0 I5) i) 825 32 ) 38 1, RNIN
TENZR b 25 By ) BB B 2k SO KE R4, BRI 1 H
X AR OC R W AR RE 1 o A I, Hochreiter 1
Schmidhuber (1997) £& 1 1 K %5 B 3242 I’ 2% (long
short-term memory , LSTM) , i 1 “ iy A []—ist 5[ ]—
s 1) AR RIS SN, B ST TR K Y
FUARAE 427 > R E VE S ICICRE T o LSTM BT T2 ML
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il —E AR EE AL T RN B 5 AR I K 2 AR
[ 515 B e by s 50720, 8 LSTM fif ik
IR RPN ERER ok i bR ) WS R ES
Ko AU, Cho 55 A (2014) $2 1 T T H1F #5 50
(gated recurrent unit, GRU). GRUYGLSTM 137 17)
SRRSO ST P AR S S
FEOBUIRZS & JF B — A B AR i, A AU AR DR AR
M LA 1 T 1 ) I el S8 ST RS . Al
R AR, GRU M EEN 2R T XHC 12
PRAFAILR , 100 S 5] DX 1 R 0 5 5 A PRt
HAESAT 30 A7 B U8 5 & 9 5 A ) i 2 g
P P — PR 5 R B AR AL

RNN 5 LSTM fy 48 H 84 HE 3l 5 SR8 = Ab L5 78
B UGS B R . A I AE K Transformer
(Vaswani 55, 2017) Y75 R 2 B 5 BT 55 h 3R
TS R 0B, IAE Tolk B2 AR A Wy 20 15
JE RNN B TS50 s | i ] 44001 88 19 AR 45 45
FARIRTE T & AL 3 IS [ 2] F0 465l o0 BT 5 78
L AR S RS ) o (ERER R,
Bl A T 5T TR AR PR ES M 00 ) , B TR AR
[i1) A 5 o 20 ask DAL AR 5 125 o RNINHE R 1730
(R JEHLIB . 90, Smith 55 A (2022) 41 3 14 7 fLbk
3 8] J2 BRAB TE PR AF I e M 1 ] Ik 2 280 2R
TR ; Orvieto 25 A (2023 ) (9 T4 ) ¢ B 28 1 454
SINZRT7 A , RNN ATS T 7288 < P 54T 55 ik
FI| L 2 1 Transformer BYPERE . X SO 58 KW, 1
IGEH TR S R IR, TR TE 5 ARTR 2
HORFL A, KK RNN 5 Transformer AR 25 23 [H] 5 A3
SFHMES G A B S Y R EH T2
Gy i)y 5 A 4L

3)Transformer 2 7Y , Transformer % A3 15 H 7
BT R S B4 JR) FEAE 1) 2 A 3 L, REAEAS
MGG PR E5 AL 175 00 T i AR PR B O OC R | 980
TAHEGE RNN FEIFATIHE RIWIICIZ RE T Ak AR
P T T 14 R PR (Vaswani 45, 2017) o iZ#LH] 5 AR
R ) e P T I AR, Y RE S TE 2 U5
B A B R AR IR I R TR AR5 MO AIHL
il R AL A R e B A R 5 RS

Transformer [ 2017 4E4& i LIk , s )ik H 98
T AL BT A, A T BERT (bidirec-
tional encoder representations from Transformers) . GPT

(generative pre-trained Transformer) | T5 (text-to-text

transfer Transformer) 55— 2 1| H A7 HU R 8L EE SC AR
R, BERT il 33 %) 4 5 25 44 5 35 42 T+ T SOAS PR A
AE 1 s TS5 He Z M il S AE 55 58— O SUAR B SOR 7 HE
20 W58 T RRNZ ABRE ) s GPT R AW FE AT
255 B A LS A &, 2EiE SR G 2 AR A
B TR R) 25 R 2o A B Ty T R TR e A\ 2R Y
INFKF 43D T R CRY Bk . MR Trans-
former AL A AR D) S6rIE T Vg 5l + KA + 42—
Zaky 9 =, il N T8 f8 (artificial general
intelligence, AGI) )& JEBLE | HARLERAL

TE AR B8 20135 , Transformer 25 #4) [A] #F J&& BYL H iR K
B¥ 71 . Vision Transformer (Dosovitskiy 55 ,2021)
YR EHR AL pateh FF 31, 448 T 2034 2 0 LR AR
B PR T RRAE SR I, 7E R AR 4R H IS 1
CNN #EfE. FE)S, Swin Transformer(Liu2%,2021b)
i P Z AT 450, f# Transformer B
REY e 3 i 40 HER AW AT 55 (PVER 55, 2025) , AR
R TR R THRCR T BRI 1 S35 A
PRAR AT 55 ThRDET T 2 WPk REEME . JT4FOR , Trans-
former 5 & R 2% [ 45 45 (411 ConvNeXt V2(Woo 55,
2023) .CoAtNet(Dai %5 ,2021) %) #E— L UEW] T 1 &
FIRLH 5 Joy P sz B 45 R 1) B M o

T, 20 2R T DA B — AL 5 A 7 0 o) 24
ShE 532 M” . ConvNeXt. Swin Transformer
S5 BE AL 8 A YA B RS T 28 ¥ s Ay 1 1 J%
R JE , A R Ry iR S5 A R TE 8 I i 2 R 3 2
L ist VAR ) I6F A A2 RE g S By, i — 2B 52 T A2
Febpse B ILSE RAE S HERERE Ty . FLRR R T IAE S
HIORe 207 N 4 s o WF5EELG B2 205
P J2 B b 0] # A S7 DR e Al AR —ig
B ARG B G 09BN TR RS P E et A
WA o] PR O F2 SR A ST B S A
FEHRIKRET
1.2.2 AAITIREIS A BN T e

DB SRR, R R NS AHLH
K, BB RANTE S A P55 vh sl A8 R A2 G B R B
MIRE T o HAZOAE T30 2 6 iy A5 S T Bt
B, R A BR A T35 B R4 v A die BT 55 AH G PE Y X
duf, DA T 2 TR 5 A B8R SRS T

PN L LY SR o2 I R = KR e 5B = WA NG/ ~Y 124 2
S H 5P R OC R E TRy, JT 2 TR
St (Rolfs 25, 2011) , 3 f 6 458 14 3 A o o 6 o
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N CEBUMZEIS ONN)

BLBE i T R
B (ﬁ%%ﬁ) (Rl ResNetaé
T B [£11%
Wiz A

)

