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Abstract Optical computing is a novel computational architecture based on the manipulation of photons or optical fields
rather than electrons, utilizing light for information encoding, transmitting, and processing. In recent years, optical
computing has leveraged independent information dimensions of photons, such as polarization, frequency, and orbital
angular momentum, leading to the emergence of numerous novel architectures. Concurrently, the integration of deep-
learning-driven structural design has enabled these architectures to demonstrate exceptional performance in tasks including
matrix operation and image processing. This paper begins with the physical foundations of optical computing,
systematically summarizes and discusses the principal architectures of free-space diffractive and on-chip integrated optical
computing. Furthermore, this paper concludes by highlighting the pressing challenges confronting current developments in
optical computing and provides perspectives on future trends in this field.
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Fig. 2 Computational principles of free-space diffractive architectures. (a) Construction of specific vectorial PSF based on convolutional

computation methods"™”; (b) angular spectrum calculation employing non-uniform fast Fourier transform (NUFFT) algorithm™;

(¢) V-shaped metallic structures with distinct resonant frequencies for validating the generalized Snell’s law™”; (d) full-color

holograms based on 8th-order geometric phase; (e) 8 bit depth hologram construction using reflective Malus meta-surface'™
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Fig. 3 Implementation and optimization of D*NN. (a) D°NN performing classification tasks including handwritten digit recognition™’;

]

(b) optimization of D’NN’s expressive capability through Fresnel number control™; (¢) D*°NN processing high bit-depth grayscale

image computational tasks™; (d) F-D’NN achieving saliency extraction™
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Fig.4 Two typical types of programmable units for on-chip optical computing. (a) Schematic of a single-channel MRR structure””;

(b) reconfigurable optical switch based on MRR"™; (¢) transmission spectra in block/pass modes™; (d) schematic of a dual-

channel MRR structure”; (e) programmable optical information processing chip composed of six MRR""; (f) reconfigurable logic

computing chip based on a multi-wavelength architecture

1],

; (g) schematic of a MZI structure™; (h) on-chip optical neural

network supporting in sizu online training”"”
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Fig. 5

Implementation of nonlinear activation methods in free-space diffractive optical computing. (a) Unit cell structure of surface-

normal photodetector™; (b) implementation of incoherent neuron modulation array using transparent phototransistor and liquid

crystal modulator®’; (¢) nonlinear activation implementation based on perovskite quantum dots film"*”; (d) minimal unit structure

and operation schematic of electrically tunable nonlinear polaritonic meta-surface™"
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Implementation of nonlinear activation methods in on-chip integrated optical computing. (a) EAM integrated on silicon

waveguide'™; (b) photodiode array electronic chip serving as nonlinear layer for optoelectronic computing”*”; all-optical nonlinear

implementation approaches using electromagnetically induced transparency structure (c¢) and reverse saturable absorption through

fullerene (d)™; (e) hybrid structure with MRR and MZI implementing Clamped ReLU and Sigmoid nonlinear activation

functions

[139]

1739002-8



HRXE - FEERR

B G T2 i Ao AR bl R — g B
55 Z AN O E S MR EAT 95, B JE T 3OC I T
MR 2E R PE A Ak 3T RO AR S B AT S . X B
) D = OF it o 8 SO T SRR PR LA O
L 8 H fE R R W R O a8 k. 2018 4
Miscuglio &4 Hy T P b S 7 %8« — Fhan &1 6 () it
I A A — X A G KBRS AR,
HAEFRAT R KA T 95 A AR AR X 3 Y
ST A AT, DT 348 58 Y 7 55 06 I 2R 800 5 5 — Fh
& 6(d) BT, & i1 0 WA A i 't i 155 m 1 34 58 L DA
I A P A T I R A R S B R £ . 202048,
Tha 2 i 37 45 1 MRR HE 2% MZ1 45 44 1 %
N N2 NS B Nt NI I < e
E 6(e)Fim. Bl 6(e) B T 78 A S I K AR 2 MRR i
PRUE A 0.05 nm -84 75 7R G 25 4 1 R 0.65 1
0.80 i S LAY Clamped RelLU | Sigmoid P R #4106 bR %L,
[] oy 412 38 1 53 A0 9 b TG 2R %L Radial-basis #1 Softplus
BT IR . 2022 4F , Guo &5 F) 46 R 4 4 K %
%) 5if B3 B R AR R P ST T R O IR T —
FhAE LR R4 6 2% . [RIAE , Wu 25058 o 1 3 ik 6 45 4
MRR, 32 B0 TR R B T (9 3E 26 1k 4 6 005 pR 4.
2023 4F, Zhang %R FH o 4t 2 6] (G R PR R R SC B T
HeFAE &M iE B . 202548, 52 47 B JE WK 2 1 5 A
A7 A 2 5 A e R P 2 ) 9 s A SRR M
Bl 12 K 6T 3] YRR BE T 4 R 3 A 2Rk 4, T
SEER 22 T A 2 M S oA ORI R 28 I 45 SR I 2

25 bk A EE N A E R R B T DG
SRR R R AR A Sk . A Fl S TR 4R R A S
HRS G 2 SLM Ik A8 2 10 45 25 28 X ik A AT 0
SEPR RS I AT A A b A R D TR S
MZIFl MRR 4§ 54 550, 7600 R b0 2 nT 4 A2 19 Ok
% 0 4% DLBRAT T BAT 45 o A b 22 b A T I 3k %) Bk
i, B G fef Sz B 4 G Rl 2 I 45 BT 0 T 0 G 2 AR 2R R T
T PR, IR Al R 2 AT R, DU AL R 4% R Y
Ko T B R R R AR AL A A L AR R SR Bk
0% @ Has TE) A SO A DL R 1 Ak I AT Ak B A
T3 WK RE S 1 A0 B B AT AE S FE B2 N 4% 1 T
PR B S 2 M, R 2R e B
b LRI, fEU M B0 R OB B,
I H A i B S B B HE T 45 BRI S (BT
TR AL EAE B T A AN G ST B . L,
AT HEMB RO B R RN EE I W, TF
N — PR S DL R X 2RO BT S
HIVR SR VR T BS54

3 AR FAL 55 (9 L H]

AT RORE AR B S il Y B, Ak
TR B R REW LOC B HAT R 5 o e 55
MR L, — AL G AT 55 W MAC BB/

F62EF 17THI/2025 £ 9 B/ B ERBEFEHRE

B G B RGERME T RETE; KW ELE
TR (10 o 22 X 2% ST BT 55, BRI T B IR AT 1 LBk
R K BRI I N =N R DR U ZY 22N S B
T 35 F 10 SCHT IR A ) BEAR R, R4 Y 45 2R AT
S TR AR O ) AT ER AR .
3.1 FHEMKZRITERES

TE AR B 28 I 2% 109 158 G2 3 BAT 55 b, B R AR 1 2
MACAE 55, 1645 R 42 4 148 B B4 B9 R B 1) MZI
G B S BB AR B A LR T (a) ) M TR A TR
2)BIR T2 R Eob s D A S AR B s
3) NXN ) MRR B 51 45 AT 3 N XN A% g 75 B 5
4)FTF PCM 1) = 4 i ab ¥ VL1 7(b) 155

] e S Y SN SRV K e X B S W
AL 55 . fEX —AT45 [, A 25 (B A7 5 2240 R 517 B
JIEE R 43 ST O A g R TR 2 3 2 T AR
A 2R LR AT S USRS BAL B R T B A A

B — Y AT, T LU Sk Xt H Ax RR k47 8
SRR I, T AT AT 5 2200 AR 25T 55 6 A
B2 ah Y R A AR AR T R . T
BIB9S 30 0 B 43 e DA A A B 1 R B o B )
IR REAE 80 IF 4T, W X BB 2 T A E 1Y
VT R AT [) B A2 DA oK DA B A 1 £
Oy BT, — B B0 o S A T A0 B A% 336 pR BOIE e T I R 1Y
EATAY R, FETF UL, Xu S5 TR 2022 4 F) LA AH A 15
TH A 8 2 T, 78 AR SR 3 T X — A& R, SEE T — B
oy AR S R 2R L, Liu S5 38 W, n B o 2%
1) 4% 326 PRUBSUN. 24 IF LL T 5 2R AT 40 i 1) UCR: 4 G 1
T RS ET S AL W E 7)) iR o o 2
SNk VBB R T IZ AN, Huo 2 R T
B W ZERIATER BB S, v LLESEW LR HIT 2
Wi oy o fedln A TAE ST Sy I 0 25 10 f i
B A0y B RIFRUR . oy
BF AR DU T G R, 7R = e d g Wik
FADE AR L 7(d) 1455 it A i 22 i

O TR TR T, AT LR BURNS AY JR R A AE
FIa sk ab L, 45 T2 A4 3 2 12 ARG 1l 45 LR 28 I 45
SHCT A D R B O 3 1 A S e R T R AR A SR 0
FUE R, DR AT DASAA T R RS B2 B, DA A 420
15U TR M 45 1 B R . T 43 )2 Tl
1 AL SE B, DA T A4S O H A A A R R 2R 2
HFE 2016 4F , Chen %57 5k I I A FE S8R R L T
HRERE . 20184F, Chang 257 FI H 41 £ 48 FHE B
SEEE TR R, WE 8(a) iR . 2021 4, Xu R
HH T ) A I Y6 A8 G B 3 R, BT LA I8
F i) 25 (A B FE BN AS . 2022 4%, Shi %
P TR A A R T A5 A TR S B O 2 B U
T o Xu "I T MRR B il 1 T — Fl s B o6 Tk
HEAL IR F 2 T 20 GBaud 9 Bk I R R B
B E T ERM LML, mE (b)) iR, 2024 4F,

1739002-9



17 #8/2025 £ 9 B/H X EXBFEHE

HIRXE - FEERR

—
B
—

7 Al 25 IO 0 ST AT 5 o100 B SE T () 0 SRR RS 28 5 90 52 7%
T (o) P S BES W e B 0 T T

2 FE b AR A

(b)

YRS

Founes plane I=puise eseonie

JEREAR — 2 0 PR A 25 (D) B F PCM I =

5 (d) TR T (1 5 i A 8 I AR

Fig. 7 Differential operators in non-neural-network optical computing tasks. (a) Implementation of unitary matrix construction with

halved complexity using beam splitters and phase shifters"
(¢) planar photonic chip enabling high-order optical differentiation

surface implementation”

(a) (b)
conv block
optical
cropped sub-images RelU, class scores
FC. etc.
. W
: o
horse

electronic

. (b) three-dimensional data processing architecture based on PCM™'";

" (d) quantitative phase gradient imaging through meta-
1

I

Translorswd dals
G D L7L]

kamal wesar

[Cos Co Dol
|

™ T

Trar dal
G L]

& o, ~°°c¢| L | i
& !‘r/ e T —
% o S5 Soas .
E — At SSe 4‘3/_
"~ Dolay siep — j/ Soo =y
—a B e

