N I

2026 £ £ 71% 5 30 H: 6927 ~ 6944

& (rhIEREE ) Ae Ak

HRBH RS A TR AREEE

BReE RS R R

%@$f1,2,3’ éiﬁ]’zﬁ*, ]7?5:\ él}jil,z,}*

SCIENCE CHINA PRESS
CrossMark

& click for updates

A W N

RS Ik e

1 HIVT R4 JE D A X 5 2 B, WAl PR 5 A0 A [ E S 2, M 310027

2. WL RAAE B S i 7 LRR24BE, HTM 310027
3. BRI R BRRMI e, BTN 310027
* PR A, E-mail: chaoq@intl.zju.edu.cn; hansomchen@zju.edu.cn

2025-11-30 Yk, 2026-02-11 &A1, 2026-02-11 435, 2026-02-12 P4 IR % 3
[E Z # AR R (2022YFA1404704, 2022YFA1405200, 2022YFA1404902, 2022YFA1405201)F1E % A RRF#342(62550050, 62422514,

62471432, U25A20520, 62475228)% Bl

e HEMMESATERAEEERIYRFANR @B X S8R FadEt
ERAFREEXAZF RN EEN B REE, RHEERE, BEH5REETE T UM, BHAE R, XHE
PR AR AR, R DL B AR i RO, BRAF RS S, AR S £ R E AR R BT,
MENEREFHEFNEZRIE, LHARERE, 2 EEEAE. KRN T R*EFARELHNE— TR

[ bk Al

\=4

=}

e A& RE, REGHPATRA AR E IR, AU WBAF—F LR —R TR AR A E L, &
GMBERATAENECRE, FEARRGHBHE, ERaTAEEERLIAFTRERAAERLEZR, #H—F
K EMBE-BE 2. BT ENESRARERFTANLEK, FREMERIN O HAEELF T T, #

FEMHAETHENE R TELRL
Kehtial

HLREIE A AR SR i e i R 515
SRR R, 2R RS R T B T S
WE . HIS S FEORM A RIELR, (HKILIE, X
SRMPRHEN LR W TR 5 (R A5 7 T A A A
LU BR T H e A 1 E R X SRR R
BUEARF AT . SR, PR S R
BAFYIRETE TR i W 2 PR AR, 21t e, AT
E AT B (metamaterials) 5 i#H £ ] (metasurfaces) AU 2 H
oA E AR BRI AR TR R RS AR, K
N EUE N TEH T, AR S X S50
WESH RAGVETE, N4 RE L R AR A B e A B
F MM AR, X AT R s 58
FBBMLI | R T P S A FLA A B A A
Al RE, I G R B LR v B DG B 4 AR

BE AR, KA, E R, REFY, TRHMENE

)

VTR, AT BB SR A JRAdi 425 sl B
ST E . SutEIn, e R, E40k
TSR E KRR 0 B 5 2800, 18R
A VORI, HXELLN X J T B3 A8 T
SRR 2 ) SEAR R R iy HE Mt e ) 58X
PUIRE ), REfS NI =R T A sh4e U Je g7 R
INTERLEE, BT T MR B0 R 51z e
FyE SRR IR B 7 Tk RE AR S8 [l K 3L
THEXE LISy IR, RGBT SR EA TR
WG 1. 7E“Al for Science” SIS T, N T2 RELEBH
AR N H(BPAT for metamaterials) 2 Bl — 1~ PR
BTN 5 e, R s LI | 0 A e
505 B/ 5 WA . FE RS S 9 SN AR 2 AT

CSB-2025-5852

SRS RpEET, Boll, PR, FaBEA R S AR BRI VERE. Bl2AER, 2026, 71: 6927-6944
Wu N, Qian C, Chen H. Frontiers of intelligent metamaterials and metamaterials intelligence (in Chinese). Chin Sci Bull, 2026, 71: 6927-6944, doi: 10.1360/

© 2026 (PIEFRFE) Akt

www.scichina.com  csb.scichina.com


http://crossmark.crossref.org/dialog/?doi=10.1360/CSB-2025-5852&domain=pdf&date_stamp=2026-9-30
emailto:chaoq@intl.zju.edu.cn
emailto:hansomchen@zju.edu.cn
https://doi.org/10.1360/CSB-2025-5852
www.scichina.com
csb.scichina.com
https://doi.org/10.1360/CSB-2025-5852
https://doi.org/10.1360/CSB-2025-5852

A Z B B O206E108 £71% £308

T IR TR BE R RS Bl (intelligent metamaterials)
PIRFRAR R, =LA T ReAE MR Yk S5k
TH, 385K 3 g SR R R S H
IE R, R RGN M D BE S BB AL TR
HRBRAE.

Bifi 5 o FH S seonTm N R B L S N B ) 5 R Gk
B RN B w5, AR SR TR BT X R A
BT B L a s il A E B M 2R 57 R . &
ZREE S —BE TR RBRYE. B RN, FRE T
IR — AR T 2 8 T 2= 5 B AL AR 1 B
A B R GEARRIG ITREYE, HESh T —Fh iy
P B AR B, bR % R X 5T e kB A R
1) 75— oE e “SHP B BE(metamaterial  intelli-
gence)(INFRISMRE A K. 207 I ASFREE A BRI A
TRRERZ X, M2 AT 4 . JE4
PR 52 AR, (B S A B o T
FHA ST 5 P HR 48R (metamaterials for AT,
LSS R AR TR, AR, BfE AHAE A
RN (5 652y b S NI TR AT i [DNE A= b T TS
ISR, 9838 R SR A REAS B AT DABEHL 28 I 2% 1)
AR E—— R RETRL . BB BOEREUY
F R MU UG 52 U AR FRE2520 530k
REAMBAES BT HURG, T DL R 15 B EUA,
HAA IR . RRFEAR . mRipRAEpLss. S8 HEiM?
S THRZR G B, CAEERY, EMEC A FUGE T
T AR DI RE, M GTE— e RE S 5EE

