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(a) Eight aperture ring array structure (b) PSF of synthetic aperture system
(c) MTF of synthetic aperture system (d) MTF of single aperture system
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(e) Comparison of MTF main peak cross sections between synthetic aperture
system and single aperture system with different filling factors
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Fig. 1 Comparison between synthetic aperture system and single aperture system
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Fig. 2 Flow chart of image restoration method
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(b) Dark channel of clear image

(c) Degraded image (d) Dark channel of degraded image
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Fig. 3 Dark channel comparison between original image and degraded image
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Fig. 4 Dark channel statistics of clear and blurred images
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Algorithm 1 Deblurring Algorithm

Input: Blurred image G, Initialize & with PSF
for i=1: iteration do
I=G, w=22
repeat
solve for p using Eq. (18)
n=2p
repeat
solve for g using Eq. (17)
solve for latent image I using Eq. (15)
u=2p
until g = .
w=2w
until @ = @
solve for blur kernel 4 using Eq. (11)
A=0.9p3,1=0.92
end for

Output: blur kernel 4, result image I
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g3 R g as R AR AR S BIE . LA C(2) 153815 2 BE 51 45 449 8 19 PSE VR R BER1 %, 43 0 38 17 2 44 18 D%
(Wiener Filter, WF) 7% (Richardson-Lucy(RL) 77 % , A M A SC 7 R AE 2R AR IR B R 1.3 .5 71 8 (1 G A2 I 5
B o VS — U0 40 B R A5 R ), R 6 i, NG SROMEE AT L AR 3007 2 52 R TR B X L 2 B
AR UECA 3G G BT I, 7RG I S R 25 TR RS A AE 0T 09 BUR R B T B R R RO  ARECT WE JF
B> T MR AEF RL AW T 2R G IR IS .
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Table 1 Table of piston error corresponding to sub hole diameters of different groups

Aperture position 2 3 4 5 6 7 8
Group 1 0.104 0.112 0.032 0.252 0.162 0.082 0.0624
Group 2 0.182 0.272 0.022 0.022 0.192 0.232 0.132
Group 3 0.234 0.062 0.264 0.072 0.064 0.104 0.124
Group 4 0.284 0.024 0.094 0.064 0.054 0.294 0.274
Group 5 0.064 0.204 0.114 0.194 0.014 0.21A 0.172

R T A% B RO M T, R R AR R TR G A5 Rl 04 {5 % e (Peak Signal-to-Noise Ratio,
PSNR) &5 # H1) J# (Structural Similarity, SSIM )L K JK B - 34 8 % { ( Grayscale Mean Gradient, GMG)
TP . GMG i@ H T2 % BP0 3 5, BE 08 A7 1Y) 2 e LA 0% 300 25 0% W R B8 RXT LU B2 B £ TH I 0
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(c) WF method (d) RL method

I \

(e) Proposed method (1) (f) Proposed method (3) (g) Proposed method (5)  (h) Proposed method (8)
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Fig. 6 The first group of experimental results (iterations in parentheses)
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5 SSIM Ik B R A, 2y 0.77 FE AR ECN 3 Z Ja = W8 AR 19V E 00 T HARPIF 5 vk o A, A S5
FEREARIRBORF) 5 i, T 4L [A] 35 FE 4R 22 T S IR 45 R B PEA 46 457 2243531 29 0.02.,0.000 3 110106, B T3
RWFP T . LA BB T AR SO A A MR DL KON FE R 22 I OL R L BE A A R SRS AL AR R G A
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Table 2 Average results of image restoration evaluation indicators for different piston errors (variance in parentheses)

Degraded Proposed method
. WF method RIL. method
image 1 3 5 8
PSNR/dB / 19.31(0.03) 17.94(0.07) 16.78(0.11) 22.83(0.06) 23.13(0.02) 23.20(0.02)
SSIM / 0.70€0.000 3)  0.64(0.0004) 0.70(0.000 6) 0.75(0.0007) 0.77(0.0003)  0.76(0.000 4)
GMG 6.99 14.27(0.407)  18.71(0.387)  19.22(0.339)  19.99(0.254)  20.31(0.106)  20.43(0.101)
Time/s / 0.006 0.15 1.15 3.39 5.66 9.94