B8 AR I AT RAT 55 B R T () R 4/ R 58 JEBR I BOE A B BT R M ENR 2 (b) mBhoe 7 ik it i Ab 3 2

Fig. 8 Convolution operators in non-neural-network optical computing tasks (a) Optical convolution computation and image

classification achieved via 4f optical system with mask modulation'”

Ouyang 277 ] — Fl JF 47 1 5 32 U MRR 35 F 22 44
[7i] FF 25 B B 4 AN R A, 76 R [R) HEASE 0 0 R BR 5l R 52
B ARE & R

5t i 2 W 45 A EL e BT B S Al — B
] B AL S e Tl B A I SR PL A B — 3 5
AR H S Tl s B TRz TR
MM h HHZRTIRERN A1, 7EATL
o T B IRE AR, O 2 28 I 4% 2 1 T AT 55 W) A 2
FRIFFETT 10

% (b) high-order photonic tensor flow processor’ ™

3.2 XEFEHEMERITEES
3.2.1 RFAZMBLBRLH LT

TEAE N B R 2s BT S 2 48 59 DPNN 42 5, A ¢
F 5% A LU T 5 1 F 11 B ML A 8 I 2 A1 24 9 8K
W R AAY Y BT T BRI R R A A RS, AT LA
FEARAT Sy (B A . BN, 2025 4%, Yu 5§ " FE
B FoR X — 5 ik 7R S5 P I T AR A R
T/ 3D BOGF A KEZIBAR T HAA/NT 0.1 mm Y
T ity 11 A0 RS HE i 3k T 2 2 AT S 2 45, & 9(a)

1739002-10



HRXE - FEERR

L 625F 17H/2025 F£ 9 B/BAERBEFZHE

JIE 7R o 33K — AR M TR A AT S A 2 T 5% T LU G £ G
F14 20 L AR 15 0 A 62 4 L R AT S g T, TR AL 2R
B Y a L s AT AT RS, B2 BOG LT A S B A
PRV R IE . DNN B S 978 Ak A3z 1 R A A
A e R

il £ M O TH I HLJE — B Tl 2 8 R B 7R 26
S 4 A HAT N TS Ml AN T2 n iy S . A
Xof A AT B2 5t B 418 0 b 28 1 4, EL AT B PR 1 i
SRR B I 2 A A I P AR 5 A OC A 3 Ak B

(a)

()

I P 5 5 AL B ] E 0 AR AT 5 R BE S T
2023 4F , Li 48R T i 43 5 BOR i e T 5 1t e
TR Y A BE ) A AE A B S BLT B 2 A B
TR JZ ) R B A 2 i TS AL . WAL 9 (b) BT, % 6k
FACTH A HLEA 4 &0 )Z B — )R d o R
DG G 27 S A5 0 B A R, 1 A Tt 2 1 B
WO TEABUE HR AT — )=, T S8 B 20t 4
PR BEFE AR I HE SR A 5 10 2R 0t 0 A AU AT ) Y
FH AT 5

Diffractive layers 0D camata

Optical i

Intensity
1

AWG

o Ci X
Muster Laser  EDFA ; J” __-n-_:> ‘l -l- ] ‘\‘ T '_':: \\ :“

D }I T 'I
}_‘ ¥

OSCChd

B Slave Lase
-
OSC Chl '"""'“’0 0S¢ Ch
(Y

AR enuator '
= =

P T B 1 EDFA
OSC Cha 0 A
Circulutor

PO Sl 22 160 26 1151 14 ARG B P o (a) BT s 11 852 UAT 56 40 228 190 446 10 S ARF T T AOAS 5 (b) TR BE At 45 b 3 B A0 B 1 25

Fig. 9 Various neural network-inspired optical computing architectures and their applications. (a) Real-time anti-interference imaging

via a fiber-port-integrated diffractive neural network™; (b) deep reservoir computing recurrent network""”

RS 22 W 2w T RS AL BRI A S AR
P 20 )R T DATE SR U2 M rh A B i ok . HH S
[ia) 230 AT L S Shy 52 2 PP S A 4R 2 T R e A i
14 2ok B S AN T S AL B A AT DL e U
P L ) A R AR G In) R, KR T SLM 4§ 2R
14 25 6] 6B 2 ILE A IR R T 53BR L AE A3 LL 2 19 Ry
M. 20194F , Pierangeli 25" Ffl SLM 52 i HL ¢ 2%
R RGN, anE 10(a) i o SLM AL £
A G B AR E L e AR R A R A ] g Ty R S
LA e B9 A ELAE T AT SR AR 2 o Witk 2 )2 SLM
X HEIEE, 2021 4F  Fang 4 J 1) 2 T B 722 e i o
JZ2 SLM R 584, $ 5 TR AR e ME . 2023 4F , Luo
SEUOTR A T B T AL AR R 25 5 i B E R A
[5G B B, 72 18 430 R) i | 258 2% RE A 1500 I 2%
RN RL R T 92 00 AL A8 48 B B 25, % iy 20 & (0] el e
A . 202545 3 A G AT BN kg g TR TR G IR

i a0 B R B2 LY A TR B AL AE 2R IR K R4
F) B R B G — Ty I T 4 KR TR
SEHL o Hb TR D RE AT S S TE] L an s 10(h) s .
3.2.2 RFAZMKGEML ELZI %

TELL A8 A S i 2 4 AT S RS R T
A IR RSP WEES 2Bt mE, 245
AT OB BT . (HIXRR Y R G 0k s A
M FRAT 22 Fp 24T 55, R] I 52 31 I 22 15 22 (R 5 i
S 2% AR AR M DGR B B TR RO . 1 AR R
Bl e b AR R AR B Z IR THAR , 2% RS
TAE S e LU J | BYAF 78 B 22 I 25 fD b 22 1T SR AS DT
B (49 1) R0 . Sk i R X — R) T, Zhou 25778 2021 4E 4 1
TR AT R AT 55 o] FEAL A7 S A BE 0, O ad
K RS TR R L & 11 () R .

BEAN A B 9 8 B4 TR I 253 T BELAR & () o
ZE M 4% 20224F , Wright Z8 7 7 AT AR ) AL F%

1739002-11



L 625F 17H/2025 F£ 9 B/BAEXBEFZHE

= ot optical intensity

detected intensity

target intensity

0 =M 3 dB coupler
e —

—
0=MX

e — uni
3 e S TR AT ey
1 =_7 j ¥
. \
i

BI10 2 DEGHEHL (a) BT SLM i 28 DG 5 () 53 S iy 10 A B L
Fig. 10 Spatial photonic Ising machine. (a) Spatial photonic Ising machine implemented via SLM"*Y; (b) monolithically integrated four-

spin Ising machine™*”

Tofs B ) 0 P 2 ) 4 4 i Ty K, B A BRI 5
TE 4 B2 FIAL G2 19 N T4 28 0 45 R EL A [R) #5622 1 15
B0 B RT S0 VR B 2 R 4% il k. X — T TR AR
FF % BATE J1 2% | HL T2 R0 2 S0 58 A A
PR 5y AT 55, Hoh = F BRI 7 0 20234,
Momeni %" S T JE T B AL 3 0Bk R RETE
PR G AT UL A R B 5 T LR an ¥l 11(b)
Fin o W& SCTH R P I, TR AL 1Y 78 26 Il 2o 2t
gy R

AR5 P e B E 11 () FioR , 5 A8 K24
B0 P BN 2024 4F 1 SE T AT BT A T AL 1R
LAY B T BR A B9 o6 150 R Taichi, 76 4% Ff 4
FKPUNE S A AT 55 P R R 4. 20254, iR K
MR BN T 3 T A SO B 2T S
FeF R W E 1) s o L RS 4 20 BB 6 K
T4 S B0 AE G2 oo b LR R R, ) B D i
SZHO LRI IR . Z IR R E R AT S5 AL B
AR E Y R R o g o ) I 2 L B e O i Y
AR T i TEE

4 HgiHRE

i ATKBUR % BRIV 19 F  IUBE 0% 55 R e
L B G = P 3R £ AR R TE L i
SR 1595 7 B R B, AR A —
IR E S 60 AR L 1 o 7
ATBHAR LSRR R AR ML K R st i 7
SR T 5 R HE R T 4 1 b R 0L
VAT L5 4T 95 00 50 50T 28 0 6 ey 2
504, o T 5 0 38 510 8 IR D
AL AT U % M 6015 T, M5 AGT 9B % 15
SIS0 T

R N B R i N7/ B L A N T 5]
FHOG T R 40k e B 28 il o ARl B R RR N
Lightmatter 45 [ 2l 37 & A T 37 BAG & FHOE 78 A
0% S0 B = R 02 B BT AT BRAT 55, 7ROk TN
RiOR RN B N T S S N Y ) G Y 2
1k 5 38 BB AR B 2% (2L NVIDIA H100 PCle A %
RO B L ) B R B fERB AL L I, NVIDIA
H100 PCle Y % {8 1 fiE 29 4 0.15 TOPS/W (Tera
Operations per Second per Watt) , il F ¢ i1 & i 2 2%
A LLIAE] 2.38 TOPS/W!' s fE TS S B 1, o F i35
PR B A1 % 55 ) A7 U ) B o, AE GR GE CE 7E fRD )
ST S B R R O A 4 8 S BT A% 0 IR
TP T ICRRAL G AR BN

HAT, X Ot i 538 KAk i Afbis A —En
PR BRI R ER AR M YRS
PRI R M 7 R S A I TR S IR 25 DR SRR
T M R ot o ) R0 2 1 45 S 00 M 28 FEC RG BE . L F
TR R 2 AR A 0 Tl Bl 2RI 7 | iR 22 A 4
FEATE R AR RO B, R ol il B T SR B R — A
i P ET

G KR L AE 7 3 R E Bk K. DT
AR AR E S E D AR TR 22 T M
I o 2) FAAE BTG oR B Al Pk 38 1R AN e T R
Ko BG4 ARTTES (FPGA) #1706l 55 40 5
BRI AT AR M AR e 1 5 28 23 B 0 0 4B 3R T RE
TE AR S M BT oR B 2 A0 I T T A R Ak 1 BT 9 A
AR MM B DL m O A M 1 AR 1. 3)0k
THEAT 55 W0 505 TSR 28 Al o B 900, O kK AR S 2R
P E e T — i A T R T
Py A R A BR G 325 BR L HE R A ML A Y B &
B AR AR A A B R sy 5 MAC iz B aloxd

1739002-12



HRXE - FEERR

Eorge-scale distributed phetonic computing w) Taichi
Data Inputs

Task & Computation Distribufing
- Conw Path 1 Poth 2 Path M
£ ML Encader b [ o i
= | e W
: T
=~ Com 5 T 1 f
£ [T I I y ¥ ! ¥ ® g
5 Pool i i E
! !
- [ e i, L —
" Bacader 4, - £
i Poths Synthesizing
.
.