_ -Artificial intelligence

B MRS A TR R M AR AR

Figure 1 The interaction between metamaterials and artificial intelligence

6928

WS SUN SRS B 22| 270 2 < ANIB VK- 9 B SIRST =B A
AR FRAE T AL T B ST AR
MW RGNS, “ERe@sreb 5 <dpet
R IFIEPI AL B R AR 2R, EN PR, A0
RFENT R R, AMCIEMRL, P8 o g i SE
=R, L AR T “Al for metamaterials” 5 “me-
tamaterials for AD7EH /2K _LalA H—Fh3E R
WS R IREMRE N RGIEE. RERBER
G AR R BE R R 5 Sl A R Be A S
JE, FSe Y BIERE— RGP RZ R R R )ZE
—JRBRRIFIEIR, e RIS L A, 5
ARG R A, AR e A LS 2B A
BHAEE AR K S0HEIE. AR EASAEA ]2 T 8
BB R GRS gt — B R DR RE RS T
SRR GUAE R AR T . R SRR ), R
PETHE BB R R . BRSNS —E D
[F & Je, {di MRS FEAUR BB Y R RE TR A T, T
A RIS TR R AT 55 Y N R A G N 5 ] A
TR REAL R G HATT. X — AR S B T B
RS A B R IT 0 N TR RS T 48 —HEZR,
[t Ry HASR i AR W T R RE 1),

1 bR

W& TN i T 2 A D el P TP R ST 5
K JgE, HAPRHE ER S B — D REAR F8 A0 O H.
#EASTEMRE R RER G B RER YL, X — MY

' Metamaterials “




ISk

PRBUAEVEREARTHZ T, o WAE 25 IR A A8 fE B il
AR AT R A R R LB A = RT
TFEA, RSB BIRE E S e AT
PREHY) TEMMBR TGS TR THEERR, X
— AR G RA A, RV L2
B AR (5 B8 T B HoT B, 10 LR 9K
By B DI SR O A AU ) R SR REAL Y B
B BB AR BT AL R T T st — 4 A A
YR LTI 7 PO T I 2 Ay, T S 20 e 1) Ky e L 458
SHEMGEERERET 6. A R BIErTFE fE
AR LI B FH A <8 A — R SR — AT — S 15 P B
B RO2T28, RS T AR PR B 5 AR A L,
PRARGRIE T2 > B0k A O P SRS, I TR 5
W Ry L 2 B0 A R, TR SRR X R 4
B D HEA T SIS R 58 P PR SR, I, DRSS R AL
S7/B1 B2 N RE NI RS S 1 S g WY T VAV
FRHORR R, A FIZER =200, RERBERE
PRI A R4S, B R T B P A S
YERL, FF AR gk et Bl e 58 E Bie 57 ik
Bl

1.1 BUERh: wEk

BB SE B e T A B 1 B A
ATHMRES). fR G AR I b 1 E LT ZE AR AR, X
RELE TR T SRR 2 R B TP TIBE,  SRZ XS FR
BRI R D SREE — BRI, AT i AR
KU IO, IFah e MR FB, Wy
BRI R N B Yy PR, OO RE R SR AT RY
AE ) S RAS AT 2E .

MARGZE, ATERICARE Tkl
PR HL R IR D RE L RR, B ST AT POk |
2] SOAHPIRZS 23 ). of T 18T 1) 4 RE I 428 A R A e
RGN, FRICEH AT B RS AT A | o R
T TE S T EENE, M T RGBT N
PBIAER. 5 2, X — 2 AT N R 25 ASk R
KRG RGH A @R TR AT R L, R
PR R S D BE A0 1) H 25 3h 25 L BE 1 R GE AR
fe. HATERATEEILE ER A S O
DA B KU A5 2R 20320 o A4y 2 DR i i
PR AR B TS e RO Rk A
I, BB SRR RERE R R R IR A, diL
RS ITT FORAE S8 s Bk ot i AR )

B PIN A EERUTOC, i 1859 i B i s i Jay
WAERL L A R, DA SN sz S5 182 R i ) A
A7 WEE T 2 0 IR 25 A0 1 0 Bl 8 1T g e a4 124,
T A B AT B TR, 16 At
a0 N ST T VA T o T I s B T e 9
5 BiE N R 5 R G RS

EE B, MOBANEREE: 5 A Ch AT B A B
BOHRHE TR A . ARERDRN i AR ALV O,)
SRS 2 (GST))TELLAMNS Kbk 2% ik Br R i 2
HIA HLE BT, ATAEAN IR A a) S R %o LU
IR HHAES, St i s g i Ui, SRR FEE T
TR B AR B T AR RE - 10030 eAh,
T s AR A X A i e 37 15 R ORI T S R
BT N TR WO E IR ANE B sh S, EE
SCE L ] E BAR D S R AR DTS A2 T, LA
Z 4t (micro-electromechanical system, MEMS)if# i3 HLHH,
B sk A5 AT AR S RS L A FA T EE A, AR (R
FE . R B DL R e R AR R T AR 371 i LA
FEOUFA,  HHonw iy 3 3255 R AT R AT 52 ML AR
2181,

T dg R, BE R Re R A RHIT I B — D) E
BRI AL ) 52 2 5, ROT)2 AR T
BT BAR IEAE A A 5624 ARk, SR8 HHiRsE I
wET A S AR E B A, E g AR
REIE BRI 5 REHNTURIT, BRI AN FRITRE A
Ml 7 AR, DN AR ARl i 1 2% . IRBE RS AR &
ROV B ELSEAAER, MOORSEENRS & v SR i L RE DI RE. 31X
—aRAEH, W EMPRITE T A R 7R RS iR S
TR FEL R M 7 ) AP A Ry e AR S A e 107 ) E B
SER AR BRI, IR A (e ER e T OGN FiE
HBRG S PATIT B AR /M, ik 1R
VA R A = 4 e S B A SERE I BT, A 2
WL S R R TR T 2 n 3 i

1.2 SEENREN: Bs-P P ghiin ik

TER LRI B b AN R A IR, AE A4
BHEEEOESCRRE”, WKL R -5 30T S8
ARLRGTREE BRI SR, BEFE TR SRR R,
R AMELR T, SBUEG AT S BB
DAL BTk TR A i . WS e . 224 B
Ui AR RS 5 T, B RERAT R AL RE
2 ) L T DA TR K A M B A 254 72 A

6929



M3 h I 202645108 H71% £30MH

At ZE A 25 ) P G R AT O S B B S A
SRR X — AR, RIFSEE PR T = B P AT 57
ML TR RE AR E Y LR R FIR SR, AR
AN FHAR HE DR SR AL FO S AR AL