T, P
4 V4 IT »\‘:\¥ B ER/RepViT
& Hie

I (TEERMIZEIMZE RNN SR ZS2s )5 SSM)
S At o] e Prdevs S II K

A
HEWEE) (L) s
S :-:
VR JF: )
_m BAESSM/Mamba

A2 AR (Transformers)
TGN W TSI BL) o HEEHR TRACoNeXt

B e 3
O X = cee ) / 57 b i )04
e | e e R
! Q e d*é/fr/ o }jﬁk
o Al il o [&l{% 1 Transforme;

K4 RONIIRER A BN TR REERIHESE
(He %5 ,2016;Liu %, 2022 ; Hochreiter Fll Schmidhuber, 1997 ;
Smith %% ,2023; Orvieto 45,2023 ; Vaswani 55,2017 ;
Dosovitskiy 45 2021)

Fig. 4 Fundamental artificial intelligence framework inspired
by perceptual functions (He et al. , 2016; Liu et al. , 2022;
Hochreiter and Schmidhuber, 1997; Smith et al. , 2023;
Orvieto et al. , 2023; Vaswani et al. , 2017;
Dosovitskiy et al. , 2021 )

B AR A LA T S BLER H AR R A S B
Wilterson Fll Graziano (2021) $& i 1% “ 33 & 7 &1 5 i
U — 2548 ), R RE AR AT R — RO T B
B E BRI R TTRAE R A 1 A, AT
R IRENAT R

TEN T e, VE R AL S goE e h 2
RS, % HAE IR B 4R, 20T 73k
SGIBIERE =W N1 Re = WA N A RE V= WA DS &R R 5 75
(e 1 —2 (A VE ) 48 ) — I [ R 0 55) o X
SEHLH C T2 4T CNN . RNN K Transformer 55 3
TR R BB T T RS AR A LA i
5O AT 55 PR RE S A B R

2)ICARE L AR REAT D9 A LR, v I
VAN TR VARSI Bre ek Ve F 2L Ik F M LS

B, PRI RI K BICIC S R e Rl
ZeICLE ) 1 AEFE 22 5 (Colicos %, 2001) , 15 L5 1% 5t
A H ZE MR [l i R oA DX AL [ 2 5 g
i 55 $2 B (Vatansever 55, 2021) , 1 45 ] 1012 ) 2k 5
PG A 350 -5 oA R Hh AP 28 T 42237 Bl
(Kaminski %7,2017) . Z M, ITARR A T2 BE
¢ A et 2 i g 3 s AR AL o AT A R
FAAE B A RIS RIS, T DA — 2 SR R 5
(515 UL 8140 : kKNN-LM (Khandelwal 55 ,
2020) 38 2 75 50 By Bexy 1) 8 PEAAT k AR AR L IF
58 B A Rl SRR RE A% 4 R SO
SribRlb i R R, SEBRTC R SO R P e A2
i . RAG (retrieval-augmented generation) (Lewis 55 ,
2020 ) i — K 8 5 AGr AR B 5 A S TR i ) i 45
B AEA A B S I AR EIE B, AR A
it 8 AgAZ , TR R 2 A AUE 55 h $2 7t =R
J.—3PE . RETRO (retrieval-enhanced Transformer)
(Borgeaud 4§, 2022 ) 1A} [m] B AR HITH L7 5, 38 2f %
TACHEREEAT i BeRr & PR R4 RAE N 2%
S A A 2, Aol e S5 AR A R AT R A5 42 10T R
BRI R T5 HE J1 . 5 LAY, Memorizing Trans-
formers(Wu 55,2022 ) £ Transformer N &85 | AR P &
SE IO TSR P, 30 o0 A 2% ) S BEOIR 25 f 1 7 15 SR
B ST IR RRARORE L 30 TR Y 1R SO S
HIRFE AL RE

3)EFBA  HERUR KM O A 5 B
AN QNI FU N e s S Ik i R RS R 2 T
HAIE A (Choi 45,2018) o 1EZIH BT, KM
BRI AS ()38 3 45 5 2 A T[] — bR, X
W T PR AE R . 2B A BRI, I
JE AFAERERT Z2 Rl i A HEAT HEXT 58 B i pl 22
JG, HAG s e 17 AN A5 & ) 0y — Bk, 2o 2
PEAT 2RSS A Z — (Rideaux 55, 2021) . WA
EMMAE X — ot B R 5 T DU e 1
PREZRAREWT : KM — R G, 25 R P14k R i
(5 IR B2 AT SE M, O 115804 (] PRR 4548 19 )5 5
A

NI REHANZ S, BFFE A S i T T AR
VRSB F) A SR I py b 28 ST B A TS B0 G
TSR3 53 A, 3 b A UL A ) £ ] P 5, S B R
I AR S o 5 BRI PE AL TR 85 22 B 0T 2 B
] HEWTHR AL T — B LT Ak A T3 B (Ma 55, 2006 ;
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Beck 55,2012) . IZMBALE 7R ), RAKTE X 2 A2 %
AR PRI, RE K i = U 2RISR B RS S
TR P UE G — IR O S R 2 S
R
X—HLH g N TR RE, CHIE SRS B
(437 SRR S PR BB B MRt T R R k. H
RO TE T Uy A4 £ BE A Zh A5 PP AG 48 7T 58 1% R4 T
WEARE R HEIT , JF RIS 8 G 2 U5 BT HESE
4) B RL GBI AR T SR IS R R, T 2
K FEhIUAE BAEARR I FE . HA W~ it
A A5 PR 5T < — e 3 1) 5585 T R AR R ) 9 ik 3 4
R ICAL IR L ; I i SR B A M 2 T R 2k
SRS S H I P2 IR T TR O
[H A8 A2 IR 36, fiff FEXE D) 8 K & (Frankland 5%
2013) ., TESNIZSHEE D, X R 32 St ALK T g R
HEHER RERR R REE R CEE, RS
TR b 3 A R S 22 RO € B AN RE
T R T BB T 24 A i AR I EOTE G A5 B B RE B

SR BEAA T BT I 15 35 17 e )RR AT 55 1 2 > fig
(Endress Fll Johnson,2021) . I, it 5 A Bh T FEAIG
TN, R4 2% ) R A e SR I B 2 S 4 (B
JL4§,2025)

S5 i D e R it s ML F S T R T B &
Zis R P BE AT T 28 W 25 155 (Terusalem, 2018) ,
T T A TR P b T B UR 5 R A P28 TT ] Y % AL
R A: Pt b 5 il S50 RE B ARG, AT 27 2
%ﬁ&%ﬁﬁﬂﬁtﬂf%%ﬂﬁ,ﬁi%%ﬂﬁﬁ!fgﬁ%

2 2] TR RCE 53 P

MHT AT RR G & N TR REAF 5T IE L B —
R L RGEHIER ", 5 s TINAIIRE
Ja RN TR BESERIAESE . DAKHBLE 5 B 4R
R IR B H AL 208 R 5 — KR,
IEFREGERE GBI T B EZ IV IIRE .
SR S B O A 2
e 1) R R 5 IR AN T BN PR AR B A AR B
TER AL SRz ey L A F0E, 9F B P E R
AGIHY I H A5

Ak xbad 222 Prad FE AU B S B9 A7 S AL, D 4
TER R
Bio S'a:fx{f = Transformer HER 1]

J
jfb‘ﬁm " St » RS

(@ g
Bio

O
<

rcrran s — SR VIR B
S~ DR

X LAHZETE

_ranry

.

