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Быстрое восстановление изображения  
с использованием метода фазового разнесения 
для простой оптической системы
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Предложен метод восстановления изображения для исправления фиксированной оптиче-

ской аберрации простой оптической системы с использованием двухканального фазового раз-

несения и калиброванного коэффициента одноканального восстановления для ускорения вос-

становления изображения. Функция рассеяния точки, которая оценивается заранее с помощью 

двухканального фазового разнесения, служит известным ядром размытия простой оптической 

системы. Выполнен расчет коэффициента одноканального восстановления в частотной области 

простой оптической системы для быстрого восстановление нерезкого изображения. Предлагае-

мый подход, требующий только двойного преобразования Фурье без итеративной оптимизации, 

выполняет прямое и быстрое восстановление нерезкого изображения. Выполненные экспери-

менты показывают, что предложенный метод действительно может обеспечить качество изобра-

жения, сравнимое с двухканальным восстановлением изображения, при значительном сокра-

щении времени обработки.
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We propose an image restoration method for correcting the fixed optical aberration of the 

simple optical system using the dual-channel phase diversity and the calibrated single-channel 

restoration factor to speed up the image restoration. The point-spread function, which is estimated 

in advance with the dual-channel phase diversity, serves as the known blur kernel of the simple 
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optical system. In the frequency domain, the single-channel restoration factor of the simple optical 

system is constructed to restore the blurred image quickly. Our approach needing only twice Fourier 

transforms without iterative optimization can directly and rapidly restore the blurred image of the 

simple optical system. The experimental results are performed to verify the fast image restoration 

ability of the single-channel fast image restoration. The experimental results indicate that the 

single-channel fast image restoration can indeed obtain comparable image quality as the dual-

channel image restoration, but significantly reduce the time of image restoration.

Keywords: simple optical system, image restoration, phase diversity, optical aberration.

OCIS codes: 080.1010, 100.3020, 110.6770, 110.1758 

1. INTRODUCTION

Traditional methods of optical design come at a 
sacrifice of optical system simplicity for image 
quality. Computational imaging, which can over-
come the limits of physical optics, has emerged 
with the goal of relaxing the constraints on the 
imaging hardware, so as to improve the imag-
ing resolution [1, 2], increase the field of view 
[3] (FOV) or enhance the noise robustness [4, 5].

The telephoto optical system used in un-
manned aerial vehicle (UAV) and astronomical 
exploration has the characteristics of long focal 
length and small FOV. Thus, it is inevitable that 
the telephoto optical system is larger, heavier, 
more complex and expensive than the conven-
tional lens (such as cellphone lens). The simple 
optical system comprises of few lenses, inevita-
bly expanding the impact of aberration (such as 
coma, geometric distortion, spherical aberra-
tion, and chromatic aberration) with structural 
simplification. In recent years, high-quality 
computational imaging is possible through a 
simple optical system with a lighter weight and 
less expensive [6–8]. Schuler et al. first put for-
ward the idea of a simple optical system with 
computationally corrected aberrations. Their 
work presented a method to ease image degra-
dation caused by imperfect optics, which could 
correct the optical aberrations [6]. Later, a new 
cross-channel prior to color images on the ba-
sis of Schuler’s research was proposed, so as to 
improve simple lens imaging. This prior could 
handle complex and large blur kernel (or point-
spread function, PSF) [7]. Recently, basing on 
sparse signal representation, a set of computa-
tional photography techniques was proposed to 
remove optical aberrations, which allowed the 
recovery of images captured through a single-
lens camera. Owing to such advantage that 
many prior PSFs estimated at different depths 

are successfully used for restoring visual im-
ages in a short time, the method can be widely 
applied in the non-blind deconvolution methods 
[9]. Because diffractive optical elements can 
drastically reduce the weight and size of imag-
ing devices compared to their refractive coun-
terparts, they have recently attracted great 
attention in computational imaging. However, 
the quality of images acquired by a diffrac-
tive optics-based system is strongly influenced 
by strong distortions. To overcome these prob-
lems, various methods have been proposed. For 
example, Peng et al. used diffractive-refractive 
optics to design lenses with thin structures, and 
then employed a fast, but robust deconvolution 
to correct chromatic aberrations introduced by 
the diffractive phase modulation [10]. Heide et 

