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Table 1 Parameter of simulation

Parameter Value
Laser wavelength A 1550 nm

Width of phase screen D 0.3 m

Beam waist w, 3cm
Topological charge / 3
Radial index p 0

Transmission distance 2 1 km
Number of phase screens 10
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Fig. 4 Turbulent phase distribution and light intensity distribution
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Fig. 5 Loss function and accuracy of the model
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(d) Prediction results of Ref.[12]
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Fig. 6 Comparison of the predicted turbulence phase with the actual phase

1206002-7



P/ R 4

ZEAHDBLANIE] 6 (b) ~(c) Bz, SCHR 12 J A9 S5 R ANTE1 6 (d) Bz o a] LAFE H 48 Y A B 22 1 0 1 IR0 45 A R0 0 14 7k
FE AR/ AT FH A BRI 28 0 4 0 1R 300 1) 235 SRR S A , LBk 22 AH A 1) PV . RMIS B A0 3% 2 7 , AR SC 5 5 13
00 Sy g 22 A AL e 22 LA/ AR T 22 T A AR REAS 2 AT A SE PR B AL 5 o DRI A5 6 13 2 mTRD, A [a] i
TS R R T 2% A AR B B A RICR | B R AR L R 5 S B AR 7 5f AL BE R o 1R 7 DR 5RO [ i
TSR R FIN Y Zernike F B SE PR R LR HE , AT LU H AR SO vk 1 0000 25 2R 5 52 P 3R B0 A

F2 AREHTEETREMBAMLKMPYEMRMSE
Table 2 PV and RMS values of the residual phase at different turbulence intensities
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Ours Ref.[12] Ours Ref. [12] Ours Ref. [12] Ours Ref. [12] Ours Ref. [12]
PV /rad 0.045 0.082 0.195 0.214 0.226 0.415 0.196 0.439 0.275 0.381
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Fig. 7 Comparison of the predicted Zernike coefficient with the actual coefficient
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Fig. 8 Light intensity map at different SNR
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Fig. 9 Residual phase at different SNR
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Table 3 PV and RMS values of the residual phase at different SNR
SNR D/r,=2 D/r,=>5 D/r,=10 D/r,=15 D/r,=20
PV/rad RMS/rad PV/rad RMS/rad PV/rad RMS/rad PV/rad RMS/rad PV/rad RMS/rad
5dB 0.131 0.023 0.178 0.051 0.481 0.133 0.731 0.152 0.624 0.129
15dB 0.051 0.011 0.135 0.030 0.244 0.106 0.391 0.125 0.342 0.095
25dB 0.031 0.006 0.105 0.015 0.138 0.069 0.138 0.118 0.121 0.071
3.2 HEE

Sy B IE B AR S U R S A A R O R N R T LR AN R A0 6 S A T M 46 ResNet50 i
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Table 4 Comparison of accuracy and calculation time of different models

Model Accuracy Time/ms
ResNet50 0.892 8.35
ResNet50+SA 0.934 9.07
ResNet50+CA 0.941 9.44
ResNet50+CA+SA 0.971 9.51
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TE R 45 B MERR A S g Ik B T 971000 fEis AT b R T 1 000 YR BB ME, SR hoal g, B
E R0 M 2% B TSI ] 34 7E 10 ms AT, AT LA A 52 I 90 A I 19 25K, Bl fufl 1 P BE 9 388, 3 477 ik 1] ]
AR S REAR o TR A T B S50 038 17 B ] L ResNet50 4, B 2545 i 5ok PP Al 5, AR SCHR s i 3% 22 1 3
J1 S RE frc it

Sy 36 UE T T AL 0 4% rp 9 £ P A DR S i S RE L B DU I RO R R R R S B R
i VE Sy HE Rl U ZRAE Y, SR )5 23 3 A% B CA R SA I 2545 2 2 A R AL Ik rh Bir 7 S 80 E AR TR o 7E A
[Fl i UL 2% 10 T BEAIL AR S — AR AL B, 5 R A0 &) 10 Ca) Bz, AS [ A B 0 ) 45 2R 4n 141 10(b) firzs o ¥ 10(c¢)
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Fig. 10 Comparison of prediction results between the model with partial attention mechanism removed and the complete model