On-thp Thowsand-category Clasufication

Rty
L
L §
SRS
ENET - | HRR E®
LT Te——

IMAG
ragetirt

Om chip Contents Generation

- ey
Charsctens

Dragenat Loy
o |
Cfeacma Dgmacre
Emcnde Decoder
Data seput Rt Gutpet
On. E ts for Talchi

L 625F 17H/2025 F£ 9 B/BAERBEFZHE

Bl 11 AT 45 1T TR Ol i 2 190 45 2 T 52 1 A% 6 it 22 00 288 11 2 o () T 4 A7 S5 Ak 380 B0 0 g A A0 S M 228 I 2% 15 () T 52 16 4% 6 1) TR
FEE W 3 22 ) 25105 (AT T A BT I KM 85 i Taichi ™ (d) 3 TGOS IR 2L SOt F o m

Fig. 11 Multi-task reconfigurable optical neural networks and backpropagation-free neural network training. (a) Reconfigurable

diffractive processing unit constructing a diffractive neural network™; (b) backpropagation-free deep physical neural network"™;

(c) large-scale photonic chip Taichi with co-designed diffractive and interferometric components

based on in-memory optical computing

18 AOUTECHE S R AT a7 S A B, 0 ¥k DE TRE 7 ) A
USRI SR B S R e 2 PR 55— T
JEALAE LN 2 64 77 AT IRAT T 0T K, AR AR M 7 48
A8 v X TR R 22 B ] i RE T, AT R D TSR A B
Z R

TERE K TR Y BRI AT LU R R DT . 1) A
MEMFOLTHRE RS S5 CMOS T Z2IRA L R RE
o R S B T X R ARG LB S T R,
TEMe S5 TR HLATIHT DT 5E . 2) 05 B3+ 5 AL s i 1 4%
Z0H R DUNN 2844 ] i 3 B AR 2k w9 A 0T
PS5 i) Blp [ % Jig , die 24 S B IO 1 4 A B AR
R A LAl 22 O 265 fiff DR O RTRE = A 7 TR, DAL 33 R
MR AE AT KRB AT 55 o 3T AE 55 AT 9™
J o X2 PR A 1A AR AR B A AR E AR A5 AT YT
JE AT AR H R A T A S 2 AU b A BT AR
HR Wi gt 5 R RE S B A Rl B R AR A

5" (d) multi-task photonic chip

[171]

AL B T P R S AT 55

ST RROE T K I SR 19 52 H AR, Ol il
AR Y T RO IR EBGE . 75 & TR Y i
B 2R AR AR AR S (R AL [ 25 BB g B BR T TR] A
SCESS A SEBR I T 1% 08 2 1 i T R fige ke S B
A R B R T T e L P R A A
PRI — S B A 7= — 7l A i ™ AR B e, R) A ™ ol e g
F18 5 SR UL i T T SR g e, I R A O R Y
SO A A R AR, SRR B ) AGTIG B H 528 .

& % x #

[1] Voulodimos A, Doulamis N, Doulamis A, et al.
Deep learning for computer vision: a briel review[J].
Computational Intelligence and Neuroscience, 2018,
2018: 7068349.

[2] Guo D Y, Yang D J, Zhang H W, et al. Deepseek-

R1: incentivizing reasoning capability in LLMs via

1739002-13


http://dx.doi.org/10.1155/2018/7068349
http://dx.doi.org/10.1155/2018/7068349
https://arxiv.org/abs/2501.12948
https://arxiv.org/abs/2501.12948

HIRXE - FEERR

L 625F 17H/2025 F£ 9 B/BAEXBEFZHE

(3]

(4]

(6]

(7]

(8]

[9]

reinforcement learning[EB/OL]. (2025-01-22) [2025-05-
01]. https://arxiv.org/abs/2501.12948.

Cheng S N, Chen Y J, Chiu W C, et al. Adaptively-
realistic image generation from stroke and sketch with
diffusion model[C]//2023 IEEE/CVF Winter Conference
on Applications of Computer Vision (WACV), January 2-
7, 2023, Waikoloa, HI, USA. New York: IEEE Press,
2023: 4043-4051.

oSS S N (2.9 ANA £ 1= W AN B 1 R 2 o
WA A 35 N ChatGPT 31 4 18 8 Ak I Ay ARk [T]. B
SR A 2 M (T 2 Ak s A= ), 2023, 44(5): 81-90.
Yu G M, SuJ W. Communication revolution and media
ecology in the context of generative Al: from ChatGPT
to a comprehensively intelligent future[J]. Journal of
Xinjiang Normal University (Edition of Philosophy and
Social Sciences), 2023, 44(5): 81-90.

Sastry G, Heim L, Belfield H, et al. Computing power
and the governance of artificial intelligence[EB/OL].
(2024-02-13)[2024-12-12]. https://arxiv.org/abs/2402.
08797.
Chhowalla M,
semiconductors for transistors[J]. Nature Reviews Materials,
2016, 1: 16052.

Das S, Sebastian A, Pop E, et al. Transistors based on

Jena D, Zhang H. Two-dimensional

two-dimensional materials for future integrated circuits
[J]. Nature Electronics, 2021, 4(11): 786-799.

Xu B H, Chen R M, Zhou J R, et al. Recent progress
and challenges regarding carbon nanotube on-chip
interconnects[J]. Micromachines, 2022, 13(7): 1148.
WA, TS, WL, SF L O R BRI A ik R
SR T] T EOE, 2022, 49(12): 1219001,

Cheng J W, Jiang X Y, Zhou H L, et al. Advances and
challenges of optoelectronic intelligent computing[J].
Chinese Journal of Lasers, 2022, 49(12): 1219001.
PRZAG, THREL, KK, & . 0072 M4 kS kil
(J]. " #0E . 2020, 47(5): 0500004.

Chen H W, Yu Z M, Zhang T, et al. Advances and
challenges of optical neural networks[J]. Chinese Journal
of Lasers, 2020, 47(5): 0500004.

Zhou H L., Dong JJ, Cheng J] W, et al. Photonic matrix
multiplication lights up photonic accelerator and beyond
[J]. Light: Science & Applications, 2022, 11: 30.

Zhang X L., Xu J, Dong J J, et al. All-optical logic gates
based on semiconductor optical amplifiers and tunable
filtersfM]//Dolev S, Oltean M. Optical supercomputing.
Lecture notes in computer science. Berlin: Springer
Berlin Heidelberg, 2009, 5882: 19-29.

Weaver C S, Goodman J W. A technique for optically
convolving two functions[J]. Applied Optics, 1966, 5(7):
1248-1249.

Meng X Y, Zhang G J, Shi N N, et al. Compact
optical convolution processing unit based on multimode
interference[J]. Nature Communications, 2023, 14: 3000.
Fu W W, Zhao D, Li Z Q, et al. Ultracompact meta-
imagers for arbitrary all-optical convolution[J]. Light:
Science & Applications, 2022, 11: 62.

Zhu T F, Guo C, Huang J Y, et al. Topological optical

[17]

(18]

[19]

(20]

[21]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

1739002-14

differentiator[J]. Nature Communications, 2021, 12: 680.
JEIG, VRIS TR, B SC . kSO []. h B O
2020, 47(6): 0600001.

Zhou Z P, Xu P F, Dong X W. Computing on silicon
photonic platform[J]. Chinese Journal of Lasers, 2020,
47(6): 0600001.

LiC, Zhang X, LiJ W, et al. The challenges of modern
computing and new opportunities for optics[J]. PhotoniX,
2021, 2(1): 20.

Zhou C H, YulJ, Li G W, et al. Roadmap of optical
computing[J]. Proceedings of SPIE, 2020, 11898:
118981B.

MRt , SKEERH, BOE M, 45 . ob2f bl g ) 45 S H T
WO 5o T B R 2023, 60(6): 0600001,

Chen B, Zhang Z Y, Dai T G, et al. Photonic neural
networks and its applications[J]. Laser & Optoelectronics
Progress, 2023, 60(6): 0600001.
Zhou T K, Lin X, Wu J M,

neuromorphic optoelectronic computing with a reconfigurable

et al. Large-scale

diffractive processing unit[J]. Nature Photonics, 2021, 15
(5): 367-373.

Buckley S M, Tait A N, McCaughan A N, et al.
Photonic online learning: a perspective[J]. Nanophotonics,
2023, 12(5): 833-845.

Goodman J W. Introduction to Fourier optics [M].
Colorado: Roberts and Company publishers, 2005.

Khare K, Butola M, Rajora S. Fourier optics and
computational imaging[M]. Beijing: Science Press, 2015.
M R, L., Stranick S J.
Programmable vector point-spread function engineering
[J]. Optics Express, 2006, 14(7): 2650-2656.
Shechtman Y, Weiss L E, Backer A S,
Multicolour localization microscopy by point-spread-
function engineering[J]. Nature Photonics, 2016, 10(9):
590-594.

Wen G, Li S M, Wang L B, et al. High-fidelity

structured

Beversluis Novotny

et al.

illumination microscopy by point-spread-
function engineering[J]. Light: Science &. Applications,
2021, 10: 70.

Shimobaba T, Matsushima K, Kakue T, et al. Scaled
angular spectrum method[J]. Optics Letters, 2012, 37
(19): 4128-4130.

Lin X, Rivenson Y, Yardimci N T, et al. All-optical
machine learning using diffractive deep neural networks
[J]. Science, 2018, 361(6406): 1004-1008.

Luo Y, Mengu D, Yardimci N T, et al. Design of task-
specific optical systems using broadband diffractive neural
networks[J]. Light: Science &. Applications, 2019, 8:
112.

Mengu D, Rivenson Y, Ozcan A. Scale- ., shift-, and
rotation-invariant diffractive optical networks[J]. ACS
Photonics, 2021, 8(1): 324-334.

Zheng M J, Shi L, et al. Optimize performance of a
diffractive neural network by controlling the Fresnel
number[J]. Photonics Research, 2022, 10(11): 2667-
2676.