@ iizER

) T A A RIS

KWL > 1) S

! R 15 5 I_J%ﬁ‘iﬂﬁﬂs
SERURT BENENETY — BB A/

K5 IARIENRERS A 9 N T3 RESLRITHE LN

1 (Vatansever 25,2021 ; Kaminski 25,2017 ; Ma %%, 2006 ; Endress £l Johnson,2021)

Fig. 5 Fundamental artificial intelligence framework inspired by cognitive functions

(Vatansever et al. , 2021; Kaminski et al.

1.2.3 I UiRen AN T8

SRR, 2 KR H RS2 Sk
WEFE IEHE S DI RE A K24 S G R e . S5 UAiR2%E
J A4 BP %O BIE SR FE 5 S AR ] 2% 2] )
AEJA & W58 5 NG AR T S RERRZI AR LA S,

, 2017; Ma et al.

, 2006; Endress and Johnson, 2021)

ﬁ‘éﬂ@%ﬁ?%ﬁ SRR BP 242 U ) & SNN
RN RS R R, LRSS A 6 TR .
D BT A2 R i 2% > BN . A% 58 BP 51k
WA 4 o 15 2505 5 FIDRG ff s S A% 4%, HO T A AR T
TN R 45 B AR S # AT 5 4] Wk, SAE 4 R
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G LA Jay v 5 ik SRR O 3 04 25 2] O SUFE AR AR T 22
St X — 2 S BRI TR A P R o
2y 7 AR FEM SIS EriReE . i, 3L
SERBIF T T IZ IR FEE BP (19 A4 W) J8 2 >
DAS S B 28 B T ) R Y b 2T ML

EMARSCL L3RR, AR 2 R G0, i
AYEPESE TR R S Al AT 5 TR S
T 32 B 42 Jry P A5 5 (A0 22 L1 T IEARAS ) 7Y
SE[FRZM o AL S 27 > R ] A6 o =[5 7
=72 B2 5 ik BT e 2 Ak AT 2l | 5% Sl i 9 Bl A K
PSS =F PR RIPE . M AN L REAS i R il
YR 2 > ME SR ) | i Ay A ~) R 2o
AT PME T AW

ULAEA, Z IR 5T HE— 2R = [H 5 R 5 SRS

Y RRANSS & 5 A T3 J12% W2k
PEEE A RN R H ML, LAFE T2 20 B0 9 2 5K B
FIRFREE . BN, Girao 55 A (2025) $& Hi Y 3 T 45
155 P4 45 19 Hebbian-STDP 2% >] KLU, 388 12 445 475 e 15
VB hy 5 il T B8 ) PN PR A A8 o, SR X ik e
V) A0 TIT 9 P 14 32 S R4, DA (2 2 T T 24 T
SETE S E B, Khodadadi 25 A (2025) #E— 4 %
il {5 5 5 A 0 2 fh T SRR AL IR &, A AR A
SRARZEMEAT 55 Th S B R AT B UE T R R
M 47 R 2 W A% 48 SNN B [ A LS. ik S o 432 30T
A= 2 R ) 2 T DU el 5 fh BT A 31 5 27 ) ik
PR AL 2 GBS 0 B A2 S R i A
F RFEEsf ST e 1 BT M 1T RE 0 R 1R RE AR
(2SI e R e 4R AL T B BRI S

SRS BP 5 BT SO | AL S S ]

A SR AR 2 >IN (B D)

ey e
fF5im: 2

B. KRHUESNNAIZR 5 R H (oM D)

X PG

C. KI5 Al FEA MRS V2 |

TRIEA )3
ZEAL

TS X R 2]
SRR B mﬁ%wg ; &i . 3 ) (R
| g 27 5 ;'/ (E%ﬁ%i@%\ B2 ]
: . e S B2 =} =S8
‘ 1§¢§_+ i » %ﬁ]}gﬁ SEIETES) i u )
e e it N ——
/@ e® 11 e (1912n: Loihi 2) ez G
syt | |1 AERIER 8
3 Bt BRI |k . W e,
(Rt Gt R BOORIERS cuilmml %5 )
N J

INEIRERR K5 TR Resk,. @i HRiRERy Al

[

AGERITT BB R EE2 AN 5 84)

Ko =% DIRERT A& BN T BE : WAEIHLIE BRI (Girdo 45, 2025 ; Khodadadi 55 , 2025 ; Abreu 45, 2025)
Fig. 6 Learning-function-inspired artificial intelligence : from biological mechanism to cognitive architecture

(Girfio et al. , 2025; Khodadadi et al. , 2025; Abreu et al. , 2025)

2) KA SNN YN G5 10 o AE 57 > LA
W7 i ) ) B, G T 46 A g 0 A AL 9 2K
WL SNN, I HT T AT 55, S 1% U e 9% 0>
PRI Z— o FEGESNN Hi T ki {55 By AR Se: ,
A E AR A AR B T W 7 5 BEAT TR IZ U 2k, R T
SNN 7E R MUBAE 55 i AR o I 47k, Bl AUk
JE SG Jri s 1 B 55 20 25 0 10 P [R) i i
KA SNN (Y 25 5 3 & 2 A8 W BESE o Yang Al

Chen (2025) DA J& Yang 55 A (2025) £ 4 1 1fii [1] SNN
(05 SRR B2 > S 3 3 A R 4 5 T B T A AL
STz A B IR T ST RER BR AT, B
SR E Y Loihi 258 F M H 5 4% Hala Point 240, N
RHUBE SNN 4L T 0] gt AR DIHE LA B S He e 4k 2%
2 BRE AR . AHOCHFFE R W], SNN FEAR Ak [R]85 A5
TR I P S5 AT 55 v, RE RS AE W 2 Rk