al. proposed a method which combined the en-
coded diffractive designs with a novel compu-
tational approach for self-calibrating imaging, 
so as to restore high-quality images without 
pre-calibration of the simple optical system [11]. 
In addition, many deep learning methods have 
been also used in the image restoration of the 
simple optical system with the development of 
deep learning technology [12, 13]. In general, 
all of these methods for removing a fixed opti-
cal aberration of the simple optical system are 
made up of two major steps. The first step is to 
estimate the PSF of the simple optical system 
with a blind deconvolution approach, and the 
second step is to restore the blurred image with 
a non-blind deconvolution method. They all can 
effectively restore the blurred image of the sim-
ple optical system. However, these methods are 
complicated, time-consuming, and therefore un-
suitable for real-time imaging. It is worth not-
ing that Schmidt et al. put forward the method 
of real-time image restoration methods using 
multi-frame images for online blind convolution  
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and contrast enhancement [14]. But the reaso- 
nable guess of the PSF is important for the reco- 
very speed of image restoration.

Many studies have shown that phase diver-
sity (PD) is feasible and easy-implemented tech-
nology, and it can solve the problem of optical 
wavefront aberration or image restoration in the 
frequency domain [15–20]. Using the Zernike 
polynomials [21–23] to describe wave aberra-
tions or lens optics, the PD can effectively and 
precisely obtain the PSF of the simple optical 
system and restore the blurred image. However, 
the PD is usually solved by a nonlinear optimi-
zation iterative algorithm that needs numerous 
matrix-vector computations, which is computa-
tionally complicated and time-consuming. Thus, 
it is difficult to directly use the PD for fast im-
age restoration of the simple optical system.

To greatly shorten the restoration time while 
maintaining a good image quality, a fast image 
restoration method to eliminate the fixed optical 
aberration of the simple optical system utilizing 
the calibrated single-channel restoration factor 
is proposed in contrast to the dual-channel PD 
solved by nonlinear optimization iterative algo-
rithms. 

Specifically, the proposed method consists of 
three major steps. First, a method based on sine 
integral fitting is used to preprocess the image 
and the PSF of the simple optical system is es-
timated using the dual-channel PD in advance. 
Second, the single-channel restoration factor of 
the simple optical system is constructed in the 
frequency domain. Third, the blurred image can 
be directly and rapidly restored with the single-
channel restoration factor. 

The proposed method is required only twice 
Fourier transforms (FFTs) and can restore 
the blurred image of the simple optical system 
quickly. The effectiveness of this single-channel 
fast image restoration approach utilizing the 
constructed single-channel restoration factor 
is verified by experiment. The next section de-
scribes our methods used for the fast image res-
toration, followed by the simulation, experiment 
and finally the conclusion.

2. METHODS 

The schematic of fast image restoration for the 
simple optical system is presented in Fig. 1 and 
consisted of two parts: calibration of single-

channel restoration factor and fast image resto-
ration.

The simple optical system can be approxi-
mately seen as a linear space-invariant system. 
Under incoherent illumination, the focal imag-
ing model formula and the defocused imaging 
model formula can be written as Eqs. (1), (2) re-
spectively

 ( ) ( ) ( ) ( ),, , , ,i x y o x y h x y n x y= ∗ +  (1)

 ( ) ( ) ( ) ( ),, , , ,d d di x y o x y h x y n x y= ∗ +  (2)

where, (x, y) is a two-dimensional coordinate in 
the image plane, i and id represent the actual fo-
cal target image and defocused target image re-
ceived on image sensor respectively, the sub-
script represents d a known defocused distance 
of image sensor collection plane, о represents the 
ideal target image (assuming uniform illumi-
nation), * represents the convolution operation, 
n and nd represent the noise of focal plane and 
defocused plane (for large enough photons, the 
noise can be approximated by an additive Gauss-
ian noise, with zero mean and variance σ2) re-
spectively, h and hd represent the focal PSF and 
the defocused PSF of the simple optical system 
respectively and are defined as [24] respectively
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where, Н and Нd are the generalized pupil func-
tions, (u, v) is a two-dimensional plane coordi-
nate in the pupil plane, F–1 represents the in-
verse Fourier transform, P is the pupil function, 
ϕ and ϕd are the wavefront phase of focal plane 
and defocused plane respectively, which can be 
decomposed into a set of Zernike polynomials
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where, M is the maximum number of Zernike 
polynomials, aq represents the Zernike coeffi-
cient, Zq represents the basis Zernike polynomi-
al, θd represents the known fixed-defocus phase, 
Δ represents the peak-to-valley (PV) defocus op-
tical path distance, λ represents the wavelength, 
f represents the focal length of the optical sys-
tem, and D represents the pupil diameter of the 
optical system. In the frequency domain, the fo-
cal and defocused imaging process can be ex-
pressed as Eqs. (8), (9) respectively