SF—2 & E W) T (forward  prediction), BJZ5 4%
WSS AR, PedtfEaf it Al rgm R, 550
J5 ARG ff AT AR TR (UM e I B8 ) 1% 4 I B 4 B
(W finite-difference time-domain, finite element method),
HTE S 2R = e S5 B S8 A 3 5 RS ik s U7
R M T (inverse design), VA H F5 R 7
R RHERARES S Tl e — X 2
RN LW AEME—E, GRS A R
s AR AR AT AT 4R o8 =202 6 SC Bk (spectral
correlation), FTEIZHIEAFIMEL . AN RN S (UiE
)2 R N AEBRER, A B A B R (I 5 5
WAL X S AT M LS4, LR R A R
MFESIIRE S Sh SR RE R G AE. WE2FR, £
Tl 22 ) 268 Ay D B T R R S BT 55,
BT B SRUER B IE R, fE5IANT
BREENG, W BN R U T R R )
LRSS R fifE, T 2 TR A kg — T ) H AR5 2R Tk
FERIAR. LD PR A SR, 25 G i K
SR, SEE AR TE = 4E S s (] vh PRk
SENLAIATHR, bR fE—E R EAUEVERE . B S
AISERPE. A BE- M AR S R o, iR
AR GEAE TN 2 2% H AR B4 T 2RISR RS
AEJ1, NHIRSESEI A S EMEALZEE T
P AEA, BT 7R e R GRS BRI IR T —
HATHIRE].

2 JR IR N B R | s M 2k 4k, 18
AR LS5 1 2805 ea i 1y 2 TR A R L v G &R,
S E MR T 1 T 5 3 1) B R (L 2(a)) . B
ol 25 10 245 DU A% A A00CH 1 8 2 T PR T HE AT v A s TB) A
FePE(EI 2001, 3 F T Pl 5 2 A i 4 B S 1 2,
N7 1637 F A S A B R X0 R b Il
HNIIESS, PRI 2 N AR R Jre B R L3, 7E
SASPRBIE I 5 Iy s RS2 5 5rh s 20
(E12(c))H5).

TEARAD i, 0 B R Bk vt e B
PREEEIT S5 Z—. S o IR s TR A e — PR R 1) TR
ME, BIFTEE R Z R et Ay, filhn, ARIRpZ 4%
Aol R T ) SR 09 4% 55 308 1) A B IR N 2, i

6930

T A AT AR Y, K B A 7 5 0000 oy 1 53R4T L
XF, AT 25 R A T AP 2(d) Y At
PRSI (UNAR 53 B Sl 5 42 BT I 26 BE A% AR B
FCAIRLERE 23 8], Bl X KHRA 5 FL S A O, 4R
RIBTER AT, Tk —2, A BRI 455 1A
FAl AR, 8 S R AT A W BRI A e
Hefift, R E . A A R (& 2(e))

X H 25 Z RN s, B e p e 75 5
FHPEE R B TS RIEE ). R iRt T
BAR A AR e — A0 B i A A TR I R AR
EREGHESH, AT RIERERE A, FIHZ5
S TR T A SR 2(6)571, teah, sifkar >
W < — 2 Dl — SR s SF A AL 5 1A R TR
i RGREMSTEAR AT T A R R R RN, %
JEC N T Y R AENGEAE . B REfE A A A]
FF BB RS (FE12(g)) O, HE— AL, MR 5
Pl BTG, iR 298 o 7 —Imsn. %
G B o AL PR E T 9% A B, HH A SRR
BURMWE. AL, JiaSE ASEH TR AR R 25 (knowl-
edge-inherited learning){E4E%). % )7 R FH MG 2
WG TS/ N B A T 37 U 2RI LA R R
e, BifiJe 38 SR S I A MNP R
SERGAR. X — A ORIEFEARIIZRIA, 1834
REH AL SRR, 6 A TRASEMT R,
K EL 2 R RBEER RE R ) LRSI T ] 17
PRAE.

RAEIA ST CJRIR T URBE 2 > FE L 1] 1
THS G AR RRE T, (H Ty 1 ik AR i AR
PrRiE g 5 B LI Zad i, 5 SEPR LR e o B AR
PR TAEIRES | ERF AR BRARM: Sl 35 w22 2 AT AE A
EEIGYA. P, AR AR R R T M EHE 9K 5
P S B S 5 ) LA R R . Rp ik S50
FRE IR RENLE], LIS S ESL Y R 5
] i sh 25— FehEee) i i B K ramers—Kronig R 5 ¢
FRGFAY IR i AN 2%, BIRIGERS H 2k it [
1z R S B i e A 7 S B S O B o
DR 28 A= BUAT G B — B R A5, DT 2k 25 < BEA i
[T, PESASRESHTE S, 2R E B M4 ia
FISS G P, SR AP P RREH R LA
XA ERINAE S, RGeS = GE H TS
s mR. &5, REReEm eSS R
IRBE b R B bR B, A 1) SEBR R AT I — A4~



i

(a) Multilayer perceptron (b) Convolutional neural network (C) Recurrent neural network
input
NNs
—_—

Inverse design

-l

Input information
Spectra & materials
Inverse network

{ﬁ@%@mgé@ﬁiﬂmﬂmﬁmm s

/ Jysas

-

Output information
Nanostructure’s geometry

=

Tandem neural network

(d) (e)

emi-known input

A

Forward network

;W ﬂ,*"ﬂﬂ@ ' “

Pattern W W W Sigmoid
Near-field | N |
Far-field m g Softmax

>|regressor| &g

S S3
Sz S
=P | Generator P s S € ) | Predictor
6
@ :
2.0

V.

L AR 4
FC 83216 O

Generation-elimination network

2
e T

: o &
Optimal
Pn1 Pn2 Pn3 é 2

CVAE FPN

s
"H’gm

Hidden layers

¥

&
o,
1 Gaussian

distribution

Conv layer BN Relu
Transfer learning

(f) Image Phase prediction of

Reinforcement learning

Metasurface-generation module

classification Meta-atoms %

Feature Extraction
S e

State
Analogy =
o
o $
[npn: layer <:_ E‘Q
)
Convolution =+ Pool
. ," 2
Fully Cun‘a{& Layer g [S‘, Av Sm]
S -
Classifier @ [
Inception V3 360° g
R 4 2,
Y 4 205,
< N IRl
Source domain " Target domain State

Reinforcement learning network training

Critic

Actor evaluate Critic evaluate

B 2 ATERETE A EHE T BT AN IHESL. ZIE RERIR T 2R 2 R A TE AL S U P IO (. (a) Z2J2EANUT T i
PO (b) ABBWNZE M SIS A U, (o) AP RN ZE R4 b FEA AL BRI R, (d) S IOK 190 4 AL P Bt [ 18 A
(&) A BUT IR ML AR DR AR, () 3RS 2] SCHUBAE 55 HUERELT, (o) B by > SR 1 A IR i A A )