1206002-10



HBH A5« T Ak 22 T T IR 2% 14 i T O A A TR ik

7 B oy ST R AL AT TG P A AR 22, AR AR T R — v B AL AT B R 25 R LM AR LB B o AR 10(c) ]
LR R CA 2 S EURAE 2 18] /Y I VE T B, A8 07 A A9 AR (0L AR I, B8 15 SA 5 SRR AR $E BURE 1 T B 45 11E
FIRBAE SR 5T o 120 b T2 90 A5 2 B PEAY 78 bR %F FL AN 2 5 T AN, SE R R A 5% 25 PV {8 0.145 1 rad , RMS
{6} 0.052 7 rad , M1 EL HAB IR AYTE /N o 2% I IR A= WL B S bna 20k

£5 ERBHEB AN NITENIEHT L

Table 5 Comparison of evaluation indexes of removing partial attention mechanism

Complete model Remove CA Remove SA
PV/rad 0.1451 0.2589 0.373
RMS /rad 0.052 7 0.077 1 0.0881

Shy B0 UE 45 A A % R BCAE ARSI T A A L A JRBCHE S L R T I RO B SRR RO I A 3 R R eR Y
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PF R BEALA B— A HE B S5 SR 11 (a) ~ (o) i , AS RS BRIl i 25 SR an 141 11(b) s o S8 R A2
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Fig. 11 Comparison of partial loss function with complete model
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Table 6 Comparison of evaluation indexes of partial loss function

Complete model Remove PV Remove RMS
PV /rad 0.164 9 0.354 6 0.274 7
RMS/rad 0.039 5 0.070 8 0.080 9
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Wavefront Distortion Restoration Method Based on Residual Attention
Network

CAO Yang, ZHANG Zupeng, PENG Xiaofeng
(School of Electrical and Electronic Engineering, Chongqing University of Technology, Chongging 400054, China)

Abstract: The adaptive optical system without wavefront detection has the advantages of simple structure
and easy application, and it is now turning into a research hotspot in the field of optical communication.
With the rapid development of artificial intelligence technology in recent years, deep learning has been
introduced into wavefront detection—free adaptive optics systems to correct wavefront aberrations. This
paper proposes an adaptive optical wavefront recovery method based on the residual attention network in
order to prevent the degradation of neural network. To prevent the degradation phenomenon of neural
network, the residual network is first used as the backbone network, and its hopping layer connection
property is utilised to enable the network model to learn deeper features. The input light intensity map is
transformed into a feature map by a 7X7 downsampling convolution operation in the residual network,
followed by a maximum pooling operation with a filter size of 3XX3 to reduce the computational parameters
and prevent overfitting phenomenon. Then, to increase the feature extraction capability of the network
without significantly increasing the computational effort, this paper constructs a multi—scale residual hybrid
attention network structure based on the residual network, using a null convolution operation to convert the
light intensity image into a feature map for backward propagation. In the attention layer, features are
extracted by convolution kernels of different scales in a distributed manner, and the dual-stream network
structures of 3XX 3 and 5X 5 sizes are chosen to extract the feature maps. The attention mechanism is used
to improve the recognition rate of the network for broken light spot features and to achieve the effect of
enhancing the network to express light intensity image features. Each hybrid attention module contains two
convolution operations and one hybrid attention computation operation. The dimensionality of the feature
map remains unchanged after the attention layer, and each channel is assigned a different weight coefficient.
Finally, a network loss function combining the realistic evaluation metrics of wave crest and trough values
as well as root mean square values of wavefront is designed, and the Zernike coefficients of the actual
wavefront aberration are ensured in the training to match the final result. In order to simulate the
transmission of vortex beams at different turbulence intensities, the Zernike coefficients and corresponding
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light intensity maps are randomly generated at different turbulence intensities in accordance with
Kolmogorov turbulence theory. Parameters such as the gradient descent algorithm, batch size and number
of iterations of the network are set reasonably, and the simulations are carried out using the keras deep
learning library. The final results show that the residual attention network can reconstruct the turbulent
phase quickly and accurately, and the recovered residual aberrations have peaks and troughs between 0.05
and 0.3 rad and root mean square between 0.01 and 0.07 rad. The experimental results show that the
Zernike coefficients predicted by the residual attention model are similar to the actual coefficients and the
phases reconstructed by the coefficients are highly similar to the actual phases compared with other network
models. The effectiveness of the hybrid attention network in the task of reconstructing wavefront phases is
then also verified, with the highest accuracy achieved with less increase in time complexity. The high
accuracy, real-time performance and flexibility of the residual attention network provide practical
applications for deep learning in adaptive optical systems.

Key words: Adaptive optics; Wavefront recovery; Residual network; Attention mechanism; Vortex beam
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