 ( ) ( ) ( ) ( ),, , , ,x y x y x y x yI f f O f f H f f N f f= +   (8)

( ) ( ) ( ) ( ),, , , ,d x y x y d x y d x yI f f O f f H f f N f f= +   (9)

where, (fx, fy) is a two-dimensional complex 
plane coordinate, O, I, H, N, Id, Hdi

, and Nd are 
the Fourier transform of o, i, h, n, id, hd, and nd 
respectively.

For the mathematical model of the PD dual-
channel approach, the following error metric 
[25–28]
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is usually used to evaluate the mean-squared im-
age intensity difference between the data actually 
collected and the data predicted by optical system. 
N is the total number of pixels of a single image,  
σ and σd represent the additive Gaussian noise 
variance of focal plane and defocused plane, and γ 
is the regularization coefficient (to suppress noise 
and solve the problems with close to zero values in 
the blur kernel), which is non-negative.

Set ∂E(O, {aq})/∂O to zero, we can obtain the 
solution of O(fx, fy) –
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Fig. 1. Schematic of fast image restoration for the simple optical system.
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where, Í  denotes the complex conjugate of Н. 
Substituting Eq. (11) back to Eq. (10), we can ob-
tain the error evaluation function

{ }( )
( )

2 22 2

22 2

2 22 2

1
2

+

,

.

x y

d d
f f

d d d

d d

E a I Iq N

IH I H

H H

σ σ

σ σ

γ σ σ

− −
= + −

− −

− −




+ − + 

∑

  

(12)

The error evaluation function in Eq. (12) is 
minimized with respect to a set of unknown 
Zernike coefficients by a nonlinear optimization 
routine. The partial derivative for {aq} accord-
ing to Eqs. (3), (4), (11), and Eq. (12) can be ex-
pressed as
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In these equations, the operators Re(•) and Im(•) 
take the real and imaginary part of the argu-
ment respectively. And then, the best Zernike 
coefficients can be utilized to calculate the PSF 
of the focal plane and restore the blur image. By 
combining the PSF of the focal plane, the addi-
tive Gaussian noise variance of the focal plane 
and the regularization coefficient, we can con-
struct the single-channel restoration factor of 
the simple optical system as
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The fast restored image by using the single-
channel restoration factor of the simple optical 
system can be expressed as
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3. SIMULATION

Assume the size of the Nyquist simulated sam-
pled object was 1024×1024 pixels and the size 
of simulated pupil was 512×512 pixels. In dual-
channel PD image restoration, the PV defocus 
optical path distance must be sufficiently large 
to ensure significant intensity differences bet- 
ween the focal surface image and the unfocal 
surface image to facilitate the nonlinear solution.  
For numerical simulation, the regularization co-
efficient γ and the PV defocus optical path dis-
tance Δ were set to be 1.0×10–5 and 1.0λ respec-
tively. The simulation test did not account for 
the noise and the noise variance was set to be 
1.0. We used the limited memory Broyden–Flet- 
cher–Goldfarb–Shanno (L-BFGS) algorithm [29] 
to solve the Zernike coefficients of the error eval-
uation function due to its superior performance.

The root mean square error (RMSE) value of 
wavefront aberration is defined as follows:
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where, ϕideal and ϕrst represent the ideal and re-
stored wavefront aberration. Peak signal-to-
noise ratio (PSNR) represents the level of image 
distortion, which can be presented as
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where, оideal and оrst represent the ideal and re-
stored image respectively, and omax represents 
the maximum pixel value.

It can be seen in Fig. 2 that the RMSE be-
tween the ideal focus wavefront aberration and 
the restored focus wavefront aberration were 
0.0558λ. The resolution, clarity and contrast of 
the restored images were obviously improved 
compared to the focal image. In addition, both 
the dual-channel and single-channel restored 
images (using the single-channel restoration 
factor to achieve fast image restoration with on-
ly twice FFTs) achieved PSNR values above 40.  
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Comparing Figs. 2h, f, it was clear that the sin-
gle-channel restored image shown an identical 
image quality as with the dual-channel restored 
image. These results verified the validity of im-
age restoration with PD. Meanwhile, the validity 
of single-channel image restoration was verified.