Figure 2 Typical application framework of artificial intelligence in smart metamaterials. This graph demonstrates the roles of various neural network

architectures in electromagnetic modeling and design. (a) Multi-layer perceptrons for reverse design methods*'; (b) convolutional neural networks

implement image-based input-output mapping!“?; (c) recurrent neural network processing of time series responsest’; (d) series network constructing
closed-loop reverse design process®”; (e) generate elimination networks to solve multi-solution problems?®®; (f) transfer learning for cross-task
knowledge transfer’®”; (g) reinforcement learning-driven closed-loop control architecture!®®!
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Figure 7 Applications of metamaterial intelligence. (a) Generation of light field illusions for dynamic neural metamaterials’®®; (b) optical logic

operations based on diffraction neural networks!''?; (c) prior diffraction network for omnidirectional recognition and distortion correction of 3D

targets''?); (d) real-time image and posture recognition using multi-layer nonlinear diffraction neural networks!''*

ARSI R, BUNOHIE WZEZARLIEESE  Biot, SRUMKBIR AR, Ry B Bl
JEATRERTRCR, (ERGEBIERATI. HATHE ] A2 Hk, RStk TR mkaesn

6939



A Z B B O206E108 £71% £308

iR ERR g, ATCIE R, B B AT
Kramers—Kronig 2 o R R SFIHAE M AR, LIFETHES 3
GHWE, BT RS W AT i RAE SR, A ST LA
WA SHEAT 2 BB B, A Re S5 se
S < BUEE TH e, AR )2 T AR 200 01 B8 A B
SE, R B N m | (RERE . AR M T I
AL, B W SRR 5 S g . BORAR, AR
LMECT G B BRFE T, RIBE F b5 [ 51 ] 52
Tl T ER L DB SRR A, OGRS, T2k
RGAME AT R B, Bz 54, 5
AR R EEEE O, BRI TR ek TR LR
SRS

R RS . HHARTS M EwL TAECUE
B, MR TCANE T T SR R H SN, (HaX

553K

“HHLE R BRI, R, sl B
RE" RS, WL IR MRS RERR S A K
PIEAT AR B /IMEA BT v L A B Rl AR e e
ICIZRE N BT ML SRR B A5 Bl R
AGIREG 2. NEZEWIMAE, B ek S
FOEHE RE A Rl& IEAE =S — Bl 208 B AR REIAIE
SR AEX—h, PR AR A
FRSEE, TR R AL S PSR A AR, HOE R A TR
WHER TR, BOFTFATE TR S A2 2 )y B 22
257, MIAE TS WRLE R RED REAA /0T h My B S B, Wit
s T R G ESE . AR AR AR B T A
TAREMRTTRE S, MURTE BRSO 55 e
AT R G R ARERE, Nz
PAARREE AR S5 3 87 13 i) ] S35 ) TR 2R

N O R W N =

Trans Wireless Commun, 2019, 18: 41574170

Shelby R A, Smith D R, Schultz S. Experimental verification of a negative index of refraction. Science, 2001, 292: 77-79

Pendry J B. Negative refraction makes a perfect lens. Phys Rev Lett, 2000, 85: 3966-3969

Pendry J B, Schurig D, Smith D R. Controlling electromagnetic fields. Science, 2006, 312: 1780-1782

Schurig D, Mock J J, Justice B J, et al. Metamaterial electromagnetic cloak at microwave frequencies. Science, 2006, 314: 977-980

Silva A, Monticone F, Castaldi G, et al. Performing mathematical operations with metamaterials. Science, 2014, 343: 160—163

Qian C, Lin X, Yang Y, et al. Multifrequency superscattering from subwavelength hyperbolic structures. ACS Photonics, 2018, 5: 1506-1511

Huang C, Zappone A, Alexandropoulos G C, et al. Reconfigurable intelligent surfaces for energy efficiency in wireless communication. IEEE

8 Rasmus E. J, Samel A. All-dielectric cylindrical metasurfaces for enhanced directional scattering. Prog Electromagn Res, 2025, 183: 1-8

9 Qian C, Yang Y, Hua Y, et al. Breaking the fundamental scattering limit with gain metasurfaces. Nat Commun, 2022, 13: 4383
10 LeCun Y, Bengio Y, Hinton G. Deep learning. Nature, 2015, 521: 436-444
11 Qian C, Tian L, Chen H. Progress on intelligent metasurfaces for signal relay, transmitter, and processor. Light Sci Appl, 2025, 14: 93

12 Li W, Ma Q, Liu C, et al. Intelligent metasurface system for automatic tracking of moving targets and wireless communications based on

computer vision. Nat Commun, 2023, 14: 989

13 Li L, Zhao H, Liu C, et al. Intelligent metasurfaces: control, communication and computing. eLight, 2022, 2: 7
14 Qian C, Chen H. A perspective on the next generation of invisibility cloaks—Intelligent cloaks. Appl Phys Lett, 2021, 118: 180501

15 Ozdogan O, Bjornson E, Larsson E G. Intelligent reflecting surfaces: physics, propagation, and pathloss modeling. IEEE Wireless Commun Lett,

2019, 9: 581-585

16 Zhang X G, Sun Y L, Yu Q, et al. Smart Doppler cloak operating in broad band and full polarizations. Adv Mater, 2021, 33: 2007966
17 Hegde R S. Deep learning: a new tool for photonic nanostructure design. Nanoscale Adv, 2020, 2: 1007-1023

18 So S, Badloe T, Noh J, et al. Deep learning enabled inverse design in nanophotonics. Nanophotonics, 2020, 9: 1041-1057

19 Huan-Chu H, Jie W, Shuang C, et al. Antenna-on-Display (AoD) for wireless mobile devices: retrospect and prospect. Prog Electromagn Res,

2025, 183: 91-106

20 Qian C, Kaminer I, Chen H. A guidance to intelligent metamaterials and metamaterials intelligence. Nat Commun, 2025, 16: 1154

21  Waldrop M M. The chips are down for Moore’s law. Nature, 2016, 530: 144-147

22 Wu B, Zhang W, Zhou H, et al. Chip-to-chip optical multimode communication with universal mode processors. PhotoniX, 2023, 4: 37
23 Caulfield H J, Dolev S. Why future supercomputing requires optics. Nat Photon, 2010, 4: 261-263

24  Zhou H, Dong J, Cheng J, et al. Photonic matrix multiplication lights up photonic accelerator and beyond. Light Sci Appl, 2022, 11: 30