(1) [ B A AT 55 4 1 B PERE (Roy 55,2019 ; Davies
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Bt T IS T 46 B SNN 51 A K IE 5 1
4 (large language model, LLM ) %5 &5 JZ N FIE 55,
715 R I 5 TE DA DB R 42 1 Ay S ) 0 B B
W A e A S A g st R . Gl R
Transformer 45 3 JL AR 8 v (1 V8 2 S Rriso 5, (8
HAEEAE K i 2003l ) 2 AR AR sh L 52
AN BRI Sk A s F IR
SR E SN T A2 2% (X AL AL 55 ,2022) . LA
SpikeGPT(Zhu % ,2023a) f13£ T Loihi 2 [ # £ B 25
LLM (Abreu 55 ,2025) A UK A BRI, 76 ORFr 5
ARG T AR S W ATEE T 8 Bk v gm S W
T AR FCRRRG B2 DA S TC R e sfe ik i3 =X, vl 2
R E AT R B P A REFE R oK, IR 2 i 153
1 52 2 FEINFIAE 55 TR BV AR AR 3 . DT 2 0L ) £
R X FOIHE B B A R RA R,
MR T — %A T8 5 SH0R R 3h” 1 5
ARBEAZ , R b 54 T3 S R A P ] 3k
THEEEZ N IIRE LI . S Y HT SNN 7E A %
Jo g N A P A AR e e e A7 T o B I
Peik B E A BT SRR, Bk bl 22 I 28 35 A8 Jey R
THRZ AT 55, iy 2% ) S A e B A AT 55
JR AT AT B AL, A S REROA A Re R g e it 1
BT 5 ) .

3) KM X305 ATIE A By o B T BRI
SREESEIAN 2% ) DIRE S A W5 i O KA [+
DX IRAE 27 2] HR I D RE 43 T, DA S SE 1y 6 ] B S5
FIARF N TR R . MBI 5 R W], Kk
FEARMOR B — 27 2 AL, i th 2 Th g X )
S8 S K2 2 B TR SR U R AR ] IR 4
75 (basal ganglia, BG) 25 % 5 3K o)y 1Y) SR W 1 4% , ifg
R G0 SR IC A Gt 1 AR R 2 AR AT 55
DI o2y ) Mg Sl vh 2 $ G E T

BT X — R, FR A IS T IR R G b J3 A R
N DG B X I8 5 AT A7 2] Y Z A Y X OE & o The-
otokis(2025) (I RIFFEHE 1, YT IR BE 7 2] B ALAE 254
b T T R B SR A AR BRAIL R I R Ak T HE
ZR ) 55 B TS 28T 0 B 2] TR BAT R BE AR A
PR ML Z R AT B2 J2 TR B J0 2% 2] b
ILRE ST AT R AL R GE P AR S Y AT, XK
1A R BN TR B DN B e 1) AN 5 R
o AR T EES M WO ROk A G 2 X D)

RERY 7 ) ZEM Bt T 2R %,
1.2.4 PURIIBEIR AN TAE

PR R BE R GM BN IC12 557 ) a5 R Ak
S BLARAT R R G REER T LR N R R N R e
AN ST PAT R OAAT . TERE RS
Hh, PSR 22 ik X I E] , 32 A4 - BRI R 2 TR
22 U e T 2 B 42 Jlh 7000 152 2% (reward prediction
error, RPE) , SRS S AF e 55 5 A m T s B A i iz )2
T 5T H bR ) B SR ML 5 O (A 5 i 5 R S8 S
JE K SR RS BT L2 5 IR RAE , g PSR S ]
MR a5 . BRI S RE)h XS A 5 5k
TR O RRE A A Wy R SRAL R L S o Al oy > TR
BRI TR R

D)W Ak 2E 2] o TR R 4k 2% 2 (deep rein-
forcement learning, Deep RL) 52 K i 2 5% 9K 5l 2 2]
BLT RS K ASAUh T i 22 B2 JHe BE P 48 T %) RPE 1 9 %
DIRE 5 B BT A A o T o RS Y ST 5 5. LA
B Q 2% (deep Q-network , DQN) KR H 1 p&i
HACE T HE SR FH R B A 28 ) 2% 2 804k B VR A0 1E bR
B, IR sI AR s B AR ZEHLE A e iR AS
FHOCME S YNGR Fa 2 PR . DQN X 28 2244 T 1] 7 i
Ro TEMLIER E, Double DQN 1t 55 28 56 Al i 55 3%
[0 25 BEAL) A5 A SRS 1 AR G A AN T T R E
PESFEARRCR M) AR R 42 (Terven, 2025)

e W A6 FE J7 1], 3T S 5 W ARG 4K (proximal
policy optimization, PPO )i 1= PR il 5 W B8 i B, LA
UNEHOET T SRR AR EYE . I B B
FE— L ISR S kR A, W T PPO M
AARTE R SE TR W] RIS A T A3 A5 (Zhong
F1Zhang, 2023) . M SIE—PEM (soft actor-critic,
SAC) Bk L KA H b 220 ) [l e — PR R B AU
TEAR A 11312 F [7] FRF S5 il 54 s Z2 A1 5 30 A4 8 A T 50

'E'i)ﬁgi %IE{'E?’U BRZ HIfRINLE 2 LTl
] -

Di:ooo—*
o4 ®yOye—
E;[:}.fbb'o—»

K17 DQNZEH(Terven,2025)
Fig. 7 Architecture of the DQN (Terven, 2025)
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W5 SAC =™ 3 F- £ [l 4% 55 1 i 1 SE 2240 1 ) 16 SR
R, DASE 5 O 1 G PR P IO R e R R 5 B R
(Adamezyk 55 ,2025) . MMM A , Deep RL
(R (LA 5 SR B a5 T X by B A 28 1 AR G
6 T AT DAy S 1 A SR BIL AR TR I 0 S PR OR
WS D) 2 B 1 A e S T O AN i A A P A Ak 3
E

2 fE A A > o fH A s Ak > (distribu-
tional RL) B9, U5 T & RGN R BRI E S
WA I AT MBS RE ) o P2 A BEUE SR R BT,
ANTA) 22 U e At 228 0 ) 2 i T2 i e Fr) U B AP
ST, AT A A T [ e 220 [ 4 43 A ) 2 A S
PLEHR AR L, AR S it AU TP Aty 5 40 28 2y 25 0
PR TR . SRSy ke R 4 A B — 1
GRIA] , o3 AT 2R A7 DR [T ARy 58 4 o341, IF
FRI 2800 A #1843 A Bellman 87 A0 B [ )3 /585X
I3 A B ETE BT A 3R 48 1 U7 1% (Bellemare 55
2017) o WA 5R AL 27 > AL G2 A 391 B2 (0] 4 Fe
PRHESE , 1 o Ay B 00 30w A= XU SR 5 A A 5 P T
FhBILTI Y DR SRAEAY , T SR L A 3l B2 A L&)
S AU 3 b B W IV .