4. EXPERIMENT

4.1. Experiment setup

To further testify the validity of image resto-
ration with dual-channel PD and single-chan-
nel fast image restoration, we performed a spe-
cific practical experiment. The basic model of 
the simple optical system was shown in Fig. 3a,  
which was equipped with the simple spherical 
lens and a manual displacement platform with  

precision of 0.01 mm. To detect the effect of 
image restoration with a telephoto optical sys-
tem, we used the basic model to design two 
kinds of the simple optical system (the doublet 
spherical lens and triplet spherical lens) with 
the focal length of 175 mm and the aperture  
of 50.8 mm. Both the simple optical systems 
used randomized designs and belonged to the 
optical systems with small FOV. Thus, the two 
different optical systems mainly included se-
vere on-axis aberrations (such as spherical ab-
erration) and a small amount of off-axis aberra-
tions (such as coma and astigmatism). Figure 3b 
was the calibration experiment of single-chan-
nel restoration factor and the fast image res-
toration experiment was presented in Fig. 3c.  
The other device parameters used for the exper-
iment were shown in Table 1.

PV = 2.7962λ PSNR = 12.338

PSNR = 11.504 PSNR = 43.800

PSNR = 40.471 PMSE = 0.0558λPV = 2.780λ

Δ = 1.0λ

250

200
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50

0

1.5

1.0

0.5

0.0

�0.5

�1.0

λ

(a) (b)

(i)(g)(h)

(f)(e)(d)

(c)

Fig. 2. Simulation results. (a), (c), (e), (f), and (h) were the ideal image, the focal image, the defocused image, 
the dual-channel restored image and the single-channel restored image respectively. (b), (d), and (g) were the 
ideal focus wavefront aberration, the additional defocus wavefront aberration and the restored focus wave-
front aberration respectively. (i) was the wavefront residuals between (b) and (g).
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4.2. Calibration of single-channel  
restoration factor

For the practical experiment, which does not 
have the ideal images, it is impossible to objec-
tively evaluate the image quality with the full-
reference image quality evaluation criteria and 
thus we applied some common non-reference 
image quality evaluation criteria, such as no- 
reference structural sharpness (NRSS) [30], in-
formation entropy (IE) [31, 32], and grayscale 
mean gradient (GMG) [33]. No-reference struc-
tural sharpness can characterize the image deg-
radation degree caused by blurring or defocus-

Table 1. Device parameters used for the experiment

Equipment name Equipment parameter Value

PC CPU, GHz Intel(R)Core(TM) i5-4200Hz @2.8

RAM, GB 8.00

Operating system Win10 64-bit Operating System

Calculating tool Matlab2016a

CCD Type Lumenera Lm135M

Max. resolution 1392×1040

Pixel size, μm 4.65×4.65

Output format Mono 8-bit

Camera resolution chart Size, mm 900×1550

Manual displacement
platform

Spherical lens Camera resolution chart

PC

CCD

(a) (b)

(c)

Fig. 3. Experimental setup. (a) The basic structure of the simple optical system, (b) the calibration experiment 
of single-channel restoration factor, (c) the fast image restoration experiment.

ing. Information entropy can be used to describe 
the richness of the image detail information and 
GMG represents the sharpness of the images. 
For all of these evaluation criteria, greater the 
value, greater is the image quality.

The specific process of calibration of single-
channel restoration factor were described as  
follows:

(1) Determining the actual focus plane of 
the simple optical system

First, we used the camera resolution chart as 
the target of CCD with the relative distance of 
approximately 40 m, and then the manual dis-
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placement platform was fine-tuned to adjust the 
position of CCD with respect to the ideal focus 
plane of the simple optical system. Combining 
with NRSS, IE and GMG to evaluate the image 
quality, we determined the actual focus plane of 
the simple optical system.

(2) Recording the focus and defocused  
image

We recorded some focus images of the camera 
resolution chart on the actual focus plane of the 
simple optical system with CCD. Then, adjusting 
CCD to the defocused plane via fine-tuning of 
the manual displacement platform, we recorded 
some defocused images of the camera resolution 
chart. The empirical value of the PV defocus 
optical path distance Δ is 1.0λ. Since we chose 
the optimal response wavelength (510 nm) of 
CCD sensor as the center wavelength λ, the cor-
responding values for defocused distance d was 
approximately 0.05 mm according to Eq. (7). 
Stability of the manual displacement platform 
required attention during the image acquisition 
process.