25 LiuJ, Wu Q, Sui X, et al. Research progress in optical neural networks: theory, applications and developments. PhotoniX, 2021, 2: 5
26 Fu T, Zhang J, Sun R, et al. Optical neural networks: progress and challenges. Light Sci Appl, 2024, 13: 263

6940


https://doi.org/10.1126/science.1058847
https://doi.org/10.1103/PhysRevLett.85.3966
https://doi.org/10.1126/science.1125907
https://doi.org/10.1126/science.1133628
https://doi.org/10.1126/science.1242818
https://doi.org/10.1021/acsphotonics.7b01534
https://doi.org/10.1109/TWC.2019.2922609
https://doi.org/10.1109/TWC.2019.2922609
https://doi.org/10.1038/s41467-022-32067-9
https://doi.org/10.1038/nature14539
https://doi.org/10.1038/s41377-024-01729-2
https://doi.org/10.1038/s41467-023-36645-3
https://doi.org/10.1186/s43593-022-00013-3
https://doi.org/10.1063/5.0049748
https://doi.org/10.1109/LWC.2019.2960779
https://doi.org/10.1002/adma.202007966
https://doi.org/10.1039/C9NA00656G
https://doi.org/10.1515/nanoph-2019-0474
https://doi.org/10.1038/s41467-025-56122-3
https://doi.org/10.1038/530144a
https://doi.org/10.1186/s43074-023-00114-3
https://doi.org/10.1038/nphoton.2010.94
https://doi.org/10.1038/s41377-022-00717-8
https://doi.org/10.1186/s43074-021-00026-0
https://doi.org/10.1038/s41377-024-01590-3

ISk

27

28
29

30

31
32
33
34
35
36

37

38
39

40

41

4

43

44

45

46
47

48

49
50
51
52

53

54
55
56
57

58

59

60
61

Sun A, Xing S, Deng X, et al. Edge-guided inverse design of digital metamaterial-based mode multiplexers for high-capacity multi-dimensional
optical interconnect. Nat Commun, 2025, 16: 2372

Saifullah Y, Wu N, Wang H, et al. Deep learning in metasurfaces: from automated design to adaptive metadevices. Adv Photon, 2025, 7: 034005
Zhu X, Qian C, Li E, et al. Negative conductivity induced reconfigurable gain metasurfaces and their nonlinearity. Phys Rev Lett, 2024, 133:
113801

Yao Y, Shankar R, Kats M A, et al. Electrically tunable metasurface perfect absorbers for ultrathin mid-infrared optical modulators. Nano Lett,
2014, 14: 65266532

Xu Q, Su X, Zhang X, et al. Mechanically reprogrammable Pancharatnam-Berry metasurface for microwaves. Adv Photon, 2022, 4: 016002
Saifullah Y, Wang H, Qian C, et al. Metamaterials for water waves: theory, design, and applications. Adv Funct Mater, 2026, 36: ¢21623

Lu H, Zhao J, Zheng B, et al. Eye accommodation-inspired neuro-metasurface focusing. Nat Commun, 2023, 14: 3301

Wen E, Yang X, Sievenpiper D F. Real-data-driven real-time reconfigurable microwave reflective surface. Nat Commun, 2023, 14: 7736

Guo T, Zhang Z, Lin Z, et al. Durable and programmable ultrafast nanophotonic matrix of spectral pixels. Nat Nanotechnol, 2024, 19: 1635-1643
Hosseini P, Wright C D, Bhaskaran H. An optoelectronic framework enabled by low-dimensional phase-change films. Nature, 2014, 511: 206—
211

Wu XY, Feng HY, Wan F, et al. An ultrathin, fast-response, large-scale liquid-crystal-facilitated multi-functional reconfigurable metasurface for
comprehensive wavefront modulation. Adv Mater, 2024, 36: 2402170

Arbabi E, Arbabi A, Kamali S M, et al. MEMS-tunable dielectric metasurface lens. Nat Commun, 2018, 9: 812

Jia Y, Fan Z, Qian C, et al. Dynamic inverse design of broadband metasurfaces with synthetical neural networks. Laser Photonics Rev, 2024, 18:
2400063

Chen J, Qian C, Zhang J, et al. Correlating metasurface spectra with a generation-elimination framework. Nat Commun, 2023, 14: 4872
Malkiel I, Mrejen M, Nagler A, et al. Plasmonic nanostructure design and characterization via Deep Learning. Light Sci Appl, 2018, 7: 60
Zhao J, Zhang H, Chong M Z, et al. Deep-learning-assisted simultaneous target sensing and super-resolution imaging. ACS Appl Mater
Interfaces, 2023, 15: 47669-47681

Cheng J, Li R, Wang Y, et al. Inverse design of generic metasurfaces for multifunctional wavefront shaping based on deep neural networks. Optics
Laser Tech, 2023, 159: 109038

An S, Zheng B, Shalaginov M Y, et al. Deep convolutional neural networks to predict mutual coupling effects in metasurfaces. Adv Opt Mater,
2022, 10: 2102113

Sajedian I, Kim J, Rho J. Finding the optical properties of plasmonic structures by image processing using a combination of convolutional neural
networks and recurrent neural networks. Microsyst Nanoeng, 2019, 5: 27

Li Q, Zhang D, Yan K. A solar irradiance forecasting framework based on the CEE-WGAN-LSTM model. Sensors, 2023, 23: 2799

Deng W, Xu Z, Wang J, et al. Long short-term memory neural network for directly inverse design of nanofin metasurface. Opt Lett, 2022, 47:
3239-3242

Yan R, Wang T, Jiang X, et al. Efficient inverse design and spectrum prediction for nanophotonic devices based on deep recurrent neural
networks. Nanotechnology, 2021, 32: 335201

Hughes T W, Williamson I A D, Minkov M, et al. Wave physics as an analog recurrent neural network. Sci Adv, 2019, 5: eaay6946

Wu N, Jia Y, Qian C, et al. Pushing the limits of metasurface cloak using global inverse design. Adv Opt Mater, 2023, 11: 2202130

Zhen Z, Qian C, Jia Y, et al. Realizing transmitted metasurface cloak by a tandem neural network. Photon Res, 2021, 9: B229

Ma W, Cheng F, Xu Y, et al. Probabilistic representation and inverse design of metamaterials based on a deep generative model with semi-
supervised learning strategy. Adv Mater, 2019, 31: 1901111

Bond-Taylor S, Leach A, Long Y, et al. Deep generative modelling: a comparative review of VAEs, GANs, normalizing flows, energy-based and
autoregressive models. IEEE Trans Pattern Anal Mach Intell, 2022, 44: 7327-7347

