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Fig. 1. (a) The U-net architecture incorporating an attention mechanism, comprising encoder layers (green modules) and decoder

layers (colored modules); (b) encoder architecture; (c) decoder architecture.
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Fig. 2. (a) Overview of the convolutional block attention mechanism (CBAM) module; (b) spatial attention module; (c) channel at-

tention module.
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u

A, Ml RS EGE REC R AR E 77010,
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Fig. 3. Point spread function comparison.
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B RA IF o3 AL SE OFL, il U-net LA K%
U-attention W Z&uE T RS R 7.

|

Bl 4 (a) RIGWIE; (b) F SR LS R (c) OEL B @45
Fig. 4. (a) Ground truth; (b) traditional imaging results; (c) OEI reconstruction results.
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R AT VERE, 5 I E T SR € {5%,
10%, 20%, 30%, 40%} B RFEFLES. K 5 FIE 6
SPRIRR T “FRLR 5 “Br P AEAFERAER T, =
FRRE I ARAS RN . MR, 155t OEL
R Z RS SR AR TE & 1, USRS
KA B %Ak, 76 SR = 10% i, OEI 5 i 4%
REREEI BRI SRS, (LB, 2 oREE
HREZ SR = 5% I, mMifE B E LK, BURAY
ROk ELAEA I AR5, Femll U-net ARIAE— & R BE
T T EUR XS LLEE, {HFE SR = 5% 45F T, M
Ty EIK B 29 R AERARCRAE T R 1, s
FRBPEREA BRI, L2 R, A THEN
B Y U-attention #= R 7E 150 AR FL AL - R B HE
P 1528 T B S Het 23 (Bl D SRR AE 1) 38 R 5

!!roun!! l I‘Lll !!

OEI

U-net

U-attention

k., BIfEFE SR = 5% s~ T, BARZ IR T4
PRBR PR, EURIC IR 2 e i T BE, (EAH L T HA A
5, AR HRA) Y RIS 3R B T B T LA R
ZERE SR, A AN T T S DI DA R R Bkt
FREFA T, itk g i, R g
{E1FME L (peak signal-to-noise ratio, PSNR) F1%5
F AL (structural similarity, SSIM)ES! E A 1
WrdabR, I~ HVRPIARTEAR RIS T i L
iR m5) TR 1R 2. Bl KW, U-attention
D7 BAE A R AT B e 6 A 34 0 200 T %
b7 . TEMR R R AL S5 SR = 5% I, B X} 5
i 517 1%, U-attention A4 PSNR ik %] 19.25 dB,
SSIM 2 0.73, #H b & fill U-net (PSNR 17.73 dB,
SSIM 0.69) 4427+ T 1.52 dB Al 0.04. X—fL 3

Bl 5 ZEARFEREEART, R AR R Sk R A AR B Y < 51 O H

Fig. 5. Comparison of numerical simulation results of the “astronaut” image obtained by various reconstruction algorithms at differ-

ent sampling rates.

EI‘OUDH !I'U. H!

OEI

'.,

E”i |

U-net

U-attention

)

== - NI
ﬁn
=1 (N

K6 TEARREREEART, A [ A5k A E AT B 53 7 R0 T

Fig. 6. Comparison of numerical simulation results of the “house” image obtained by various reconstruction algorithms at different

sampling rates.
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£ 1 AFERARRS EAREET “FAUR ERE PSNR/SSIM & &t

Table 1.  Quantitative comparison of PSNR/SSIM for the “astronaut” image under different sampling rates and reconstruc-

tion algorithms.

Sample-rate

Methods
5% 10% 20% 30% 40%
OEI 15.05/0.47 14.97/0.57 15.07/0.63 15.33/0.64 17.33/0.64
U-net 17.73/0.69 19.99/0.75 21.21/0.87 23.15/0.88 23.32/0.90
U-attention 19.25/0.73 21.03/0.81 23.72/0.89 24.38/0.91 24.61/0.93

# 2 RFERAERSEARILT 51 EURM PSNR/SSIM JE H LA

Table 2.  Quantitative comparison of PSNR/SSIM for the “house” image under different sampling rates and reconstruction

algorithms.
Sample-rate
Methods
5% 10% 20% 30% 40%
OEI 18.38/0.45 18.97/0.55 19.36/0.66 21.05/0.69 20.63/0.71
U-net 20.62/0.48 22.37/0.61 23.41/0.71 24.02/0.76 24.37/0.79
U-attention 21.94/0.51 22.93/0.62 23.45/0.76 25.28/0.79 25.64/0.82

