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Abstract: Phase diversity is one of the commonly used image post-reconstruction methods. In order to improve the

robustness of phase diversity for solar image reconstruction, this paper proposes an improved phase diversity

method based on the low-rank prior, i.e., the nuclear norm regularization of the image is introduced into the phase

diversity model, and the image sub-model and the phase sub-model are solved by the half-quadratic splitting

method and BFGS respectively. Reconstruction experiments and analysis are carried out on the simulated

degraded focused and defocused solar images. Compared with the classical phase diversity based on Tikhonov

regularization, the phase diversity based on low-rank prior can improve the accuracy of wavefront phase estimation

and the quality of reconstructed images in terms of subjective visual effects and objective indexes in both the noise-

free and noise-included cases.

Keywords: phase diversity; low-rank prior; solar images
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Fig. 2 Simulation results. (a) Original object image; (b) Focused image; (c) Defocused image;
(d) Wavefront phase of focused image (rad); (e) PSF of focused image; (f) PSF of defocused image
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Fig. 3 Reconstruction results. Top line: Tikhonov; Bottom line: LR. (a) Column: reconstructed image; (b) Column: estimated PSF of
focused image; (c) Column: estimated PSF of defocused image; (d) Column: estimated wavefront phase of focused image (rad);
(e) Column: residual wavefront phase error (rad)
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Fig. 4 Image subregion reconstruction results. (a) Column: focused image;
(b) Column: Tikhonov; (c) Column: LR; (d) Column: original object image
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Table 1 Quantitative evaluation of reconstruction results in the noise-free case
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MIEL 3 T 4 ATLAE R, 2o dAff 2205 i 2 g
W EIRBEE, T ARR A X ISR 5
PR B MR S I B I TR ST A A 0 22 vk T
HEEURIERR T4 R ZHIRE e, BRI RE K
Meat . AAh, A 1 AT LI B LT AR ] 22 1%
BT IR S 95 14 HH A3 22 125 0 i AR S A% 31 RMSE B
W, HEEEL PSNR il SSIM B @i, %
HHZETCME AR DL T, ST IRROGIE A A 22 745 B g 4R
U TR O A TR, AR B i SRR

32 AREER

FENIARIE R 0, 22 4 x 10 By Wi 55 ol
T, fEZGRmE s ps, HE sa) AR HirE
18, & 5(b) Fl 5(c) 43 Ay £5 T A 5 AR T K BH TS
] 5(d) AR BATARNL, 1] S5(e) A1 5(6) 20 Bk £ T
FIE RN R ) PSF, y MIAIIIE R R 2 x 107, HE

SRR FFAZE . FET Tikhonov 1F WAk ) 25 ML {37 22
TR TR B0 AR A 22 75 T AR A5 RN IE] 6 TR .
H 5 6(a) HEAEEG, HIEHERR L ARRL, 25

R DX IR FE A AR X bl 7 B, & 6(b) M
6(c) Z3 5l R Ak T i) £ T FTES R 1T PSF, &1 6(d) 1 6(e)
A3 S R A B T R AR, R AT D AT A AR 22, Al
T 018 U AR 7 A R R A PR B R T A 4 R gk 2
FIt7R

MIEL 6 R 7 FTLAE S, e AR A E LT,
Zo MR 25 TR R USSR AR R, KbL, 2
S IX ) PG SE A S EMELIBE . 2R TR
(AR 255 T A PRMEORHIR S DR R RS B T B R i il 4
L BEUgH EB S5 R S T R, SR 2
FESCI o SORA A — e BRI . AFE 2
A LLE M b T Al i 251, JE TR A AL
2% 1k A A AL A T RMSE W/ B8 2 1814 1

220208-6



Fh, % OGH TR, 2023, 50(6): 220208

https://doi.org/10.12086/0ee.2023.220208

Tl
%
A ¥
»
,‘l

i

%

A5 AR, (a) R EFEAL; (b) L@EK (c) BLEDHEK
(d) B @k aT4841% (rad); (e) £& PSF; (f) & £& PSF
Fig. 5 Simulation results. (a) Original object image; (b) Focused image; (c) Defocused image;
(d) Wavefront phase of focused image; (e) PSF of focused image (rad); (f) PSF of defocused image
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Fig. 7 Reconstruction results of subregion. (a) Column: focused image; (b) Column: Tikhonov;
(c) Column: LR; (d) Column: original object image
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Table 2 Quantitative evaluation of reconstruction results in the noise-included case

RMSE/J K PSNR/dB SSIM

SRR / 14.72 0.2318
Tikhonov 0.1387 19.24 0.5603
LR 0.1293 19.80 0.6226
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Fig. 8 Reconstructed images with different weight parameter values. (a) A = 1x107°; (b) A = 1x107; (c) A = 1x107
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Solar image reconstruction by phase diversity
with low rank prior

Wang Shuai"***, Bao Hua"*", He Chunyuan®*, Rong Huiqin**,
Li Shuqi1'3'5, Hou ]ialin6, Rao Changhuil'3
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(a) Focused solar image before reconstruction; (b) Image reconstructed by our method in the noise-free case

Overview: Atmospheric turbulence reduces the imaging resolution of ground-based optical telescopes and seriously
affects astronomical observations. At present, the most effective solution to this problem is adaptive optics (AO)
technology combined with image post-reconstruction. Most large-aperture solar telescopes at home and abroad are
equipped with AO systems, and the collected solar (adaptive optics) images can be further reconstructed by blind
deconvolution, phase diversity, speckle reconstruction, or deep learning. Among them, the phase diversity is to add one
or more additional imaging channels in the imaging system and use a set of images (focused and defocused images) of
different imaging channels of the same object collected at the same time to estimate the wavefront aberration, and then
restore the object image based on the wavefront aberration.

Phase diversity (PD) is essentially a more constrained multi-channel blind deconvolution method with higher
reliability. However, the traditional phase diversity has poor robustness and can be easily affected by image noise and
initial value, which makes the optimization process fall into local minimum and even leads to a lot of ringing artifacts in
the reconstructed image. For this problem, the common solution is to use multiple sets of focused and defocused images
for phase diversity, i.e., the phase-diverse speckle (PDS). The complementarity of high-frequency information between
multiple sets of focused and defocused images can reduce the influence of image noise and wavefront phase estimation
errors in the iterative process of the algorithm. However, in some practical situations, it is inconvenient to obtain
multiple sets of focused and defocused images in which the object remains stationary, so it is difficult to apply the phase-
diverse speckle method.

Inspired by the low-rank prior widely used in the robust principal component analysis (RPCA), noise and ringing
artifacts are interference components that destroy the low-rank property of the original image. In order to improve the
robustness of phase diversity for a single set of focused and defocused solar images, this paper proposes an improved
phase diversity based on low rank prior, i.e., a new phase diversity model based on the nuclear norm regularization of
the image is established, and the image sub-model and the phase sub-model are solved by the half-quadratic splitting
method and BFGS respectively. Finally, reconstruction experiments and analysis are carried out on the simulated
focused and defocused solar images. Compared with the classical phase diversity based on Tikhonov regularization, the
phase diversity based on low rank prior can improve the accuracy of wavefront phase estimation and the quality of
reconstructed images in terms of subjective visual effects and objective indexes in both the noise-free and noise-included
cases.

Wang S, Bao H, He C Y, et al. Solar image reconstruction by phase diversity with low rank prior[J]. Opto-Electron Eng,
2023, 50(6): 220208; DOI: 10.12086/0ee.2023.220208
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