Liu Z, Zhu D, Rodrigues S P, et al. Generative model for the inverse design of metasurfaces. Nano Lett, 2018, 18: 6570-6576

Xiao C, Wu N, Hong Z, et al. Intelligent adaptive broadband metasurface with multilayer generative network. Adved Theor Sims, 2025, 8: €01063
Lin P, Qian C, Zhang J, et al. Enabling intelligent metasurfaces for semi-known input. PIER, 2023, 178: 83-91

Zhu R, Qiu T, Wang J, et al. Phase-to-pattern inverse design paradigm for fast realization of functional metasurfaces via transfer learning. Nat
Commun, 2021, 12: 2974

Wu N, Qian C, Wang Z, et al. Accelerating cross-scenario metasurface adaptability with plug-and-play kernel. Adv Funct Mater, 2025, 35:
2502678

Zhang J, Qian C, Fan Z, et al. Heterogeneous transfer-learning-enabled diverse metasurface design. Adv Opt Mater, 2022, 10: 2200748

Fan Z, Qian C, Jia Y, et al. Transfer-learning-assisted inverse metasurface design for 30% data savings. Phys Rev Appl, 2022, 18: 024022

Huang C, Jia Y, Li M, et al. Attention-guided transfer learning for robust cross-frequency metasurfaces design. Laser Photonics Rev, 2026, 20:

6941


https://doi.org/10.1038/s41467-025-57689-7
https://doi.org/10.1117/1.AP.7.3.034005
https://doi.org/10.1103/PhysRevLett.133.113801
https://doi.org/10.1021/nl503104n
https://doi.org/10.1117/1.AP.4.1.016002
https://doi.org/10.1002/adfm.202521623
https://doi.org/10.1038/s41467-023-39070-8
https://doi.org/10.1038/s41467-023-43473-y
https://doi.org/10.1038/s41565-024-01756-5
https://doi.org/10.1038/nature13487
https://doi.org/10.1002/adma.202402170
https://doi.org/10.1038/s41467-018-03155-6
https://doi.org/10.1002/lpor.202400063
https://doi.org/10.1038/s41467-023-40619-w
https://doi.org/10.1038/s41377-018-0060-7
https://doi.org/10.1021/acsami.3c07812
https://doi.org/10.1021/acsami.3c07812
https://doi.org/10.1016/j.optlastec.2022.109038
https://doi.org/10.1016/j.optlastec.2022.109038
https://doi.org/10.1002/adom.202102113
https://doi.org/10.1038/s41378-019-0069-y
https://doi.org/10.3390/s23052799
https://doi.org/10.1364/OL.458453
https://doi.org/10.1088/1361-6528/abff8d
https://doi.org/10.1126/sciadv.aay6946
https://doi.org/10.1002/adom.202202130
https://doi.org/10.1364/PRJ.418445
https://doi.org/10.1002/adma.201901111
https://doi.org/10.1109/TPAMI.2021.3116668
https://doi.org/10.1021/acs.nanolett.8b03171
https://doi.org/10.1002/adts.202501063
https://doi.org/10.2528/PIER23090201
https://doi.org/10.1038/s41467-021-23087-y
https://doi.org/10.1038/s41467-021-23087-y
https://doi.org/10.1002/adfm.202502678
https://doi.org/10.1002/adom.202200748
https://doi.org/10.1103/PhysRevApplied.18.024022
https://doi.org/10.1002/lpor.202502298

M3 h I 202645108 H71% £30MH

62
63

64
65
66
67

68
69

70

71

72
73
74

75
76

77
78
79

80

81
82

83

84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

6942

¢02298

Lu H, Zhu R, Wang C, et al. Soft actor—critic-driven adaptive focusing under obstacles. Materials, 2023, 16: 1366

Badloe T, Kim I, Rho J. Biomimetic ultra-broadband perfect absorbers optimised with reinforcement learning. Phys Chem Chem Phys, 2020, 22:
2337-2342

Wang Z, Chen M, Qian C, et al. Reconfigurable matrix multiplier with on-site reinforcement learning. Opt Lett, 2022, 47: 5897

Jia Y, Qian C, Fan Z, et al. A knowledge-inherited learning for intelligent metasurface design and assembly. Light Sci Appl, 2023, 12: 82
You G, Qian C, Tan S, et al. Driving deep-learning-based metasurface design with Kramers-Kronig relations. Phys Rev Appl, 2024, 22: L041002
Sol J, Prod’homme H, Le Magoarou L, et al. Experimentally realized physical-model-based frugal wave control in metasurface-programmable
complex media. Nat Commun, 2024, 15: 2841

Zhang J, Qian C, You G, et al. Harnessing the missing spectral correlation for metasurface inverse design. Adv Sci, 2024, 11: 2308807
LiS,Li S, LiuJ, et al. A compact tunable microstrip bandpass filter with tuning range and bandwidth enhanacement. PIER Lett, 2023, 111: 103—
110

Zhang J, Qian C, Chen J, et al. Uncertainty qualification for metasurface design with amendatory Bayesian network. Laser Photonics Rev, 2023,
17: 2200807

Qian C, Zheng B, Shen Y, et al. Deep-learning-enabled self-adaptive microwave cloak without human intervention. Nat Photonics, 2020, 14: 383—
390

Qian C, Jia Y, Wang Z, et al. Autonomous aeroamphibious invisibility cloak with stochastic-evolution learning. Adv Photon, 2024, 6: 016001
Jia Y, Qian C, Fan Z, et al. In situ customized illusion enabled by global metasurface reconstruction. Adv Funct Mater, 2022, 32: 2109331
Wang Z, Qian C, Lin P, et al. 3D intelligent cloaked vehicle equipped with thousand-level reconfigurable full-polarization metasurfaces. Adv
Mater, 2024, 36: 2400797

Wu B, Qian C, Wang Z, et al. MetaSeeker: sketching an open invisible space with self-play reinforcement learning. Light Sci Appl, 2025, 14: 211
Shi 'Y, Cao X, Li S, et al. Invisible cloak design and application of metasurfaces on microwave absorption and RCS reduction. In: Li L, Shi Y, Cui
T J, eds. Electromagnetic Metamaterials and Metasurfaces: From Theory to Applications. Singapore: Springer Nature, 2024. 287-350

Cai T, Zheng B, Lou J, et al. Experimental realization of a superdispersion-enabled ultrabroadband terahertz cloak. Adv Mater, 2022, 34: 2205053
Hua Y, Qian C, Chen H, et al. Experimental topology-optimized cloak for water waves. Mater Today Phys, 2022, 27: 100754