(3) Calibrating the single-channel restora-
tion factor

To speed up the operation speed and maximize 
the use of image information, the images were 
cropped (1024×1024 pixels) from the original 
images (1392×1040 pixels). The regularization 
coefficient γ was empirically set to be 1.0×10–4. 
The focal image and the defocused image had 
the same noise level because they were from the 
same CCD, so the noise variance σ and σd were 
both set to 1. Following the methods of Sec. 2, 
we can get the single-channel restoration factor.

In the practical experiment, blind image res-
toration based on the frequency domain usually 
results in serious border ringing effect owing to 
boundary discontinuity. To remedy this issue, 
we used a method with sine integral fitting to 
preprocess the image [34]. The preprocessing 
steps were given in Fig. 4.

Figures 5 and 6 compared the image resto-
ration results obtained by the dual-channel PD 
and the single-channel fast image restoration. 
Simultaneously, the image restoration results 
were compared with and without image prepro-
cessing. It can be seen in Figs. 5 and 6 that the 
improvement in all restored images quality was 
clear, both qualitatively and quantitatively. The 
resolution, clarity and contrast of the restored 
images were obviously improved compared to 

the focal images. However, the border ringing 
effect of restored image was greatly suppressed 
with image preprocessing. For instance, as seen 
from the enlarged details A and B of Figs. 6b, c,  
compared to the restored image without image 
preprocessing, the border of the restored image 
with image preprocessing was more distinct. 
Both the dual-channel and single-channel re-
stored images of the two different optical systems 
can get higher quality with image preprocessing. 
At the same time, the single-channel restored im-
age showed an identical image quality as with the 
dual-channel restored image with image prepro-
cessing. This further illustrated the validity of 
single-channel fast image restoration.

4.3. Fast image restoration experiment

We further performed a fast image restoration 
experiment for the validity of single-channel 
fast image restoration. First, some focus imag-
es of different targets (the distance of CCD to 
the imaged target was greater than 300 m) were 
acquired by the doublet and triplet lens system 
during the day. Then the focus images were re-
stored with the calibrated single-channel resto-
ration factor respectively.

Composite
image

l

l A

A

BB

E
E
E
E

l

l A

A

BB

E
E
E
E

Original
image

Mirror

expansion

Extended image

Window

cos x

1.0

0.8

0.6

0.4

0.2

0.0

Fig. 4. Image preprocessing with sine integral fit-
ting. First, we extended the original image based on 
mirror expansion. The extended length l was deter-
mined based on the size of blur kernel (PSF). Then, 
the window function was synthesized using the 
method of sine integral fitting based on the size of 
extended image. Finally, the composite image can be 
obtained by combined the extended image with 
window function.
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Fig. 5. Calibration results of the doublet lens system. (a, GMG = 0.0036, IE = 6.6058, NRSS = 0.1470) and (d) 
were the focal and defocused image respectively. (b, GMG = 0.0136, IE = 7.2603, NRSS = 0.2029) and  
(e, GMG = 0.0133, IE = 7.2112, NRSS = 0.2035) were the dual-channel and single-channel restored image 
without image preprocessing respectively. (c, GMG = 0.0173, IE = 7.3103, NRSS = 0.2129) and  
(f, GMG = 0.0173, IE = 7.2908, NRSS = 0.2104) were the dual-channel and single-channel restored image 
with image preprocessing respectively.

It can be seen visually in Figs. 7 and 8 that 
the improvement in all restored images qual-
ity was clear. However, as expected, compared 
with the restored image without image pre-
processing, the restored images with image 
preprocessing had larger information con-
tent and higher distinguishability of details. 
Meanwhile, the contrast of the restored im-
ages with image preprocessing was further en-
hanced and the edges of the image were more 
distinct compared to the restored image with-
out image preprocessing. In particular, the re-
stored image quality of the doublet lens system 
was close to or even more than the focus image 
quality of the triplet lens system. The qualita-

tive evaluation was confirmed by the quantita-
tive results reported in Table 2, which showed 
the image restoration performance obtained by 
the single-channel fast image restoration with  
image preprocessing in terms of GMG, NRSS 
and IE. These indexed demonstrate the validity 
of the single-channel fast image restoration.