Zheng M J, Liu W Z, Shi L, et al. Diffractive neural


https://arxiv.org/abs/2501.12948
http://dx.doi.org/10.1109/wacv56688.2023.00404
http://dx.doi.org/10.1109/wacv56688.2023.00404
http://dx.doi.org/10.1109/wacv56688.2023.00404
https://arxiv.org/abs/2402.08797
https://arxiv.org/abs/2402.08797
http://dx.doi.org/10.1038/natrevmats.2016.52
http://dx.doi.org/10.1038/natrevmats.2016.52
http://dx.doi.org/10.1038/s41928-021-00670-1
http://dx.doi.org/10.1038/s41928-021-00670-1
http://dx.doi.org/10.3390/mi13071148
http://dx.doi.org/10.3390/mi13071148
http://dx.doi.org/10.3390/mi13071148
http://dx.doi.org/10.3788/CJL202249.1219001
http://dx.doi.org/10.3788/CJL202249.1219001
http://dx.doi.org/10.3788/CJL202249.1219001
http://dx.doi.org/10.3788/CJL202249.1219001
http://dx.doi.org/10.3788/cjl202047.0500004
http://dx.doi.org/10.3788/cjl202047.0500004
http://dx.doi.org/10.3788/cjl202047.0500004
http://dx.doi.org/10.1038/s41377-022-00717-8
http://dx.doi.org/10.1038/s41377-022-00717-8
http://dx.doi.org/10.1007/978-3-642-10442-8_4
http://dx.doi.org/10.1007/978-3-642-10442-8_4
http://dx.doi.org/10.1007/978-3-642-10442-8_4
http://dx.doi.org/10.1364/ao.5.001248
http://dx.doi.org/10.1364/ao.5.001248
http://dx.doi.org/10.1038/s41467-023-38786-x
http://dx.doi.org/10.1038/s41467-023-38786-x
http://dx.doi.org/10.1038/s41467-023-38786-x
http://dx.doi.org/10.1038/s41377-022-00752-5
http://dx.doi.org/10.1038/s41377-022-00752-5
http://dx.doi.org/10.1038/s41467-021-20972-4
http://dx.doi.org/10.1038/s41467-021-20972-4
http://dx.doi.org/10.3788/cjl202047.0600001
http://dx.doi.org/10.3788/cjl202047.0600001
http://dx.doi.org/10.3788/cjl202047.0600001
http://dx.doi.org/10.1186/s43074-021-00042-0
http://dx.doi.org/10.1186/s43074-021-00042-0
http://dx.doi.org/10.1117/12.2601724
http://dx.doi.org/10.1117/12.2601724
http://dx.doi.org/10.1038/s41566-021-00796-w
http://dx.doi.org/10.1038/s41566-021-00796-w
http://dx.doi.org/10.1038/s41566-021-00796-w
http://dx.doi.org/10.1515/nanoph-2022-0553
http://dx.doi.org/10.1515/nanoph-2022-0553
http://dx.doi.org/10.1364/oe.14.002650
http://dx.doi.org/10.1364/oe.14.002650
http://dx.doi.org/10.1038/nphoton.2016.137
http://dx.doi.org/10.1038/nphoton.2016.137
http://dx.doi.org/10.1038/nphoton.2016.137
http://dx.doi.org/10.1038/s41377-021-00513-w
http://dx.doi.org/10.1038/s41377-021-00513-w
http://dx.doi.org/10.1038/s41377-021-00513-w
http://dx.doi.org/10.1364/ol.37.004128
http://dx.doi.org/10.1364/ol.37.004128
http://dx.doi.org/10.1126/science.aat8084
http://dx.doi.org/10.1126/science.aat8084
http://dx.doi.org/10.1038/s41377-019-0223-1
http://dx.doi.org/10.1038/s41377-019-0223-1
http://dx.doi.org/10.1038/s41377-019-0223-1
http://dx.doi.org/10.1021/acsphotonics.0c01583
http://dx.doi.org/10.1021/acsphotonics.0c01583
http://dx.doi.org/10.1364/prj.474535
http://dx.doi.org/10.1364/prj.474535
http://dx.doi.org/10.1364/prj.474535
http://dx.doi.org/10.1364/prj.513845

HRXE - FEERR

L 625F 17H/2025 F£ 9 B/BAERBEFZHE

[34]

[35]

[36]

[39]

[40]

[41]

[42]

networks with improved expressive power for gray-scale
image classification[J]. Photonics Research, 2024, 12(6):
1159-1166.

Yan T, Wu J M, Zhou T K, et al. Fourier-space
diffractive deep neural network[J].
Letters, 2019, 123(2): 023901.
Miscuglio M, Hu Z B, Li S R, et al. Massively parallel
amplitude-only Fourier neural network[J]. Optica, 2020,
7(12): 1812-1819.

Wu Q H, Sui X B, Fei Y H, et al. Multi-layer optical
Fourier neural network based on the convolution theorem
[J]. AIP Advances, 2021, 11(5): 055012.

FOREHE, oM, X6, 55 B TR A R MOt E i A
5 e i g (RO [I]. WOE 5ot g e g 2024, 61
(16): 1611008.

Hao HJ, Wang X W, Liu J, et al. Optical computation
and advanced imaging based on metasurface (invited)[J].
Laser & Optoelectronics Progress, 2024, 61(16): 1611008.
Sroor H, Huang Y W, Sephton B, et al. High-
purity orbital angular momentum states from a visible
metasurface laser[J]. Nature Photonics, 2020, 14(8): 498-
503.

Lin R J, Su V C, Wang S M, et al. Achromatic
metalens array for full-colour light-field imaging[J].
Nature Nanotechnology, 2019, 14(3): 227-231.

Wang S M, Wu P C, Su V C, et al. A broadband
achromatic metalens in the visible[J]. Nature Nanotechnology,
2018, 13(3): 227-232.

Decker M, Staude I, Falkner M, et al. High-efficiency
dielectric Huygens® surfaces[J]. Advanced Optical Materials,
2015, 3(6): 813-820.

Chong K E, Staude I, James A, et al. Polarization-

Physical Review

independent silicon metadevices for efficient optical
wavefront control[J]. Nano Letters, 2015, 15(8): 5369-
5374.

Wan X, Jia S L, Cui T 7,

modulations of the transmission amplitudes and phases by

et al. Independent

using Huygens metasurfaces[J]. Scientific
2016, 6: 25639.

Kuznetsov A I, Miroshnichenko A E, Brongersma M L,
et al. Optically resonant dielectric nanostructures[J].
Science, 2016, 354(6314): aag2472.

Yu N F, Genevet P, Kats M A, et al. Light propagation

Reports,

with phase discontinuities: generalized laws of reflection
and refraction[J]. Science, 2011, 334(6054): 333-337.
Ding X M, Monticone F, Zhang K, et al. Ultrathin
Pancharatnam-Berry metasurface with maximal cross-
polarization efficiency[J]. Advanced Materials, 2015, 27
(7): 1195-1200.

Zhang Z Y, Liang H G, He T, et al. Photonic spin Hall
effect based on broadband high-efficiency reflective
metasurfaces[J]. Applied Optics, 2020, 59(5): A63-A68.
Wan W W, Gao J, Yang X D. Full-color plasmonic
metasurface holograms[J]. ACS Nano, 2016, 10(12):
10671-10680.

Wang S M, Wu P C, Su V C, et al. Broadband
metasurface devices[J]. Nature

achromatic optical

[50]

[51]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

1739002-15

Communications, 2017, 8: 187.
Arbabi  E, Arbabi A, S M, et al

Multiwavelength polarization-insensitive lenses based on

Kamali

dielectric metasurfaces with meta-molecules[J]. Optica,
2016, 3(6): 628-633.

Arbabi A, Arbabi E, Kamali S M, et al. Miniature
optical planar camera based on a wide-angle metasurface
doublet
Nature Communications, 2016, 7: 13682.

Zang X F, Dong F L, Yue F Y, et al. Polarization
encoded color image embedded in a dielectric metasurface
[J]. Advanced Materials, 2018, 30(21): 1707499.

Yue F 'Y, Zhang C M, Zang X F, et al. High-resolution
grayscale image hidden in a laser beam[J]. Light: Science &.
Applications, 2017, 7(1): 17129.

Goodman J W, Dias A R, Woody L M. Fully parallel,
high-speed incoherent optical method

corrected for monochromatic aberrations[J].

for performing
discrete Fourier transforms[J]. Optics Letters, 1978, 2
(1): 1-3.

LensletlLabs. EnLight 256 white paper report[EB/OL].
[2022-09-01]. http://besho. narod. ru/reviews/newage/
EnLight256.pdf.

Young T, Hazarika D, Poria S, et al. Recent trends in
deep learning based natural language processing [review
article][J]. IEEE Computational Intelligence Magazine,
2018, 13(3): 55-75.

Cong J, B I
convolutional neural networks[M]/Wermter S, Weber

Xiao Minimizing computation in
C, Duch W, et al.Artificial neural networks and machine
learning-ICANN  2014.
science. Cham: Springer International Publishing, 2014,
8681: 281-290.

Hu J T, Mengu D, Tzarouchis D C, et al. Diffractive
optical computing in free space[J]. Nature Communications,
2024, 15: 1525.

Fu T Z, Zhang J F, Sun R, et al. Optical neural
networks: progress and challenges[J]. Light: Science &.
Applications, 2024, 13: 263.

Kulce O, Mengu D, Rivenson Y, et al. All-optical

Lecture notes in computer

information-processing capacity of diffractive surfaces[J].
Light: Science &. Applications, 2021, 10: 25.

Rahman M S S, Li J X, Mengu D, et al. Ensemble
learning of diffractive optical networks[J]. Light: Science &.
Applications, 2021, 10: 14.

Li J X, Mengu D, Yardimci N T, et al. Spectrally
encoded single-pixel machine vision using diffractive
networks[J]. Science Advances, 2021, 7(13): eabd7690.
Kulce O, Mengu D, Rivenson Y, et al. All-optical
synthesis of an arbitrary linear transformation using
diffractive surfaces[J]. Light: Science &. Applications,
2021, 10: 196.

Mengu D, Zhao Y F, Tabassum A, et al. Diffractive
interconnects: all-optical permutation operation using
diffractive networks[J]. Nanophotonics, 2022, 12(5): 905-
923.