Trichopoulos G C, Theofanopoulos P, Kashyap B, et al. Design and evaluation of reconfigurable intelligent surfaces in real-world environment.
IEEE Open J Commun Soc, 2022, 3: 462-474

Zhang L, Chen M Z, Tang W, et al. A wireless communication scheme based on space- and frequency-division multiplexing using digital
metasurfaces. Nat Electron, 2021, 4: 218-227

Hu Q, Zhao J, Chen K, et al. An intelligent programmable omni-metasurface. Laser Photonics Rev, 2022, 16: 2100718

Mu Y, Han J, Xue H, et al. Electromagnetic all-in-one radiation-scattering reconfigurable intelligent metasurface. Natl Sci Rev, 2025, 12:
nwaf470

Wu O, Qian C, Fan Z, et al. General characterization of intelligent metasurfaces with graph coupling network. Laser Photonics Rev, 2025, 19:
2400979

Fan Z, Qian C, Jia Y, et al. Homeostatic neuro-metasurfaces for dynamic wireless channel management. Sci Adv, 2022, 8: eabn7905

Khoram E, Chen A, Liu D, et al. Nanophotonic media for artificial neural inference. Photon Res, 2019, 7: 823-827

Qian C, Wang Z, Qian H, et al. Dynamic recognition and mirage using neuro-metamaterials. Nat Commun, 2022, 13: 2694

Cederquist J, Lee S H. Coherent optical feedback for the analog solution of partial differential equations. J Opt Soc Am, 1980, 70: 944-953
Lin X, Rivenson Y, Yardimci N T, et al. All-optical machine learning using diffractive deep neural networks. Science, 2018, 361: 1004-1008
Weng J, Ding Y, Hu C, et al. Meta-neural-network for real-time and passive deep-learning-based object recognition. Nat Commun, 2020, 11: 6309
Reck M, Zeilinger A, Bernstein H J, et al. Experimental realization of any discrete unitary operator. Phys Rev Lett, 1994, 73: 58-61

Veli M, Mengu D, Yardimci N T, et al. Terahertz pulse shaping using diffractive surfaces. Nat Commun, 2021, 12: 37

Luo Y, Zhao Y, Li J, et al. Computational imaging without a computer: seeing through random diffusers at the speed of light. eLight, 2022, 2: 4
Wattig M, Bhaskaran H, Taubner T. Phase-change materials for non-volatile photonic applications. Nat Photon, 2017, 11: 465-476

Cui T J, Qi M Q, Wan X, et al. Coding metamaterials, digital metamaterials and programmable metamaterials. Light Sci Appl, 2014, 3: €218
Li G, Zhang S, Zentgraf T. Nonlinear photonic metasurfaces. Nat Rev Mater, 2017, 2: 17010

Zuo Y, Li B, Zhao Y, et al. All-optical neural network with nonlinear activation functions. Optica, 2019, 6: 1132-1137

Wang T, Sohoni M M, Wright L G, et al. Image sensing with multilayer nonlinear optical neural networks. Nat Photon, 2023, 17: 408-415
Vermeulen N. Perspectives on nonlinear optics of graphene: opportunities and challenges. APL Photonics, 2022, 7: 020901

Goi E, Chen X, Zhang Q, et al. Nanoprinted high-neuron-density optical linear perceptrons performing near-infrared inference on a CMOS chip.
Light Sci Appl, 2021, 10: 40


https://doi.org/10.3390/ma16041366
https://doi.org/10.1039/C9CP05621A
https://doi.org/10.1364/OL.472729
https://doi.org/10.1038/s41377-023-01131-4
https://doi.org/10.1103/PhysRevApplied.22.L041002
https://doi.org/10.1038/s41467-024-46916-2
https://doi.org/10.1002/advs.202308807
https://doi.org/10.2528/PIERL23061902
https://doi.org/10.1002/lpor.202200807
https://doi.org/10.1038/s41566-020-0604-2
https://doi.org/10.1117/1.AP.6.1.016001
https://doi.org/10.1002/adfm.202109331
https://doi.org/10.1002/adma.202400797
https://doi.org/10.1002/adma.202400797
https://doi.org/10.1038/s41377-025-01876-0
https://doi.org/10.1002/adma.202205053
https://doi.org/10.1016/j.mtphys.2022.100754
https://doi.org/10.1109/OJCOMS.2022.3158310
https://doi.org/10.1038/s41928-021-00554-4
https://doi.org/10.1002/lpor.202100718
https://doi.org/10.1093/nsr/nwaf470
https://doi.org/10.1002/lpor.202400979
https://doi.org/10.1126/sciadv.abn7905
https://doi.org/10.1364/PRJ.7.000823
https://doi.org/10.1038/s41467-022-30377-6
https://doi.org/10.1364/JOSA.70.000944
https://doi.org/10.1126/science.aat8084
https://doi.org/10.1038/s41467-020-19693-x
https://doi.org/10.1103/PhysRevLett.73.58
https://doi.org/10.1038/s41467-020-20268-z
https://doi.org/10.1186/s43593-022-00012-4
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/natrevmats.2017.10
https://doi.org/10.1364/OPTICA.6.001132
https://doi.org/10.1038/s41566-023-01170-8
https://doi.org/10.1063/5.0082728
https://doi.org/10.1038/s41377-021-00483-z

ISk

100
101

102
103

104
105

106
107

108
109

110

111

112

113

114

115

116

Gu Z, Ma Q, Gao X, et al. Direct electromagnetic information processing with planar diffractive neural network. Sci Adv, 2024, 10: eado3937
Wang X, Wu J, Wang R, et al. Reconstructing polarization multiplexing terahertz holographic images with transmissive metasurface. Appl Sci,
2023, 13: 2528

Fan Z, Qian C, Jia Y, et al. Holographic multiplexing metasurface with twisted diffractive neural network. Nat Commun, 2024, 15: 9416
Park C, Jeon Y, Rho J. 36-Channel spin and wavelength co-multiplexed metasurface holography by phase-gradient inverse design. Adv Sci, 2025,
12: 2504634

Phan T, Sell D, Wang E W, et al. High-efficiency, large-area, topology-optimized metasurfaces. Light Sci Appl, 2019, 8: 48

He L, Zhang F, Zhang H, et al. Topology-optimized ultracompact all-optical logic devices on silicon photonic platforms. ACS Photonics, 2022, 9:
597-604