1E Py 7 UG ) T g P W) A I 3, O PSNR 34 3
21.94 dB, M4 OEI i 18.38 dB. X, A
fE TEASE B BRI S A FCRAE AR T, TR
TR SR BEAE 38 o X A% OO R E A R ARG HET 4,
ol FE R 2 SR T S, I R e AR A R
KRR, BEE RAE G N ZE SR = 40% I,
IZIET AR AAMRORFR A, T EE g KR PSNR
2T+ 24.61 dB, SSIM ik ] 0.93, A b U-net 43
BISEELT 1.29 dB A1 0.03 (4R TF. ik gh RAESE,
BB TUR R R IR G0 T, B I HLGIMK SR
RERS 38 1K 40 AL A AN [F] RUBE AR AE [ STk, 5 B
W) &4 1 T B A R RE O EE 1 FR, M 7E PSNR Al
SSIM | ¥4y 5e i LR .

P EEE R, A0 A2 R RES A SE 8 R S
4t OEL LU S AEARICRAE T 47 MK 52 BE ) AS 2 1 3
fith U-net, 5| AR JIHLEI ) U-attention ¥ 4518
b IS A HERAEACE, (13 2 REAS I e R AL T
KHEPZERRAE, DA SR AN T Y PR A R )R
FET B A BB B B X4 A 4 RAE 3 ]
PR IE T PERESRIE FR, S8 T X OS] 5 2 ke A
HE R E L.

4 %

ARSCEF XSS OBL I IEAECRAER A T H
g 52 IR IR, F9 i T 7R OEL 4 BB Y 24 5
IR LA ) 52 RO B 2 0 2 ARG

WF9E e NSUSHLEZ R 58 0E T OEL RG5>
HERGTEST, F BA5 R, ORI RGLRENSA R 5
WA R G IRT AP, I BT ST i A1) 1)
SN NI S E: LU N TRl M el /B B
e, SRR R R 1) i A AR R GHE R, AR S
¥ OEL 4 FRASE AU i A 54 U-net R4 1E M 295
It — 25| A= ST HLE] DL 5 2 ROBE FRAE 42
e ). 51648 OEL I 34t U-net Jr ik L, U-
attention JyiERENS A R T H E UG 4N 515
M bY, R AR R T R R P RE. 5 &
SERFRW, 2T IR AEATCRA 2R R 25460 5
(1845, 378 PSNR Al SSIM 545 I & 2 1 T *t
Fid. BEAN, RIS A R & T e 5 IR
) AR A, A ff U OEL & g v i 3k
SARME T —Fhopr i BB, HRTIOT R E B AR T4
{EALPL IS N A R, AR SO F I 52
ProftegSCms, Rrib iz sk 7E B0 8 22 B N 1Y
B, JTE— A 28 I ZRAk%.
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Optical eigenmode imaging based on convolutional

neural networks
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Abstract

Optical eigenmode imaging (OEI) is a computational imaging method based on the expansion and

projection of eigenmodes within an optical system. It acquires target images by characterizing and

reconstructing spatial distribution information in the mode space. However, under low sampling rates,

traditional OEI reconstruction is fundamentally limited by modal incompleteness, leading to the loss of high-

frequency information. This physically manifests as enhanced side-lobes in the system’s point spread function

and severe artifacts in the reconstructed images, thereby compromising edge sharpness and detail fidelity.
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To overcome these physical limitations, we propose a physics-driven, complex-valued convolutional neural
network framework that seamlessly integrates physical laws with deep learning by incorporating the optical
imaging physical model as an intrinsic constraint. Unlike conventional data-driven approaches that rely on
massive paired datasets, our method utilizes an untrained complex U-net optimized through a self-supervised
strategy. The network treats the real and imaginary components of the optical field as independent channels to
strictly preserve phase information. Furthermore, to specifically address the issue of detail loss caused by modal
incompleteness, we integrate a convolutional block attention module (CBAM) into the network’s decoder. This
mechanism achieves high-quality image reconstruction through adaptive feature weight adjustment.

Numerical simulations indicate that under extremely low sampling rates, where traditional OEI fails to
recover meaningful structural details and the baseline U-net suffers from residual artifacts, our attention-
enhanced model successfully suppresses side-lobe-induced artifacts. Comparative validations demonstrate that
superior image fidelity and structural similarity are achieved compared with traditional OEI algorithms and
baseline deep learning approaches, effectively mitigating structural degradation caused by modal
incompleteness. This method provides a robust solution for OEI, enabling high-quality super-resolution imaging

without the need for high sampling redundancy or external training datasets.

Convolutional neural networks of a U-net architecture
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