Rahman M S S, Yang X L, Li J X, et al. Universal

linear intensity transformations using spatially incoherent


http://dx.doi.org/10.1364/prj.513845
http://dx.doi.org/10.1364/prj.513845
http://dx.doi.org/10.1103/physrevlett.123.023901
http://dx.doi.org/10.1103/physrevlett.123.023901
http://dx.doi.org/10.1364/optica.408659
http://dx.doi.org/10.1364/optica.408659
http://dx.doi.org/10.1063/5.0055446
http://dx.doi.org/10.1063/5.0055446
http://dx.doi.org/10.1038/s41566-020-0623-z
http://dx.doi.org/10.1038/s41566-020-0623-z
http://dx.doi.org/10.1038/s41566-020-0623-z
http://dx.doi.org/10.1038/s41565-018-0347-0
http://dx.doi.org/10.1038/s41565-018-0347-0
http://dx.doi.org/10.1038/s41565-017-0052-4
http://dx.doi.org/10.1038/s41565-017-0052-4
http://dx.doi.org/10.1002/adom.201400584
http://dx.doi.org/10.1002/adom.201400584
http://dx.doi.org/10.1021/acs.nanolett.5b01752
http://dx.doi.org/10.1021/acs.nanolett.5b01752
http://dx.doi.org/10.1021/acs.nanolett.5b01752
http://dx.doi.org/10.1038/srep25639
http://dx.doi.org/10.1038/srep25639
http://dx.doi.org/10.1038/srep25639
http://dx.doi.org/10.1126/science.aag2472
http://dx.doi.org/10.1126/science.1210713
http://dx.doi.org/10.1126/science.1210713
http://dx.doi.org/10.1126/science.1210713
http://dx.doi.org/10.1002/adma.201405047
http://dx.doi.org/10.1002/adma.201405047
http://dx.doi.org/10.1002/adma.201405047
http://dx.doi.org/10.1364/ao.59.000a63
http://dx.doi.org/10.1364/ao.59.000a63
http://dx.doi.org/10.1364/ao.59.000a63
http://dx.doi.org/10.1021/acsnano.6b05453
http://dx.doi.org/10.1021/acsnano.6b05453
http://dx.doi.org/10.1038/s41467-017-00166-7
http://dx.doi.org/10.1038/s41467-017-00166-7
http://dx.doi.org/10.1364/optica.3.000628
http://dx.doi.org/10.1364/optica.3.000628
http://dx.doi.org/10.1364/optica.3.000628
http://dx.doi.org/10.1038/ncomms13682
http://dx.doi.org/10.1038/ncomms13682
http://dx.doi.org/10.1038/ncomms13682
http://dx.doi.org/10.1002/adma.201707499
http://dx.doi.org/10.1002/adma.201707499
http://dx.doi.org/10.1038/lsa.2017.129
http://dx.doi.org/10.1038/lsa.2017.129
http://dx.doi.org/10.1364/ol.2.000001
http://dx.doi.org/10.1364/ol.2.000001
http://dx.doi.org/10.1364/ol.2.000001
http://besho.narod.ru/reviews/newage/EnLight256.pdf
http://dx.doi.org/10.1109/mci.2018.2840738
http://dx.doi.org/10.1109/mci.2018.2840738
http://dx.doi.org/10.1109/mci.2018.2840738
http://dx.doi.org/10.1007/978-3-319-11179-7_36
http://dx.doi.org/10.1007/978-3-319-11179-7_36
http://dx.doi.org/10.1038/s41467-024-45982-w
http://dx.doi.org/10.1038/s41467-024-45982-w
http://dx.doi.org/10.1038/s41377-024-01590-3
http://dx.doi.org/10.1038/s41377-024-01590-3
http://dx.doi.org/10.1038/s41377-020-00439-9
http://dx.doi.org/10.1038/s41377-020-00439-9
http://dx.doi.org/10.1038/s41377-020-00446-w
http://dx.doi.org/10.1038/s41377-020-00446-w
http://dx.doi.org/10.1126/sciadv.abd7690
http://dx.doi.org/10.1126/sciadv.abd7690
http://dx.doi.org/10.1126/sciadv.abd7690
http://dx.doi.org/10.1038/s41377-021-00623-5
http://dx.doi.org/10.1038/s41377-021-00623-5
http://dx.doi.org/10.1038/s41377-021-00623-5
http://dx.doi.org/10.1515/nanoph-2022-0358
http://dx.doi.org/10.1515/nanoph-2022-0358
http://dx.doi.org/10.1515/nanoph-2022-0358
http://dx.doi.org/10.1038/s41377-023-01234-y
http://dx.doi.org/10.1038/s41377-023-01234-y

HIRXE - FEERR

L 625F 17H/2025 F£ 9 B/BAEXBEFZHE

[67]

[71]

[72]

diffractive processors[J]. Light: Science &. Applications,
2023, 12: 195.

Cai Y J, Chen Y H, Wang F. Generation and propagation
of partially coherent beams with nonconventional correlation
functions: a review [invited][J]. Journal of the Optical
Society of America A, 2014, 31(9): 2083-2096.

Liu Y, Qn J W, Liu Y B, et al. Optical Fourier
convolutional neural network with high efficiency in
image classification[J]. Optics Express, 2024, 32(13):
23575-23583.

QnJ W, Liu ' Y B, Liu Y, et al. All-optical Fourier
neural network using partially coherent light[J]. Chip,
2025, 1: 100140.

FEEERN, PN, BB SE, A AR O b 28 I 4K 25
W CREEO[T]. T MO, 2024, 51(1): 0119002,

FuT Z, Sun R, Huang Y Y, et al. Review of on-—chip
integrated optical neural networks (invited) [J]. Chinese
Journal of Lasers, 2024, 51(1): 0119002.

OFD, w2, VIR, S5 IR A R R A5 4 Y IR
LA HE T R (R ) [T]. BOL 5Ot Far gt e
2024, 61(11): 1116011.

Deng L., Gao R H, Guan J L, et al. Research progress in
nonlinear optics of thin-film lithium niobate micro/nano
structures (invited) [J]. Laser &. Optoelectronics Progress,
2024, 61(11): 1116011.

HuY W, Zhu D, LuS Y, etal. Integrated electro-optics
on thin-film lithium niobate[J]. Nature Reviews Physics,
2025, 7(5): 237-254.

TR . R I O rl A 5 B R AR A2 i (i)
(7). O, 2024, 51(1): 0119001.

Cheng Y. Thin film lithium niobate electro-optic devices
and ultralarge-scale photonic integration (invited) [J].
Chinese Journal of Lasers, 2024, 51(1): 0119001.

Xie Y W, WuJ C, Hong S H, et al. Towards large-
scale programmable silicon photonic chip for signal
processing[J]. Nanophotonics, 2024, 13(12): 2051-2073.

DREEIS, S, BRAN, &5 REIL I MR 2 UIRE L Tl A
F 5 30 JR AN 2R (R [ 7). WOE 5ot 7ot B, 2024,
61(19): 1913013.

Qiu CY, MaN, ChenY, et al. Recent advances in and
prospects of programmable silicon multifunctional integrated
photonic chips (invited) [J]. Laser & Optoelectronics
Progress, 2024, 61(19): 1913013.

Yin Y X, Zhang X P, Yin X J, et al. High-Q-factor
tunable silica-based microring resonators[J]. Photonics,
2021, 8(7): 256.

Tait A N, Wu A X, de Lima T F, et al. Microring
weight banks[J]. TEEE Journal of Selected Topics in
Quantum Electronics, 2016, 22(6): 5900214.

Tait A N, Jayatilleka H, De Lima T F, et al. Feedback
control for microring weight banks[J]. Optics Express,
2018, 26(20): 26422-26443.

Xu Q F, Soref R. Reconfigurable optical directed-logic
circuits using microresonator-based optical switches[J].
Optics Express, 2011, 19(6): 5244-5259.

D, Gasulla T,

multifunctional integrated nanophotonics[J]. Nanophotonics,

Pérez Capmany J. Programmable

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

1739002-16

2018, 7(8): 1351-1371.

Yang L, Ji R Q, Zhang L, et al. On-chip CMOS-
compatible optical signal processor[J]. Optics Express,
2012, 20(12): 13560-13565.

Qiu C Y, Gao W L, Soref R, et al. Reconfigurable
electro-optical directed-logic circuit using carrier-depletion
micro-ring resonators[J]. Optics Letters, 2014, 39(24):
6767-6770.

Pérez-LLopez D, Gutierrez A M, Sanchez E, et al.
Integrated photonic tunable basic units using dual-drive
directional couplers[J]. Optics Express, 2019, 27(26):
38071-38086.

Lomonte E, Wolff M A, Beutel F, et al. Single-photon
detection and cryogenic reconfigurability in lithium
niobate nanophotonic circuits[J]. Nature Communications,
2021, 12: 6847.

AR K ARG e . 7 48 1R AT A AR 2 M ey B T A
JefF SR B AR W HE, 2024, 53(1): 22-32.
Zheng Y L, Chen X F. Integrated nonlinear photonics on
thin-film lithium niobate: a route to an all-optical
information era[J]. Physics, 2024, 53(1): 22-32.

Qiu C Y, Ye X, Soref R,
reconfigurable electro-optical logic with silicon photonic
integrated circuits[J]. Optics Letters, 2012, 37(19): 3942-
3944.

Tian Y H, Liu Z L, Xiao H F, et al. Experimental

demonstration of a reconfigurable electro-optic directed

et al. Demonstration of

logic circuit using cascaded carrier-injection micro-ring
resonators[J]. Scientific Reports, 2017, 7: 6410.

Yan Q Q, Ouyang H, Tao Z L., et al. Multi-wavelength
optical information processing with deep reinforcement
learning[J]. Light: Science &. Applications, 2025, 14:
160.

Zhang M, Wang C, Cheng R, et al. Monolithic ultra-
high-Q lithium niobate microring resonator[J]. Optica,
2017, 4(12): 1536-1537.

Zhang J H, Fang Z W, Lin J T, et al. Fabrication of
crystalline microresonators of high quality factors with a
controllable wedge angle on lithium niobate on insulator
[J]. Nanomaterials, 2019, 9(9): 1218.

Ying Z F, Zhao Z, Feng C H, et al. Automated logic
synthesis for electro-optic logic-based integrated optical
computing[J]. 2018, 26(21): 28002-
28012.

Ying Z F, Feng C H, Zhao Z, et al. Integrated multi-
operand electro-optic logic gates for optical computing[J].
Applied Physics Letters, 2019, 115(17): 171104.

Yuan M R, Li Y Y, Xiao H F, et al. Reconfigurable

optical directed logic circuits based on mode division

Optics Express,

multiplexing technology[J]. TEEE Photonics Journal,
2023, 15(3): 6601107.

Ying Z F, Dhar S, Zhao Z, et al. Electro-optic ripple-
carry adder in integrated silicon photonics for optical
computing[J]. IEEE Journal of Selected Topics in Quantum
Electronics, 2018, 24(6): 7600310.