Mohammadi Estakhri N, Edwards B, Engheta N. Inverse-designed metastructures that solve equations. Science, 2019, 363: 1333-1338

Zheng L, Karapiperis K, Kumar S, et al. Unifying the design space and optimizing linear and nonlinear truss metamaterials by generative
modeling. Nat Commun, 2023, 14: 7563

Zhelyeznyakov M, Froch J, Wirth-Singh A, et al. Large area optimization of meta-lens via data-free machine learning. Commun Eng, 2023, 2: 60
Liao D, Wang C, Zhu X, et al. Global designed angle-multiplexed metasurface for holographic imaging enabled by the diffractive neural network.
PIER, 2025, 183: 81-90

Jia Y, Lu H, Fan Z, et al. High-efficiency transmissive tunable metasurfaces for binary cascaded diffractive layers. IEEE Trans Antennas
Propagat, 2024, 72: 4532-4540

Xu Y, Wu B, Jin H, et al. Multimodality image segmentation embedded with metasurface encoder. Annalen der Physik, 2024, 536: 2400017
Qian C, Lin X, Lin X, et al. Performing optical logic operations by a diffractive neural network. Light Sci Appl, 2020, 9: 59

Huang M, Zheng B, Li R, et al. Real-time all-directional 3D recognition and multidistortion correction via prior diffraction neural networks. Adv
Photon, 2025, 7: 056005

Ning Y M, Ma Q, Xiao Q, et al. Multilayer nonlinear diffraction neural networks with programmable and fast ReLU activation function. Nat
Commun, 2025, 16: 10332

Liu C, Ma Q, Luo Z J, et al. A programmable diffractive deep neural network based on a digital-coding metasurface array. Nat Electron, 2022, 5:
113-122

Gao X, Ma Q, Gu Z, et al. Programmable surface plasmonic neural networks for microwave detection and processing. Nat Electron, 2023, 6: 319—
328

6943


https://doi.org/10.1126/sciadv.ado3937
https://doi.org/10.3390/app13042528
https://doi.org/10.1038/s41467-024-53749-6
https://doi.org/10.1002/advs.202504634
https://doi.org/10.1038/s41377-019-0159-5
https://doi.org/10.1021/acsphotonics.1c01569
https://doi.org/10.1126/science.aaw2498
https://doi.org/10.1038/s41467-023-42068-x
https://doi.org/10.1038/s44172-023-00107-x
https://doi.org/10.2528/PIER25052305
https://doi.org/10.1109/TAP.2024.3385112
https://doi.org/10.1109/TAP.2024.3385112
https://doi.org/10.1002/andp.202400017
https://doi.org/10.1038/s41377-020-0303-2
https://doi.org/10.1117/1.AP.7.5.056005
https://doi.org/10.1117/1.AP.7.5.056005
https://doi.org/10.1038/s41467-025-65275-0
https://doi.org/10.1038/s41467-025-65275-0
https://doi.org/10.1038/s41928-022-00719-9
https://doi.org/10.1038/s41928-023-00951-x

M3 h I 202645108 H71% £30MH

Summary for “&REE AT EL5 @A RIS RERY HTHT R

Frontiers of intelligent metamaterials and metamaterials
intelligence

. * 3
Nanxuan Wu'*?, Chao Qian"**" & Hongsheng Chen'*"

' ZJU-UIUC Institute, State Key Laboratory of Extreme Photonics and Instrumentation, Zhejiang University, Hangzhou 310027, China
2 College of Information Science and Electronic Engineering, Zhejiang University, Hangzhou 310027, China

* ZJU-Hangzhou Global Science and Technology Innovation Center, Hangzhou 310027, China

* Corresponding authors, E-mail: chaoq@intl.zju.edu.cn; hansomchen@zju.edu.cn

The interaction between artificial intelligence and metamaterials has recently evolved into two bidirectionally coupled
research paradigms, namely intelligent metamaterials and metamaterial intelligence. Intelligent metamaterials primarily
exploit data-driven algorithms, such as deep learning and reinforcement learning, to enable on-demand inverse design,
adaptive electromagnetic modulation, and robust performance optimization under complex environments, thereby
accelerating applications in wireless communication, sensing, imaging, and electromagnetic stealth. In contrast,
metamaterial intelligence—also referred to as brain-inspired or neuro-metamaterials—aims to embed computation and
information processing capabilities directly into the physical structure of metamaterials, treating electromagnetic waves
themselves as carriers for computation. By leveraging tunable architectures, intrinsic or effective nonlinearities, and
multiplexed degrees of freedom, these systems can perform inference, analysis, and signal processing at the speed of wave
propagation within the electromagnetic domain.

Although conceptually distinct, these two directions are deeply interconnected and together drive metamaterials beyond
static, single-function components toward a new class of systems with integrated sensing, decision-making, and actuation
capabilities, herein referred to as metamaterial intelligent agents. Unlike conventional intelligent systems that rely on
centralized digital processors and a sequential “sense—compute—act” workflow, metamaterial intelligent systems emphasize
physical-level intelligence, where perception, computation, and modulation are co-localized and executed in situ through
wave—matter interactions. This paradigm offers inherent advantages in latency, parallelism, and energy efficiency, while
enabling tight spatiotemporal coupling between electromagnetic environments and adaptive system responses.

This review adopts a unified “physical mechanisms—algorithmic synergy—system applications” framework to
systematically survey recent progress in both intelligent metamaterials and metamaterial intelligence. Key advances in
inverse design, programmable and reconfigurable metasurfaces, and learning-assisted electromagnetic control are first
reviewed, followed by emerging efforts on brain-inspired metamaterials, photonic neural networks, and space—time—coded
metasurfaces that demonstrate computation performed directly by physical structures. Particular attention is paid to
clarifying the fundamental differences between algorithm-driven structural optimization and physics-based in situ
computation, in order to resolve conceptual ambiguities across the field.

Despite rapid development, several challenges hinder the practical realization of metamaterial intelligent agents,
including inconsistencies between data-driven models and physical hardware, limited device reconfigurability, fabrication
tolerances, and system-level integration constraints. Looking forward, the field must advance toward physically informed
few-shot and online learning strategies, as well as tighter co-design of materials, algorithms, and hardware platforms.
Ultimately, the convergence of intelligent metamaterials and metamaterial intelligence is expected to establish
metamaterials as deployable, task-oriented physical intelligent systems, opening new opportunities for next-generation
electromagnetic sensing, communication, imaging, and stealth technologies.

intelligent metamaterial, neuro-metamaterial, inverse design, deep learning, diffraction neural network
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