3)uimfbE > o JuiRAEEE 2] (meta-RL) ELHR
LT R A R (PRC) X 27 ) i FE 1y I8 4 Th g, B
“EE A 2], PRCRERETEAN [T 55 2 ] i e 3k
PEGSH , T I T4 BR 50 PR ] B SRt , X —BE &
NS G PR AP 38 N A B A OCHE . Duan 5%
A (2016) FFHAE I 2 W 4854 55 22 55 B X g A% 7E
P 25 bR A, (R RE AT B AT 55 vh 8 R PRt 3
AE J1 5 Finn 55 A (2017) 2 1 9 488 B G 56 o0 27
(model-agnostic meta-learning, MAML) ifl i 7627 ) 3K
T —ZH RAE 5573 AT HUR A RS B ) 46 22800, 24 TN B
55 I SR AT B Tz i s U A A AR LD
efs 2 ST B AT 8 G v KA, HG A g P SR BR 2
d A 8 i o

IR 56 R, JC R Ak 27 2] 3 2ok 7 N ] RS
o R AT 55 3 N A A R TR
L E VR I W=D S 1 WK B SRR
SO PR AL A B A 2 S BE TN
TRRERGIME T H A

4) ZEAEA R . 28 AB 1A (multi-agent
RL) 52 3 il #1230 R0 68 g AA 7 4 BEAL ) 1 )5
&L H S BG4 T R GO B R RE A OG .

6
P ERIERR & I Ru] KRR
a
HNIRGERR 1, (D) Ty :
S, ‘
Di=(z; > ;)

D7},
K8  Jrimfbag I BN AMEFR (Beck 55,2024 )

Fig. 8 Inner and outer loops of meta-reinforcement learning

(Beck et al. , 2024)

A A BB T2 b, BB S AR 46 X 47y HHE
HE DI B 550, AlphaStar 3 2 KA H
MRFECE RS 31 1) kBT AR il 1
ZR BB R Gt b A2 A Rl AT S A g KL Y A
M ILAE 77 (Vinyals 45 ,2019) . 7E 7162 1,
WIZR—r A THESR I8 3 5 | AR h Ve A S0
P T 228 BRAR PR v AR T 0 TE 1) L 7T 15 27 >
AL (5 RRAA e % d ok A A 2L EMS e B B Ak
PRI A .

SOk A= 2] o K b A Ay > TR T K ik A
B R AT S IR S R AR RS S5 S
JRyFR S fik v S PERLIN STDP #E47 5 Mg 0 Fr . iX ZEHIL
i 0 FEARREAE , R R i JF A7k & Tt
S5 S 0 Y 3 5t o Zanatta 55N (2024) 2 1 (1Y
SpikeGym HEZEFE Isaac Gym R Hh 1)l 5 SNN-PPO £
B TE Ant-v4 1155 EVERESETHIA 4. 4 4% €75 T SNN
FeaR AL I AL 55 PRI J7 . Bellee %5 A (2020) 42 i
1 eprop DI 38 15F Jy #4630 ARL , {6 4 24 SNN A ]
Actor-Critic 1%k, Nazari F1 Amiri (2025) #& H 47 & H
T T S U RE R T 6 STDP 5 % il i 45 &, 78
A Wi € R Sy 5 ) 1B U O By
F EAEAEYT AN AR AL A ok b £ 2 e K, i 2]
Uiy 1 BIK B0 SR — R SR AR SRR TC AL AL T
e B 120 2% 49 st b SRS b, S 3L TE SIS P vy e A
LU GEERS
1.2.5 FEHIZhReE &N T E6E

18 3l J J2AE s shiEwI ) S goh ik, B 28
SEBES SBRAEMMNAZ0IRE. EE R
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BRg, BilE, ELE, EFE, BHE
MEEZHALEERARERSRE

HA T, RIS A BB AR AR e R i B i A
Z RIS IF 5 T BN S 2E 1T U A Ak
P AR A U2 T, 07 T0RHE B B A LR Y
BEISE. Gentili % A (2016) T % A H 45 - fiz J2 A
RUHEST T 567 28 () 54T 55 25 0] 1) AL bR e 4 MLl L o
52 2% s AR B B 6 T 3 B 3L Al 5 Corchado 45 A
(2020) 42 1 Ay kAR S =l 25 TR T iz 3l K2 J2 i A
R AT DR

SR 21 (BG) £E 38 sl 4% il rf 2 2R 30
VERE S AT R IR () SC BRI BT, Hobp 2 R B A R T —
MRBIR ST RS . ZRGELEAKAEZ
Bl B 2 sk SR (S B B i 2t SOR AR —18 ks
LIS 56 S AR (B T VEA , I S5 20 28 e i 15t
BRIZUPATRMAT . L Prescott % A (2006 ) 1Y
TAERARRBZE , RE T _ iR AL 7E TR R
ST IR RS, RIS T BG IR AT AR A e g
T 2 WA BN 2 S B RS /2 HL A & B A AT ok
e BT, MR 3K 455 A (Mannella #11 Baldassarre ,
2015) F1 22 [ i 4 i HL ] (Prescott 45, 2024) By 5| A
HE— AR T BG EA & A h PR R S5
AT AT Ay R DA R o R B R i 4 1) D e AR
WK FF XA RAME I T BGEEY) i g%
il A O A T A R e e EL A 2 B A B A
A 3 VA8 T 1 28 Mk D3 5 45l R g it T 58— 1)
THEREZE N T BG 3 RABIZENLES N H =47 04
B e I

/NI AR A2 B4 i H LIRS B 1 A R,
JHERAR BT WD T REALH] « E LR IR 22K
E R FR SN Fy 2 . 189 JR /R T /MIKiz Bli2% ) Fi
IRERIETIRE R . X EEAIL I 43 1) S FEAS [T i) R
JE 32 B3 7 o A < A TR 7 e /N i 3 e PR
RV SE I TF A2 Bl 22 5 M 7E R3S i a F v, )
A A R EE A 2] B TR Y B AR — IR 58 Bl ) 2R R A
(Wulff%,2009) . Tolu%¢ A (2013) il T 22 8111 H
T8 IV 38 I FR A (Dean 45, 2010) , 51 AR B INAL
2 5% (Vijayakumar 55, 2005 ) 34 3% K 1 2% 2] G
77 Bifi 5 FF 2 0 S0 97 I HE 42 (Tolu 55, 2020) ZEAL &%
NFRE ST A K 1912 sh RS, 72
GYBIE T /NIRRT B AR PREE A 1 g