Zhang W F, Yao J P.

programmable disk array signal processor[J]. Nature

Photonic integrated field-


http://dx.doi.org/10.1038/s41377-023-01234-y
http://dx.doi.org/10.1364/josaa.31.002083
http://dx.doi.org/10.1364/josaa.31.002083
http://dx.doi.org/10.1364/josaa.31.002083
http://dx.doi.org/10.1364/oe.522842
http://dx.doi.org/10.1364/oe.522842
http://dx.doi.org/10.1364/oe.522842
http://dx.doi.org/10.1016/j.chip.2025.100140
http://dx.doi.org/10.1016/j.chip.2025.100140
http://dx.doi.org/10.3788/CJL231227
http://dx.doi.org/10.3788/CJL231227
http://dx.doi.org/10.3788/CJL231227
http://dx.doi.org/10.3788/CJL231227
http://dx.doi.org/10.1038/s42254-025-00825-5
http://dx.doi.org/10.1038/s42254-025-00825-5
http://dx.doi.org/10.3788/cjl231256
http://dx.doi.org/10.3788/cjl231256
http://dx.doi.org/10.3788/cjl231256
http://dx.doi.org/10.1515/nanoph-2023-0836
http://dx.doi.org/10.1515/nanoph-2023-0836
http://dx.doi.org/10.1515/nanoph-2023-0836
http://dx.doi.org/10.3390/photonics8070256
http://dx.doi.org/10.3390/photonics8070256
http://dx.doi.org/10.1109/jstqe.2016.2573583
http://dx.doi.org/10.1109/jstqe.2016.2573583
http://dx.doi.org/10.1364/oe.26.026422
http://dx.doi.org/10.1364/oe.26.026422
http://dx.doi.org/10.1364/oe.19.005244
http://dx.doi.org/10.1364/oe.19.005244
http://dx.doi.org/10.1515/nanoph-2018-0051
http://dx.doi.org/10.1515/nanoph-2018-0051
http://dx.doi.org/10.1364/oe.20.013560
http://dx.doi.org/10.1364/oe.20.013560
http://dx.doi.org/10.1364/ol.39.006767
http://dx.doi.org/10.1364/ol.39.006767
http://dx.doi.org/10.1364/ol.39.006767
http://dx.doi.org/10.1364/oe.27.038071
http://dx.doi.org/10.1364/oe.27.038071
http://dx.doi.org/10.1364/oe.27.038071
http://dx.doi.org/10.1038/s41467-021-27205-8
http://dx.doi.org/10.1038/s41467-021-27205-8
http://dx.doi.org/10.1038/s41467-021-27205-8
http://dx.doi.org/10.1364/ol.37.003942
http://dx.doi.org/10.1364/ol.37.003942
http://dx.doi.org/10.1364/ol.37.003942
http://dx.doi.org/10.1038/s41598-017-06736-5
http://dx.doi.org/10.1038/s41598-017-06736-5
http://dx.doi.org/10.1038/s41598-017-06736-5
http://dx.doi.org/10.1038/s41598-017-06736-5
http://dx.doi.org/10.1038/s41377-025-01846-6
http://dx.doi.org/10.1038/s41377-025-01846-6
http://dx.doi.org/10.1038/s41377-025-01846-6
http://dx.doi.org/10.1364/optica.4.001536
http://dx.doi.org/10.1364/optica.4.001536
http://dx.doi.org/10.3390/nano9091218
http://dx.doi.org/10.3390/nano9091218
http://dx.doi.org/10.3390/nano9091218
http://dx.doi.org/10.1364/oe.26.028002
http://dx.doi.org/10.1364/oe.26.028002
http://dx.doi.org/10.1364/oe.26.028002
http://dx.doi.org/10.1063/1.5126517
http://dx.doi.org/10.1063/1.5126517
http://dx.doi.org/10.1109/jphot.2023.3270341
http://dx.doi.org/10.1109/jphot.2023.3270341
http://dx.doi.org/10.1109/jphot.2023.3270341
http://dx.doi.org/10.1109/jstqe.2018.2836955
http://dx.doi.org/10.1109/jstqe.2018.2836955
http://dx.doi.org/10.1109/jstqe.2018.2836955
http://dx.doi.org/10.1038/s41467-019-14249-0
http://dx.doi.org/10.1038/s41467-019-14249-0

HRXE - FEERR

L 625F 17H/2025 F£ 9 B/BAERBEFZHE

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Communications, 2020, 11: 406.

Yi D, Wang Y, Tsang H K. Multi-functional photonic
using coherent network of micro-ring
resonators[J]. APL Photonics, 2021, 6(10): 100801.

Yao Y H, Wei Y X, Dong J J, et al. Large-scale
reconfigurable integrated circuits for wideband analog
photonic computing[J]. Photonics, 2023, 10(3): 300.
Ouyang H, Tao Z L., YouJ, et al. Computing dimension

processors

for a reconfigurable photonic tensor processing core based
on silicon photonics[J]. Optics Express, 2024, 32(18):
31205-31219.

Reck M, Zeilinger A, Bernstein H J, et al. Experimental
realization of any discrete unitary operator[J]. Physical
Review Letters, 1994, 73(1): 58-61.

Clements W R, Humphreys P C, Metcalf B J, et al.
Optimal design for universal multiport interferometers[J].
Optica, 2016, 3(12): 1460-1465.

Ribeiro A, Ruocco A, Vanacker L, et al. Demonstration
of a4 X 4-port universal linear circuit[J]. Optica, 2016, 3
(12): 1348-1357.

Shen Y C, Harris N C, Skirlo S, et al. Deep learning
with coherent nanophotonic circuits[J]. Nature Photonics,
2017, 11(7): 441-446.

Hughes T W, Minkov M, Shi Y, et al. Training of
photonic neural networks through in situ backpropagation
and gradient measurement[J]. Optica, 2018, 5(7): 864-
871.

Zhang H, Gu M, Jiang X D, et al. An optical neural chip
for implementing complex-valued neural network[J]. Nature
Communications, 2021, 12: 457.

Zhu H H, Zou J, Zhang H, et al. Space-efficient optical
computing with an integrated chip diffractive neural
network[J]. Nature Communications, 2022, 13: 1044.
Zheng Y, Zhong H Z, Zhang H S, et al. Electro-
optically programmable photonic circuits enabled by wafer
-scale integration on thin-film lithium niobate[J]. Physical
Review Research, 2023, 5(3): 033206.

Wu B, Liu S J, Cheng J W, et al. Real-valued optical
matrix computing with simplified MZI mesh[J]. Intelligent
Computing, 2023, 2: 47.

Wang X Y, Xie P, Chen B H, et al. Chip-based high-
dimensional optical neural network[J]. Nano-Micro Letters,
2022, 14(1): 221.

XuZH, Zhou T K, Ma M Z, et al. Large-scale photonic
chiplet Taichi empowers 160-TOPS/W artificial general
intelligence[J]. Science, 2024, 384(6692): 202-209.

Zarei S, Marzban M R, Khavasi A. Integrated photonic
neural network based on silicon metalines[J]. Optics
Express, 2020, 28(24): 36668-36684.

FuT Z, Zang Y B, Huang H H, et al. On-chip photonic
diffractive optical neural network based on a spatial
domain electromagnetic propagation model[J]. Optics
Express, 2021, 29(20): 31924-31940.

Wang Z, Chang L., Wang F F, et al. Integrated photonic
metasystem for image classifications at telecommunication
wavelength[J]. Nature Communications, 2022, 13: 2131.
Fu T Z, Zang Y B, Huang Y Y, et al. Photonic

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

1739002-17

machine learning with on-chip diffractive optics[J].
Nature Communications, 2023, 14: 70.

Liu W C, Fu T Z, Huang Y Y, et al. C-DONN:
compact diffractive optical neural network with deep
learning regression[J]. Optics Express, 2023, 31(13):
22127-22143.
Moughames J, Porte X, Thiel M, et al. Three-
dimensional waveguide interconnects for scalable integration
of photonic neural networks[J]. Optica, 2020, 7(6): 640-
646.

Feldmann J, Youngblood N, Karpov M, et al. Parallel
convolutional processing using an integrated photonic
tensor core[J]. Nature, 2021, 589(7840): 52-58.

Zhou W, Dong B W, Farmakidis N, et al. In-memory
photonic dot-product engine with electrically programmable
weight banks[J]. Nature Communications, 2023, 14:
2887.

Dong B W, Aggarwal S, Zhou W, et al. Higher-
dimensional processing using a photonic tensor core with
continuous-time data[J]. Nature Photonics, 2023, 17(12):
1080-1088.

Zhang S J, Zhou H J, Wu B, et al. Redundancy-free
integrated optical convolver for optical neural networks
based on arrayed waveguide grating[J]. Nanophotonics,
2024, 13(1): 19-28.

Wang Z, Fang Z W, Liu Z X, et al. On-chip arrayed
waveguide grating fabricated on thin-film lithium niobate
[J]. Advanced Photonics Research, 2024, 5(2): 2470005.
Dubey S R, Singh S K, Chaudhuri B B. Activation
functions in deep learning: a comprehensive survey and
benchmark[J]. Neurocomputing, 2022, 503: 92-108.
Destras O, Le Beux S, de Magalhaes F G, et al. Survey
on activation functions for optical neural networks[J].
ACM Computing Surveys, 2024, 56(2): 35.

Wang T Y, Sohoni M M, Wright L. G, et al. Image
sensing with multilayer nonlinear optical neural networks
[J]. Nature Photonics, 2023, 17(5): 408-415.

Ashtiani F, Idjadi M H, Hu T C, et al. A surface-
normal photodetector as nonlinear activation function in
diffractive optical neural networks[J]. APL Photonics,
2023, 8(12): 121301.

Zhang D H, Xu D, Li Y H, et al. Broadband nonlinear
modulation of incoherent light using a transparent
optoelectronic neuron array[J]. Nature Communications,
2024, 15: 2433.

Guo B, Xiao Q L, Wang S H, et al. 2D layered
materials: synthesis, nonlinear optical properties, and
device applications[J]. Laser & Photonics Reviews, 2019,
13(12): 1800327.

Zuo Y, Li B H, Zhao Y J, et al. All-optical neural
network with nonlinear activation functions[J]. Optica,
2019, 6(9): 1132-1137.

Ma X G.

nanofunctional materials and their application in fast

Research on third-order nonlinearities of

optical holography[D].
China, 2024.
Sun Y C, Dong M L, Yu M X, et al. Modeling and