E— L BE R A TE 2 5 N BRI IR AR, Lk 7 FOR [ 3 5 F i 18 R R SR e AT 6 155 — 41
1) 52 560 2 B0 G475 BB Ak, B R4 B an ) 7 o o 3 2 45 RS T DL B s c 4l WF ik n] AR &
PR 350 0 A, A & Dt R rP e R T R L U T W 5 96 R b R B A0 15 R A () e O T AR
P 1) I 7 ) R4 L A A T o d 4 RIL BR800 0 30 SR A 25 AR e 3o B B I IR B B 4, B TRl
AT E R MRS o e AT AR SR 5 X A T B A B SRS R RS A B A i T SR AR AE R R
% ARTE R 5 b AT WE kA 827 LA F8 bR &b S an e 3 Bt , & S ol LUE H AR SOy vk 1 =
B A5 T 945 A 40002 23.79 dBL0.80 F1 30.28, J7 2543 il 24 1.91.,0.001 8 f1 17.1, 23 50 F 19 & I 45 R LA )
FaE e R T H AW R ik
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(e) Proposed method
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Fig. 7 Results in different scenes
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Table 3 Average results of image restoration evaluation indicators in different scenes (variance in parentheses)

Degraded image WF method RL method Proposed method
PSNR/dB / 20.50(5.23) 16.98(3.65) 23.79(1.91)
SSIM / 0.71(0.003 4) 0.72(0.002 2) 0.80(0.001 8)
GMG 10.29 24.19(21.3) 28.98(18.9) 30.28(17.1)

32 XWRERESW
R T A SE bR e b g R R A A RO (8 B AL AR AR B A3 X e J P AR R L S AR AT A R 4
AL A ALAR BES 4540 5 Bk g5 — 30, RO 28N # A s . 1@ IR EMECR R 1 Jr X an i 8(a) fiw
HF 15 T AT BN 9 38 B R S AR AR AL LR B S 29 110 m Ak, 2 Wk 4 G — L33 JLdl 5 — 41 & 2 % AL
BAZ TN G BLALARAHHL AR (0 45 S |, fe S %o SIS AT K B2 Ak RAR VI, 58 1 BRI R 4R 5 LY, 30 58 RIS CR 4
177 2 an 15 8(b) fir 7 , 448 L 52 1 H AR KA .
®4 MENHRESY

Table 4 Optical parameters of camera

. Spectral Angular Imaging Wavefront
Aperture Focal length  Field angle i i .
bandwidth resolution range aberration (RMS)
Parameter 80 mm 641.6 mm  0.47°X0.63° 486~656 nm 686 prad 100 m—co 0.0486 A
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(a) Remote sensing image acquisition (b) Real scene image acquisition
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Fig. 8 Image acquisition
XiF R B B 8 SR PR AT R, SRR 2 SR K 9 FTOR R R AR A g R AN R SR . WTLLE L RS
B3 5 B JE i, AR SC 5 VAT AR Rl A A A5 o AR IRIG AT A I, v T AR 1 5 BT B (ELG A 4 A A B
TCik e M IEA TR ) . WE 7 i 78 BR A S0 258 4y 25 7= B B i P 52 RL 7 i s 17 BRI e s o FE VT4
FeAr FR B IIE , A SC 75 9 B9 PSNR A SSIM 43 513k 2] 7 23.04 F10.65, 148 T 07 L5 S5 A P 2 09 F %,
WE HIRL W ¥ 87— B BT B BRSO 289 GMG 455 24.58 K T RL ik .

L

(a) Original image (b) Degraded image (¢) WF method (d) RL method (e) Proposed method
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Fig. 9 Restoration results of captured remote sensing image
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Table 5 Average results of image restoration evaluation indicators of remote sensing (variance in parentheses)

Degraded image WF method RL method Proposed method
PSNR/dB / 17.25(2.12) 15.29(2.85) 23.04(2.17)
SSIM / 0.55(0.009 1) 0.60(0.003 2) 0.65(0.013)
GMG 5.89 18.87(13.54) 35.68(9.8) 24.58(11.3)
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(a) Original image (b) Degraded image (c) WF method (d) RL method (e) Proposed method
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Fig. 10 Restoration results of captured real image