I AE R A W 55 38 HE— 2548 7, B — I DX A5E 780 e
PLSEH A B 3B sl ) 5 2t . /NI L R J2 D
FLPE P 28747 30 3 T 58 B ANE S [R] 45 1l 9 45 ( Calig-

=
AT
\l%// ?ﬁ:i’ﬁ
| +
: ;

BT
RIET A

EEENN
IR itz
VN LG SeAT]
K9 /INNEE B2 ) MR 254 E D) R I HUR 2 K
(Hull, 2020)

Fig.9  Schematic diagram of motor learning and error

correction mechanisms in the cerebellum (Hull, 2020)

iore 55, 2017) + /il 97 ¢ 4 e AT 16 A58 8 00 B0 1 45
R, BG 8 o 0 Ak 2 ) BL AL AT 9 M B . Bhat-
tasali 55 A\ (2024) ZZ - HE PN 2 W IS &, & T AL
%%ﬁz}ﬂi(rhythm generation, RG) i T4 (brain-
stem command, BC) . X ik (pattern formation,
PF) 4% A J2 13 (afferent feedback, AF )34 1y &
HLAS AAE 0 2R 40, AnE 10 FTs , R4 A iz sh4s il 2
TR B

R Z B2 O 7 IR BE P JZ S
ZIINTR, SRR G0 N T 28 I 285 TR ke = ok bt | 5
fih ] SRV S LA AR W R TERR B AR B
PR Az gl il 75w R R . e, BIFSE R
T 1 S e e i i 5 AT 9 e R A — A
M S A WP A T B A A T e D 1 ik
28 [ g B DL R A L ik 22 B (Ghosh-Dastidar
1 Adeli, 2009) . B W], SNN 71z 2 1% il £ 55 1
R PE AT AR R BLAE B — S R RE B2 T, M 7E T H Ak
308 o A s DK e A R 7 T A Y Ay — A A
i, 2 BUATR IR E 7 A M 114 P R 4% 1 (Hagras 55
2004) . FEICIEA T, HFTE L iy B4 R B 1f]
22 i X PR R AR Sl e AL B0 2 Il 22 R
/NG A DY RE B OT 22 8] /4 43 15 52 L, 458 ] SR Wi 7
K B2 - M 5 BR B N 2 R] A B AR T
(DeWolf %5 ,2016) . 4545 #lt 2B A BE A 1) S 96 45
W7, kT SN A 42 il HE R 7 £ £ 42 1 14 R iy $2
T AEE WEF AR G REFE IR THERIIA M R T
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Fig. 10  Control system framework of a quadruped robot including RG, BC, PF, and AF modules (Bhattasali et al. , 2024)

FE AR 5L I8 B4 ) 3 B b i AR W] AT
(Amaya 55,2024 ; Jiang 5%, 2025) . X B 5E 3 [ 45
Tia] — A~ V7 AT A9 & R 7 ) < R AR e b S 2
i DX P[] AR 205, v e R RE A HG i
F 38 I AE ) A 28 ik sl 2R 48 L (AR U HE S A
2R R AR 7 15 1) BRIV B OB R A
1.3 MEAMWAIEREGREZSEH

W 28 il 1 AN W 2 e AR B S - T A 2 T
SRR AR BERI Al 8 AT AT PR O DAY JR R H 4 8
o TSI A W R IR RE AL L B RE TR
Braff o E A 10 T R R BB R G RARER . %7 )
DA ZIE ST 0 R R 3K Sl Y 5 20 v i
BT, 456 kb 28 00 28 1) B 225 2 B L o) S0 P75
— A U EAL B 18 A0 A A R 2 AT
P RS Ak NS, B 7E A BE 2 T A T
T, TR — AL R AR AL 3
F Mead (1990) & i1 “ P 2B 25 T AR LI , 1% U AE
FE B b P AR 7 RS R R A AR AR
R TN I8R5 s T SE SIS R
FERURE S 208 b A p s gt . anisl 11 Bz 2
SRGMMAAE £ 20 5 258U K. I
ADALINE 1 514> #it 28 S0 A 8L (Widrow, 1960) , £
Spiking Neural Network Architecture 2 (Gonzalez % |
2024) (1 52L M AR L, B AL 0 R
R T OB, HAET, FrpaIEitac
HEARREAC R B B, 3 a5 AL A 42l | sh v Al
A7 BT S s AR e 11 B2 ZRAG ] 4 JRe
SR R = Rk . T LIRS
S5, LU R 3N 2 R TT 23 B < Sl B Ll | ol
20 5 S Ml {5 L AR LA R AR - AR Z 504 DL R S5
V3R i et 2 T N T B A 2R e A B A R 5 F

#h,
131 Khis R

ST Y S5 I S T RE RS A W
SRR RARMA R . 5L G RE R A A
e RIS N TR Sy St SRS PR ¢ 2Nl
] L S A 5 I RO A 1 | DA SRR S AN
PA TR FNR 2 B ABAT A RO REAF SR, AR, R
AR sk PR A4 1) 1 S IBE S80I % A F8 il 38
(InHL Y R B T84 B9 ShZASma N B8 Ty, O A
LILSIHEOUER EEBSE 719 . LA VO, NbO, K
ReNiO, WA 4 J8 — 4 Z ARG AR b B}, I AR %
TRk B 3T B FRL B 2 A8 R, ) T TR AR i 20T
() BB & AT R (Park 55 ,2023) o i, VO, ZE G
Vo (L Pl s B A 2 B A D 0 1) 240 2 35— 4 TR A i
A5, 5 A R 28 T Y S AR Az Bl ) 2 e DE I
(Pickett 45,2013) . i1l 45 VO, FHLZ L EHAF I IF
LR, W © R T Hodgkin-Huxley #f £ 70
BEAIFN LIF $h 280 HL B, s 1 4303835 ) ANy 9 45
Al 2 e R PE (Lin 46, 2018) o FEIZWFSEH 2T
VO, Y LIF 1 22 70 A i ik oL -5 i BELRS) PR R
TER A RS S T 523 1 R AvE Y i i AT o, e,
T ] 2R S R PR RS I T AR YR 2Ty
U — Rt . TEZE il 47F 5 i, 52 2% S Ak i
PR IR RS AR Bk R AL A BILR], SE L T
T S0 AT 9 e A b P AR T S A0 Jerry
SFNQ017) 2t T —FHE T HE, (Zr, 0, Bk H IR
B L 37 RN fl R4S (ferroelectric field-effect transis-
tor, FeFET) 2 filgsF , BEAS 52 I M3k 100 AG 1 19 £
SE ]SRRI , S RS 280 285 00 235 1) 52 IR i it
THY RIS . AN, BRI 45 (ferroelectric tun-
nel junction, FTJ)F| FHB AL T5 ] 445 % 2 o BHL, o
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Fig. 11  Evolution of neuromorphic computing systems ( Kudithipudi et al. ,2025)