Taiyuan: North University of


http://dx.doi.org/10.1063/5.0062865
http://dx.doi.org/10.1063/5.0062865
http://dx.doi.org/10.1063/5.0062865
http://dx.doi.org/10.3390/photonics10030300
http://dx.doi.org/10.3390/photonics10030300
http://dx.doi.org/10.3390/photonics10030300
http://dx.doi.org/10.1364/oe.524947
http://dx.doi.org/10.1364/oe.524947
http://dx.doi.org/10.1364/oe.524947
http://dx.doi.org/10.1103/physrevlett.73.58
http://dx.doi.org/10.1103/physrevlett.73.58
http://dx.doi.org/10.1364/optica.3.001460
http://dx.doi.org/10.1364/optica.3.001460
http://dx.doi.org/10.1364/optica.3.001348
http://dx.doi.org/10.1364/optica.3.001348
http://dx.doi.org/10.1038/nphoton.2017.93
http://dx.doi.org/10.1038/nphoton.2017.93
http://dx.doi.org/10.1364/optica.5.000864
http://dx.doi.org/10.1364/optica.5.000864
http://dx.doi.org/10.1364/optica.5.000864
http://dx.doi.org/10.1038/s41467-020-20719-7
http://dx.doi.org/10.1038/s41467-020-20719-7
http://dx.doi.org/10.1364/cleo_si.2022.sf1c.1
http://dx.doi.org/10.1364/cleo_si.2022.sf1c.1
http://dx.doi.org/10.1364/cleo_si.2022.sf1c.1
http://dx.doi.org/10.34133/icomputing.0047
http://dx.doi.org/10.34133/icomputing.0047
http://dx.doi.org/10.1007/s40820-022-00957-8
http://dx.doi.org/10.1007/s40820-022-00957-8
http://dx.doi.org/10.1126/science.adl1203
http://dx.doi.org/10.1126/science.adl1203
http://dx.doi.org/10.1126/science.adl1203
http://dx.doi.org/10.1364/oe.404386
http://dx.doi.org/10.1364/oe.404386
http://dx.doi.org/10.1364/oe.435183
http://dx.doi.org/10.1364/oe.435183
http://dx.doi.org/10.1364/oe.435183
http://dx.doi.org/10.1038/s41467-022-29856-7
http://dx.doi.org/10.1038/s41467-022-29856-7
http://dx.doi.org/10.1038/s41467-022-29856-7
http://dx.doi.org/10.1038/s41467-022-35772-7
http://dx.doi.org/10.1038/s41467-022-35772-7
http://dx.doi.org/10.1364/oe.490072
http://dx.doi.org/10.1364/oe.490072
http://dx.doi.org/10.1364/oe.490072
http://dx.doi.org/10.1364/optica.388205
http://dx.doi.org/10.1364/optica.388205
http://dx.doi.org/10.1364/optica.388205
http://dx.doi.org/10.1038/s41586-020-03070-1
http://dx.doi.org/10.1038/s41586-020-03070-1
http://dx.doi.org/10.1038/s41586-020-03070-1
http://dx.doi.org/10.1038/s41467-023-38473-x
http://dx.doi.org/10.1038/s41467-023-38473-x
http://dx.doi.org/10.1038/s41467-023-38473-x
http://dx.doi.org/10.1038/s41566-023-01313-x
http://dx.doi.org/10.1038/s41566-023-01313-x
http://dx.doi.org/10.1038/s41566-023-01313-x
http://dx.doi.org/10.1515/nanoph-2023-0513
http://dx.doi.org/10.1515/nanoph-2023-0513
http://dx.doi.org/10.1515/nanoph-2023-0513
http://dx.doi.org/10.1002/adpr.202470005
http://dx.doi.org/10.1002/adpr.202470005
http://dx.doi.org/10.1016/j.neucom.2022.06.111
http://dx.doi.org/10.1016/j.neucom.2022.06.111
http://dx.doi.org/10.1016/j.neucom.2022.06.111
http://dx.doi.org/10.1145/3607533
http://dx.doi.org/10.1145/3607533
http://dx.doi.org/10.1038/s41566-023-01170-8
http://dx.doi.org/10.1038/s41566-023-01170-8
http://dx.doi.org/10.1063/5.0168959
http://dx.doi.org/10.1063/5.0168959
http://dx.doi.org/10.1063/5.0168959
http://dx.doi.org/10.1038/s41467-024-46387-5
http://dx.doi.org/10.1038/s41467-024-46387-5
http://dx.doi.org/10.1038/s41467-024-46387-5
http://dx.doi.org/10.1002/lpor.201800327
http://dx.doi.org/10.1002/lpor.201800327
http://dx.doi.org/10.1002/lpor.201800327
http://dx.doi.org/10.1364/optica.6.001132
http://dx.doi.org/10.1364/optica.6.001132
http://dx.doi.org/10.1364/ol.442970

HIRXE - FEERR

L 625F 17H/2025 F£ 9 B/BAEXBEFZHE

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

simulation of all-optical diffractive neural network based
on nonlinear optical materials[J]. Optics Letters, 2022,
47(1): 126-129.

Shi W X, Jiang X, Zheng H, et al. Lensless opto-
electronic neural network with quantum dot nonlinear
activation[J]. Photonics Research, 2024, 12(4): 682-690.
Yu J, Park S, Hwang I, et al. Electrically tunable
nonlinear polaritonic metasurface[J]. Nature Photonics,
2021, 16(1): 72-78.

kA, BERML, SR, A OUTHELADG R e ST AT
Fe k(T v EEOE 2024, 51(18): 1800001.

Zhang N, Huang Z Q, Zhang 7Z A, et al. Advances
of optical computing and optoelectronic intelligent
computing[J]. Chinese Journal of Lasers, 2024, 51(18):
1800001.

He M B, Xu M Y, Ren Y X, et al. High-performance
hybrid silicon and lithium niobate Mach-Zehnder modulators
for 100 Gbit s™' and beyond[J]. Nature Photonics, 2019,
13(5): 359-364.

XuMY, Zhu Y T, Pittala F, et al. Dual-polarization
thin-film lithium niobate in-phase quadrature modulators
for terabit-per-second transmission[J]. Optica, 2022, 9
(1): 61-62.

George J K, Mehrabian A, Amin R, et al. Neuromorphic
photonics with electro-absorption modulators[J]. Optics
Express, 2019, 27(4): 5181-5191.

Amin R, George J K, Sun S, et al. ITO-based electro-
absorption modulator for photonic neural
function[J]. APL Materials, 2019, 7(8): 081112.
Zhong C Y, Liao K, Dai T X, et al. Graphene/silicon

heterojunction for reconfigurable phase-relevant activation

activation

function in coherent optical neural networks[J]. Nature
Communications, 2023, 14: 6939.

Chen Y T, Nazhamaiti M, Xu H, et al. All-analog
photoelectronic  chip for high-speed vision tasks[J].
Nature, 2023, 623(7985): 48-57.

Miscuglio M, Mehrabian A, Hu Z B, et al. All-optical
nonlinear activation function for photonic neural networks
[J]. Optical Materials Express, 2018, 8(12): 3851-3863.
Jha A, Huang C R, Prucnal P R. Reconfigurable all-
optical nonlinear activation functions for neuromorphic
photonics[J]. Optics Letters, 2020, 45(17): 4819-4822.
Guo Q S, Sckine R, Ledezma L, et al. Femtojoule
femtosecond all-optical switching in lithium niobate
nanophotonics[J]. Nature Photonics, 2022, 16(9): 625-
631.

Wu B, Li H K, Tong W Y, et al. Low-threshold all-
optical nonlinear activation function based on a Ge/Si
hybrid structure in a microring resonator[J]. Optical
Materials Express, 2022, 12(3): 970-980.

Zhang W K, Gu W T, Cheng J W, et al. Performing
photonic nonlinear computations by linear operations in a
high-dimensional space[J]. Nanophotonics, 2023, 12(15):
3189-3197.

Wu T W, Li Y K, Ge L, et al. Field-programmable
photonic nonlinearity[J/OL]. Nature Photonics: 1-8[2025-

05-06]. https://www. nature. com/articles/s41566-025-

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

1739002-18

01660-x.

Ashtiani F, Geers A J, Aflatouni F. An on-chip photonic
deep neural network for image classification[J]. Nature,
2022, 606(7914): 501-506.

Tan S S, Wu Z, Lei L, et al. All-optical computation
system for solving differential equations based on optical
intensity differentiator[J]. Optics Express, 2013, 21(6):
7008-7013.

Xu DY, Yang H, Xu W H, et al. Inverse design of
Pancharatnam-Berry phase metasurfaces for all-optical
image edge detection[J]. Applied Physics Letters, 2022,
120(24): 241101.

Liu Y, Huang M C, Chen Q K, et al. Single planar
photonic chip with tailored angular transmission for
multiple-order analog spatial differentiator[J]. Nature
Communications, 2022, 13: 7944.

Huo P C, Tan L, Jin Y Q, et al. Broadband and parallel
multiple-order differentiation enabled

optical spatial

by Bessel vortex modulated metalens[J]. Nature
Communications, 2024, 15: 9045.

Deng M, Cotrufo M, Wang J, et al. Broadband angular
spectrum differentiation using dielectric metasurfaces[J].
Nature Communications, 2024, 15: 2237.

XuD Y, Xu W H, Yang Q, et al. All-optical object
identification and three-dimensional reconstruction based
on optical computing metasurface[J]. Opto-Electronic
Advances, 2023, 6(12): 230120.

ZhouJ X, WuQ 'Y, Zhao J X, et al. Fourier optical spin
splitting microscopy[J]. Physical Review Letters, 2022,
129(2): 020801.

Chen H, Jayasuriya S, Yang J Y, et al. ASP vision:
optically computing the first layer of convolutional neural
networks using angle sensitive pixels[C]//2016 IEEE
Conference on Computer Vision and Pattern Recognition
(CVPR), June 27-30, 2016, Las Vegas, NV, USA.
New York: IEEE Press, 2016: 903-912.

Chang J L, Sitzmann V, Dun X, et al. Hybrid optical-
electronic convolutional neural networks with optimized
diffractive optics for image classification[J]. Scientific
Reports, 2018, 8:12324.

Xu X Y, Tan M X, Corcoran B, 11 TOPS
photonic convolutional accelerator for optical neural
networks[J]. Nature, 2021, 589(7840): 44-51.

Shi W X, Huang Z, Huang H H, et al. LOEN: lensless
opto-electronic neural network empowered machine vision
[J]. Light: Science & Applications, 2022, 11: 121.

XuS F, Wang J, Yi S C, et al. High-order tensor flow
processing using integrated photonic circuits[J]. Nature
Communications, 2022, 13: 7970.

Ouyang H, Zhao Z Y, Tao Z L, et al. Parallel edge
extraction operators on chip speed up photonic convolutional
neural networks[J]. Optics Letters, 2024, 49(4): 838-841.
YuH Y, Huang Z H, Lamon S, et al. All-optical image

et al.

transportation through a multimode fibre using a

miniaturized diffractive neural network on the distal facet
[J]. Nature Photonics, 2025, 19(5): 486-493.
Tanaka G, Yamane T, Héroux J B,