0410001-10



PR L A5 R TR S 0 4 L ARG R ST R S TR vk

x6 HEMEXEGERRITMNERER

Table 6 Results of restoration evaluation indicators of real image

Degraded image WEF RL Proposed method
PSNR/dB / 16.19 16.09 24.11
SSIM / 0.84 0.69 0.90
GMG 6.38 13.23 18.11 15.27
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Image Restoration Method of Synthetic Aperture Optical System
Based on Sparse Prior

ZHONG Shuo'?, FAN Bin', LIU Dun', SU Haibing', ZHANG Hao'**, YANG Hu',
NIKONOROV Artem’
(1 General Laboratory of Film Camera, Institute of Optics and Electronics, Chinese Academy of Sciences,
Chengdu 610209, China)
(2 University of Chinese Academy of Sciences, Beijing 100019, China)
(3 Samara National Research University, Samara 443086, Russia)

Abstract: In order to obtain higher imaging resolution, it is usually necessary to increase the aperture of the
optical system. However, a single large aperture optical system has problems such as difficult processing
and heavy weight. Synthetic aperture technology uses multiple sub-apertures to obtain the resolution
equivalent to a single large aperture in space according to a certain arrangement. However, the following
problems are imaging blurring, mainly due to the reduction of light transmission area and system common
phase error. The reduction of the light transmission area will cause the change of the point spread function
of the system, which will lead to the attenuation of the optical transfer function in the middle and low
frequency parts. The common phase error is caused by the synthetic aperture system in the process of light
path construction and instrument assembly. The common phase error makes the beams of each sub-—
aperture no longer have the same phase, and the beams passing through each sub—aperture cannot form
interference after reaching the image plane, which leads to the blurring of the final image, even in severe
cases, it's can not be imaged. All of the above results in the degradation of the imaging quality of the
synthetic aperture system. Some large errors can be solved by improving or debugging the optical system,
while the inevitable errors can only be restored through the angle of the image. To solve this problem, a
sparse prior image restoration method based on norm is proposed. Firstly, the degradation process of the
synthetic aperture system is modeled, the influence of different filling factors on the modulation transfer
function is analyzed, and the PSF with piston error is calculated. Further, through statistics, it is found
that most of the dark channel values of the image degraded by the synthetic aperture system become non—
minimum values, which is found to be caused by the convolution process through mathematical verification.
Therefore, this paper proposes an image restoration algorithm model based on the dark channel theory. In
the objective function, the dark channel and gradient prior are constrained in the form of L, norm as the
regularization term, and the point spread function calculated under the optical system array structure is used
as the initial fuzzy kernel. Finally, to solve the L, norm and nonlinear problems, a semi—quadratic splitting
method 1s proposed to calculate alternately, and obtain the estimated clear image. In the experiment part,
the simulation experiment and the actual scene experiment are carried out respectively. Peak Signal-to—
Noise Ratio (PSNR) , Structure Similarity (SSIM) and Gray Mean Gradient (GMG ) are used as evaluation
indicators, and are compared with the Wiener Filter method and Richardson-Lucy method. In the
simulation experiment, five groups of different piston error parameters are set first, and the image is
degraded according to these parameters. The average PSNR, SSIM and GMG of the method in this paper
reach 23.13 dB, 0.77 and 20.31. Evaluation and comparison show that the method in this paper is
applicable to the degraded image with piston error. After that, seven groups of different scene images are
set, and the average PSNR, SSIM and GMG of the method in this paper reach 23.79 dB, 0.80 and 30.28
with small variance, which verifies the stability of the method in different scenes restoration. Finally, in the
experiment of the actual scene, a special synthetic aperture camera is used to take remote sensing images
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and real scene images respectively, and the synthetic aperture array structure parameters are set to be
consistent with the simulation. In the remote sensing image experiment, the average PSNR, SSIM and
GMG of the method in this paper reach 23.04 dB, 0.65 and 24.58. In the real scene experiment, the
average PSNR, SSIM and GMG of the method in this paper reach 24.11 dB, 0.90 and 15.27, which
shows the effectiveness of the method in the actual scene.

Key words: Synthetic aperture; Sparse prior; Dark channel; Image restoration; Semi-quadratic splitting
technique
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