T ARG R AEAF At 5 BT S il AT Sy 1 3 P (Boyn
85,2017) 0 BXEAHFR CHRIAE T H AFA K7
Rt BEAS S5 1L - TR o A B A it i ) e, 2
FETFHRERL

W52 A AL A R B AR 5 G L AR 5 |
AIE i R HE T R Y & e At . —HEATRH
PRI 55—~ 20 V5 B R S ) P, AR P T S I v R AL
JE RINFER RS RN RE . A, BT SR
F B 1140 BEL g Je SO0 1 7R 12 O L ARSIV A e i o 3k
(Lee 55, 2015) , i I i 2 B R A B 571 o R, 6
LA R e — L PR R R, Ao 2R AT
SR TR iy SE B EE  BlaoFak EAZ E LD
B AT B T AT (Feldmann 45, 2021)

ARM SRS E— D R T AR S
SR LATEVERE e M5 il A ) 5 B
AT R 2 E S AR S B R AR AE Y
P2 ASREA 7 T e B B Ty, Al R a]
MR BT 20E T HORHER
1.3.2 #haon 5RMprEAR

1£45¢ CMOS(complementary metal oxide semicon-
ductor) f 1 S BUACHE BUH B 1O B6 A7, TEM 2B 25
T GUECR IR R b 5 F 2 7, IBM Y True-
North its i il Intel ¥ Loihi | Loihi 2 305 F /& HL AL 3
i i CMOS it (A A UL 22 0 A 2 fik 2 i, #Y K

FEAE SNN . TrueNorth its A % FH 57 45 =F 4 5K 5 1)
ZIVALHY  RERS R I B T R 2T A2 fi
SCHRF E BE T AT By TSR AR SE AR w1, D FE A
65 mW (Akopyan 55 ,2015) , 7E 10 Z& 115 Al A X &R
SRR S sth R . SR, Loihi 28 A
Z % Hi Intel Neuromorphic Computing Lab F % , ] T
TRl YRR ) 5 [ aE PR . S5 18 Loihi R HI 3l
AL E AL, SCRF 2 RS filt AT BB PRI, AT
e b SEI S [ 35 6 2% 2 (Davies 55 ,2018) o 7
LAl [, Loihi 2 3F— 209 J& TR R 4549, R M
Intel 4 72, $h %R 5 M A ITTBER 29 1045,
SO RS FE ) 2R IR B A e RS 22 B RO 2 fik
B 1% . Loihi 2 BTG T ] grfdar 2] 5 AR A B
JF A, [ L RRASE F AR IE 5 BRA% L5 2% LA
B N A2 ) 55 52 2 AT 55 T is 47 KAAE Ik i 19 245
FOHEFE W, JE T Loihi 2 S2FL A R & 10 78
W SCHERRAT 55 i) S 2 96% 1Y REAEFEAIK (Abreu
4%,2025),

SR, A% 58 CMOS #5148 1 2808 25 0 FH Th A2 7
B SR BR < He— | H R A S 5 AR WA 28T 1) FL TR S
ANUCRL , 305 fh o] S8 R LM Bl ) A AU R R
o A S R T, e R S RE S B R
FRVEBCEA e R fn e, e LA 0 A NG 2% g 24 75 2K (Indliv-
eriZF,2011).
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e R R, B 5T 22 CMOS T 20
FIAH LG EEAG SR RMA ZR |, LA S 2 e A= 9
ML AT FAIRL . AN, A A A T e A
FEAitt 52 B b A FULBEAL , HAR I AE e 5 R S
RAEAF A HORSR A, T B4 AT 5 b B 9 3
(Malavena 5 , 2018) o 4 £ £F S AL ¥ (indium gal-
lium zinc oxide, 1GZO) A A% PRI LA TIFE | = i85 W B2
FIMICIR 25 A 38, R CMOS S0 2 I8 S 2R 1R 1)
HEREYE . AL, Bk I RO A S R HIZrO
JEEFR AR A AR 1, S B Fi s $R R AN Ze M L S0, Oy
= A 2R A R R A TR 1 (Kim 45, 2023) .

5 [R I [ BRAE Y & WAE R R R CMOS 28
PR B a2 . Horp ICBEA B KA A 45
MBI RIS AN Lo . EE T
FH =X B ML A7 B A7 i %% (resistive random-access
memory, RRAM) (12 BH & X H 4544 fa 5 a] 4 Jr e
5 LA K55 A W 5% fl v 22 T AT S ) ) SRR AL L A
WF5E A . RRAM 2058 i 5 L 41 22 5 1 5 /g B
HAL i S BB 95 (Telmini 57 ,2021) . FHLAIZ
T RRAM A i i 37 3 5 5 L 200 22 (9 8 Bl W T, 52
IR vy TR BEL 2 D046 5 iy 449 2 L BEL U7 6 B RRAM DU ief
S AR S S A R AR R e s B . o, T
HIO, i) RRAM 3 2 1 7 i ¥ 402 L i A, T2 i
TEFHL Al 22, 5200 e BHL 2SR IG P2 9 D) 48 (Larentis
45,2012),

TEMCHERL b, WPt — 20 R th HoAg 20 1 5
2 T fe e Ve B B4R 7, T HL 4K 2% RAM (electro-
chemical random-access memory, ECRAM) Fl1Z FH &
TRAE o i A B R I Y S L A, 52
IR Ry A B RN REFE 1Y 5 il A R BT 5 Jm o 45 5
AR 2 R R S B RN, AT ]
PER b A S 22T BE, g BB AR A (S Ab AR

PEAE RS XS R ZRAE 0 B, AR R MY
AREA: IE AL G CMOS 32 %5 [n] 57 14 ) SRAIL ) 3K 50 1)
THEAR R
1.3.3  HE- iR & SE N T4

(SRR R TR AR i W =N ST P e A T
O3B EUHE TS AW Z R AT, A2 T A
TR, S BOREFE =y B IR R, XE DA 2 S AR X
AT BE ARTIAE AN P SURPE R 2K . SR
— BRI, A1 - A 2 A R S T A A O AR R
TSGR G 3R IK 8 S OF A7 AL 2R S 203 15
BL 75 A 22 4540 J2 TS HU A= ) o 28 T 24 1) v 53
AR, R1BR TAEG M - E R 24 5 -
= AR T L