et al. Recent


http://dx.doi.org/10.1364/ol.442970
http://dx.doi.org/10.1364/ol.442970
http://dx.doi.org/10.1364/prj.515349
http://dx.doi.org/10.1364/prj.515349
http://dx.doi.org/10.1364/prj.515349
http://dx.doi.org/10.1038/s41566-021-00923-7
http://dx.doi.org/10.1038/s41566-021-00923-7
http://dx.doi.org/10.3788/CJL240780
http://dx.doi.org/10.3788/CJL240780
http://dx.doi.org/10.3788/CJL240780
http://dx.doi.org/10.3788/CJL240780
http://dx.doi.org/10.3788/CJL240780
http://dx.doi.org/10.1364/optica.449691
http://dx.doi.org/10.1364/optica.449691
http://dx.doi.org/10.1364/optica.449691
http://dx.doi.org/10.1364/oe.27.005181
http://dx.doi.org/10.1364/oe.27.005181
http://dx.doi.org/10.1063/1.5109039
http://dx.doi.org/10.1063/1.5109039
http://dx.doi.org/10.1063/1.5109039
http://dx.doi.org/10.1038/s41467-023-42116-6
http://dx.doi.org/10.1038/s41467-023-42116-6
http://dx.doi.org/10.1038/s41467-023-42116-6
http://dx.doi.org/10.1038/s41586-023-06558-8
http://dx.doi.org/10.1038/s41586-023-06558-8
http://dx.doi.org/10.1364/ome.8.003851
http://dx.doi.org/10.1364/ome.8.003851
http://dx.doi.org/10.1364/ol.398234
http://dx.doi.org/10.1364/ol.398234
http://dx.doi.org/10.1364/ol.398234
http://dx.doi.org/10.1038/s41566-022-01044-5
http://dx.doi.org/10.1038/s41566-022-01044-5
http://dx.doi.org/10.1038/s41566-022-01044-5
http://dx.doi.org/10.1364/ome.447330
http://dx.doi.org/10.1364/ome.447330
http://dx.doi.org/10.1364/ome.447330
http://dx.doi.org/10.1515/nanoph-2023-0234
http://dx.doi.org/10.1515/nanoph-2023-0234
http://dx.doi.org/10.1515/nanoph-2023-0234
http://dx.doi.org/10.1038/s41566-025-01660-x
http://dx.doi.org/10.1038/s41566-025-01660-x
http://dx.doi.org/10.1038/s41586-022-04714-0
http://dx.doi.org/10.1038/s41586-022-04714-0
http://dx.doi.org/10.1364/oe.21.007008
http://dx.doi.org/10.1364/oe.21.007008
http://dx.doi.org/10.1364/oe.21.007008
http://dx.doi.org/10.1063/5.0090606
http://dx.doi.org/10.1063/5.0090606
http://dx.doi.org/10.1063/5.0090606
http://dx.doi.org/10.1038/s41467-022-35588-5
http://dx.doi.org/10.1038/s41467-022-35588-5
http://dx.doi.org/10.1038/s41467-022-35588-5
http://dx.doi.org/10.1038/s41467-024-53463-3
http://dx.doi.org/10.1038/s41467-024-53463-3
http://dx.doi.org/10.1038/s41467-024-53463-3
http://dx.doi.org/10.1038/s41467-024-46537-9
http://dx.doi.org/10.1038/s41467-024-46537-9
http://dx.doi.org/10.29026/oea.2023.230120
http://dx.doi.org/10.29026/oea.2023.230120
http://dx.doi.org/10.29026/oea.2023.230120
http://dx.doi.org/10.1103/physrevlett.129.020801
http://dx.doi.org/10.1103/physrevlett.129.020801
http://dx.doi.org/10.1109/cvpr.2016.104
http://dx.doi.org/10.1109/cvpr.2016.104
http://dx.doi.org/10.1109/cvpr.2016.104
http://dx.doi.org/10.1038/s41598-018-30619-y
http://dx.doi.org/10.1038/s41598-018-30619-y
http://dx.doi.org/10.1038/s41598-018-30619-y
http://dx.doi.org/10.1038/s41586-020-03063-0
http://dx.doi.org/10.1038/s41586-020-03063-0
http://dx.doi.org/10.1038/s41586-020-03063-0
http://dx.doi.org/10.1038/s41377-022-00809-5
http://dx.doi.org/10.1038/s41377-022-00809-5
http://dx.doi.org/10.1038/s41467-022-35723-2
http://dx.doi.org/10.1038/s41467-022-35723-2
http://dx.doi.org/10.1364/ol.517583
http://dx.doi.org/10.1364/ol.517583
http://dx.doi.org/10.1364/ol.517583
http://dx.doi.org/10.1038/s41566-025-01621-4
http://dx.doi.org/10.1038/s41566-025-01621-4
http://dx.doi.org/10.1038/s41566-025-01621-4
http://dx.doi.org/10.1016/j.neunet.2019.03.005

HRXE - FEERR

L 625F 17H/2025 F£ 9 B/BAERBEFZHE

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

advances in physical reservoir computing: a review[J].
Neural Networks, 2019, 115: 100-123.

Hasegawa H, Kanno K, Uchida A. Parallel and deep
reservoir computing using semiconductor lasers with
optical feedback[J]. Nanophotonics, 2022, 12(5): 869-
881.

LiRQ, Shen Y W, Lin B D, et al. Scalable wavelength-
multiplexing photonic reservoir computing[J]. APL
Machine Learning, 2023, 1(3): 036105.

Shen Y W, Li R Q, Liu G T, et al. Deep photonic
reservoir computing recurrent network[J]. Optica, 2023,
10(12): 1745-1751.

Pierangeli D, Marcucci G, Conti C. Large-scale photonic
Ising machine by spatial light modulation[J]. Physical
Review Letters, 2019, 122(21): 213902.

Fang Y S, Huang J Y, Ruan Z C. Experimental
observation of phase transitions in spatial photonic Ising
machine[J]. Physical Review Letters, 2021, 127(4):
043902.

Luo L, MiZ Y, Huang J Y, et al. Wavelength-division
multiplexing optical Ising simulator enabling fully
programmable spin couplings and external magnetic fields
[J]. Science Advances, 2023, 9(48): eadg6238.

Wu B, Zhang W K, Zhang S J, et al. A monolithically
integrated optical Ising machine[J]. Nature Communications,
2025, 16: 4296.

Wright . G, Onodera T, Stein M M, et al. Deep
physical neural networks trained with backpropagation[J].
Nature, 2022, 601(7894): 549-555.

Momeni A, Rahmani B, Mallejac M, et al.
Backpropagation-free training of deep physical neural
networks[J]. Science, 2023, 382(6676): 1297-1303.
Oguz I, Ke J J, Weng Q F, et al. Forward-forward
training of an optical neural network[J]. Optics Letters,
2023, 48(20): 5249-5252.

Tang S J, Chen C, Qin Q, et al. Reconfigurable
integrated photonic unitary neural networks with phase

encoding enabled by in situ training[J]. IEEE Photonics

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

1739002-19

Journal, 2024, 16(5): 8800311.

Liu W C, Huang Y Y, Sun R, et al. Ultra-compact
multi-task processor based on in-memory optical computing
[J]. Light: Science &. Applications, 2025, 14: 134.

Beim W, SRR, IRIKEL, 45 BLRDEIHEL M KR S5 0
JHIT). Bhaf5@ 4, 2024, 69(34): 5028-5041.

BiY F, Wu XY, Zhang L. F, et al. Development and
applications of analog optical computing: a review[J].
Chinese Science Bulletin, 2024, 69(34): 5028-5041.

HIE DS, JRE, RFREL, L OGTEE R S AL
s e 0] P EEOE, 2023, 50(5): 0500001

Ma G Q, Zhou C H, Zhu R W, et al. Future of optical
computing: analog or digital? [J]. Chinese Journal of
Lasers, 2023, 50(5): 0500001.

Hua S'Y, Divita E, Yu S S, et al. An integrated large-
scale photonic accelerator with ultralow latency[J].
Nature, 2025, 640(8058): 361-367.

Ahmed S R, Baghdadi R, Bernadskiy M,
Universal photonic artificial intelligence acceleration[J].
Nature, 2025, 640(8058): 368-374.

NVIDIA. NVIDIA H100 Tensor Core GPU datasheet
[EB/OL]. [2025-04-05]. https://resources. nvidia. com/
en-us-tensor-core/nvidiatensor-core-gpu-datasheet.
NVIDIA. NVIDIA H100 Tensor Core GPU architecture
overview[EB/OL]J. [2025-04-05]. https://resources. nvidia.
com/en-us-tensor-core/gtc22-whitepaper-hopper.

et al.

Hennessy J L, Patterson D A. Computer architecture: a
quantitative approach[M]. Amsterdam: Elsevier, 2011.
Chen X Z, Xue Y, Sun Y B, et al. Neuromorphic
photonic memory devices using ultrafast, non-volatile
phase-change materials[J]. Advanced Materials, 2023, 35
(37): €2203909.

Cheng Z G, Rios C A, Youngblood N, et al. On-chip
phase-change photonic memory and computing[J].
Proceedings of SPIE, 2017, 10345: 1034519.
Wu N F, Sun Y X, Hu J T,
nanophotonics: when machine learning sheds light[J].
elight, 2025, 5(1): 5.

et al. Intelligent


http://dx.doi.org/10.1016/j.neunet.2019.03.005
http://dx.doi.org/10.1515/nanoph-2022-0440
http://dx.doi.org/10.1515/nanoph-2022-0440
http://dx.doi.org/10.1515/nanoph-2022-0440
http://dx.doi.org/10.1063/5.0158939
http://dx.doi.org/10.1063/5.0158939
http://dx.doi.org/10.1364/optica.506635
http://dx.doi.org/10.1364/optica.506635
http://dx.doi.org/10.1103/physrevlett.122.213902
http://dx.doi.org/10.1103/physrevlett.122.213902
http://dx.doi.org/10.1103/physrevlett.127.043902
http://dx.doi.org/10.1103/physrevlett.127.043902
http://dx.doi.org/10.1103/physrevlett.127.043902
http://dx.doi.org/10.1126/sciadv.adg6238
http://dx.doi.org/10.1126/sciadv.adg6238
http://dx.doi.org/10.1126/sciadv.adg6238
http://dx.doi.org/10.1038/s41467-025-59537-0
http://dx.doi.org/10.1038/s41467-025-59537-0
http://dx.doi.org/10.1038/s41586-021-04223-6
http://dx.doi.org/10.1038/s41586-021-04223-6
http://dx.doi.org/10.1126/science.adi8474
http://dx.doi.org/10.1126/science.adi8474
http://dx.doi.org/10.1126/science.adi8474
http://dx.doi.org/10.1364/ol.496884
http://dx.doi.org/10.1364/ol.496884
http://dx.doi.org/10.1109/jphot.2024.3453898
http://dx.doi.org/10.1109/jphot.2024.3453898
http://dx.doi.org/10.1109/jphot.2024.3453898
http://dx.doi.org/10.1038/s41377-025-01814-0
http://dx.doi.org/10.1038/s41377-025-01814-0
http://dx.doi.org/10.1360/tb-2024-0692
http://dx.doi.org/10.1360/tb-2024-0692
http://dx.doi.org/10.1360/tb-2024-0692
http://dx.doi.org/10.1360/tb-2024-0692
http://dx.doi.org/10.3788/CJL221209
http://dx.doi.org/10.3788/CJL221209
http://dx.doi.org/10.3788/CJL221209
http://dx.doi.org/10.3788/CJL221209
http://dx.doi.org/10.1038/s41586-025-08786-6
http://dx.doi.org/10.1038/s41586-025-08786-6
http://dx.doi.org/10.1038/s41586-025-08854-x
http://dx.doi.org/10.1038/s41586-025-08854-x
https://resources.nvidia.com/en-us-tensor-core/nvidiatensor-core-gpu-datasheet
https://resources.nvidia.com/en-us-tensor-core/gtc22-whitepaper-hopper
https://resources.nvidia.com/en-us-tensor-core/gtc22-whitepaper-hopper
http://dx.doi.org/10.1002/adma.202203909
http://dx.doi.org/10.1002/adma.202203909
http://dx.doi.org/10.1002/adma.202203909
http://dx.doi.org/10.1117/12.2272127
http://dx.doi.org/10.1117/12.2272127
http://dx.doi.org/10.1186/s43593-025-00085-x
http://dx.doi.org/10.1186/s43593-025-00085-x