FEX AR TR AT A AR RS T e R,
SR — AL . ££ TR (in-memory computing,
IMC) 38 2 H P 2B 45 7 B 47 B 47 o BhUA T 4 B
] e AA T, KRR 1 B iz e AE , AT e J
FLA TS W REAK LL 5 SRR g . 5140, TBM Y
HERMES64 #Z A U 31550565 i 7 14 nm CMOS T2+
AR AR AR FEAt A RS B A B 91 AT FRUE T (e A ) 2
— B IE(EAERLIL 9. 76 TOPS/W , JE/R T 175
—IARAE R FIAEHE R i AT 47 JR Pk 55508 1 (Le Gallo
%%,2023) . IBM A9 NorthPole f J 3 — 1% IMC s F
TERGZ ML THHE S R e n) B G . s
O IE R R AZ O TR BB R AR, S o8 4
T A RGE R T ARG R AT TR, 7R
HEPEAT 55 v SE B0 T B oy Pk RE S AR AR T
(Modha 55,2023) . 5 IEIE T, FeFET [4:51 [H H 44 £
AP B TR R 2 LR A AR TR
FLERTT, ST TR R B B ST 0 R R
T8 (Jerry 55,2017) .

SRR AR - T K S AL o Al A A 51T

®1 L-EREREEIED - EREEMHIXTLE

Table 1 Comparison between von Neumann architecture and non-von Neumann architecture

Xof 4k i - K & 40 A - IR 2 A
THESEMLR RSB TS — AL
By Ak =X N3 HA T (P54 BK 5))) RIS (R FH1T)
RERR M = YIFE RTh#E
2] HiE bk A S LRI 2 , 2544 [ 58 THEELR S ) ST
s CPU.GPU.TPU Loihi . Tianjic .SpiNNaker . Darwin . BiCoSS
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RS EIR S I AT AL, 280 T A8 Ge i3
TR ZR AT, A 2 N T8 BEAE (R T
BT R, X — SRk A R AR T
MFEF S BT ) ARG I AR o AR S
ROk  AF I MBRAMM ARG EE T
el
1.4 BREZHAIZsER™ A

NG It 2 SR AR S S AL A b 8 R G R 25
SAE 515 B AL ML, I 7E B T REF )k B
BRI . ZE ARV Z IO A 5l n] 8
O3 AT 2 R R0 B S AR W RE Y 3
PESREMMBTIATERRGEZ . W YATHESE 5 R
FHUE RS, W 2 9N T2 REAE il 2B 5 e TR
JH | SIS PR SRR BE AU Ak 55 S B ) R B I
T AUHES T LA BV 8, tink T B
T 20728 R B {2 S 7 A v b
W FEEIEL , 2021) o

TEMLAS NS, , 0K sh B SE A5 Jgs , N sh3s
M52 % S 4% (dynamic vision sensor, DVS) il i 5+ 4
JEHT 5 0 S 3R M 0, BT T LA AR R AR
rP Y S R SR BE T (Gallego 25 ,2022) . il 40, 3 T
MBI LA N RS O e Yoz 2h B brif s
L5 3 [ AT 55 v 26 B0 AR 4% 8 6 BT 1 1 e
(Vitale 55,2021) o R Hr HE KM HLAS A Bl #f
IR 200 1 ST A 5 R AL, ST SIS S R
55 s i, 38 SRR T2 35%, B T
i & S5 K TE & A R B R G . eAh,
P AS T EAE BT 45 v () I P 8 A, Gk
R AR AR £ 3 i ok o g L A S e AR BT A
S AL (Chan %, 2007 ) , i ## 28T 25 18 0 0003 2t =
PROK B A% 2% 5 05 AR 4 3R, W BT T it i
BRI H AR TE S L (Osborn 28,2018) o

TE [ B2 B AT, 26T 25 R G AR D #E 5 5
IR ST gt o BN, B4R Loihi o5 Al it
SNN S T 4 40 &) 1B 9 5 1) 2 25 a5, AH He AL 40
GPU J5 K T BEFE (Davies %5 ,2021) . [A]R, #i48
BT EAE D 4 R v & v i T T B, il n
BTt F IR B A W S A Bk S
PRSI B W ( Kudithipudi 45 ,2016) . A1, Tl
P 190 r ) o A A TR X 24485 B i 28 25005 1
M B 5 R, RS b 3 PR AR B AL FT B #E , I I
2 (Schuman 25 ,2022) .

T 4 Tl 5T, Jili J A TSR 4 Wl 4 B AR 3 52
Fe RGP I B350 ). WFFERI L, BTN &
PR R A SN EAEZZE ETTHEET
AL G TR P A A B i W4 A2 € M (Rundo 55
2019) . WeAHh AR AT TR SRAE A2 9t F TR ARG I 5
S U a8 S A R i I B R S IR
T A G B TR ) (Soltoggio 45, 2018) .
T BT A BT, A & 9 N T BB R HE B BT
AE MJERRN A B 1 ] DR SR B B o 36 3 AL G
S — PR SR — I AL AR N BT Rt 22
Rag iGN ] 5 ZR0ERE BRE I Re 7
ARG, WEHTE BT il T M 5 IR O 2 )
STDP HLHIT A& 1 ZE M e 42 1 2R 5, BRI TE R ¥ iz
) 25 L5 L PR e 3, =2 [v) ST Bl AR SR SIS B e
[yl

Fregit R S aEpe it a2 o — w7 1)
AL R GEE AU A Y 2 4 (13T A 71 5 3h
ATTERNE, © I T A 2Bk A ) R SR e, N
1 BT AT B B AL, 5 i 1A 5l ) 22 A8 (Severa 55, 2016) .
AN, P IE 25 TS AE AR 25 A R AR i) IR D #E 7 oK
e b e B IHRR DL 38, 491 T IR U 4 ] J £ K o 22
B A BEAS AR T R ARG, T S B
AhHE

2 EBRMRHERE

T i f & N T e o B AP I T IR S
KIFE R ADLE E K E KBS 5 5 M 2228 28
XENEHESN T, AR T A WL AR G
BEBOT R SIE S0 5 R G0 IR 78 B H R
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Fig. 12 Overall technical framework of brain-inspired artificial intelligence research in China
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