4.4. Discussion

The dual-channel image restoration is solved by a 
nonlinear optimization iterative algorithm that 
needs a large number of FFTs, which is computa-
tionally complicated and time-consuming. How-
ever, the single-channel fast image restoration 
required only twice FFTs without iterative op-
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Fig. 6. Calibration results of the triplet lens system. (a, GMG = 0.0066, IE = 6.8710, NRSS = 0.1381) and (d) 
were the focal and defocused image respectively. (b, GMG = 0.0250, IE =7.7553, NRSS = 0.1921) and  
(e, GMG = 0.0249, IE = 7.8706, NRSS = 0.1920) were the dual-channel and single-channel restored image 
without image preprocessing respectively. (c, GMG = 0.0264, IE = 8.0956, NRSS = 0.1959) and  
(f, GMG = 0.0264, IE = 8.0509, NRSS = 0.1958) were the dual-channel and single-channel restored image 
with image preprocessing respectively.

timization can directly and rapidly restore the 
blurred image using the calibrated single-chan-
nel restoration factor. The comparison result of 
the image restoration time had been presented 
in Table 3, which demonstrated the advantage 
of single-channel fast image restoration. We 
can see that the average restoration time was 
reduced by the factors of 3962.31 and 2133.24 
on two different simple optical systems with the 
single-channel image restoration relative to the 
dual-channel image restoration respectively. 
Note that the average restoration time of the du-
al-channel image restoration is determined by 
both the aberrations and the distance between 
the initial value and the optimal value. Thus, 

the restoration time is also varied for the same 
initial value to the different optical systems 
based on the dual-channel image restoration. 
Overall, the method for image restoration based 
on the calibrated single-channel restoration fac-
tor, which is required only twice FFTs without 
iterative optimization, can get an identical im-
age quality as with the dual-channel image res-
toration while dramatically decreasing the im-
age restoration time. But one thing still needs 
to be pointed out, the proposed method and ex-
periment are designed to remove the fixed optical  
aberration of a telephoto optical system (long fo-
cal length and small FOV), and the PSF is appro- 
ximately spatially invariant. If the proposed 
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Fig. 8. Fast image restoration results of the triplet lens system. (a) The focus image, (b) the restored image 
without image preprocessing, (c) the restored image with image preprocessing. The yellow dashed box indicated 
the partial details and their enlarged region.
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Fig. 7. Fast image restoration results of the doublet lens system. (a) The focus image, (b) the restored image 
without image preprocessing, (c) the restored image with image preprocessing. The yellow dashed box indicated 
the partial details and their enlarged region.
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Table 3. Image restoration time with image preprocessing

Optical system Method Average restoration time, ms Number of iterations

Doublet lens dual-channel 328872 86

single-channel 83 0

Triplet lens dual-channel 174926 34

single-channel 82 0

Table 2. Image quality evaluation of fast image restoration

Optical system Evaluation method Figs. 7 and 8 (I) (II) (III) (IV)

Doublet lens GMG (a) 0.00386 0.00344 0.00324 0.00412 

(b) 0.01614 0.01047 0.01161 0.01202 

(c) 0.01649 0.01409 0.01417 0.01351 

NRSS (a) 0.08073 0.09379 0.06616 0.07483 

(b) 0.11593 0.11924 0.11567 0.10148 

(c) 0.12554 0.12074 0.15837 0.12911 

IE (a) 5.88470 6.43908 6.41590 6.21392 

(b) 7.76299 7.64730 7.33676 7.68348 

(c) 7.86224 7.72571 7.50779 7.81788 

Triplet lens GMG (a) 0.00393 0.00429 0.00367 0.00462 

(b) 0.01263 0.01236 0.01084 0.01267 

(c) 0.01504 0.01376 0.01181 0.01469 

NRSS (a) 0.07335 0.09285 0.09550 0.11611 

(b) 0.10126 0.10384 0.11278 0.15503 

(c) 0.11607 0.11824 0.12564 0.16465 

IE (a) 5.80005 6.44032 6.52334 6.50621 

(b) 7.18711 7.47063 7.45247 7.55637 

(c) 7.39271 7.55861 7.65711 7.71546 

Note. (a) The focus image, (b) the restored image without image preprocessing, (c) the restored image with 
image preprocessing (see Figs. 7, 8)

method is to be applied to an optical system with 
large FOV, it will be necessary to use a set of  
spatially varying point spread functions [35] 
to respond to large amounts of severe off-axis  
aberrations.

5. CONCLUSION

In summary, we propose a fast image restora-
tion method using the dual-channel PD and the 
calibrated single-channel restoration factor to 
remove the fixed optical aberration of the simple 

optical system. The method based on sine inte-
gral fitting is used to preprocess the image. And 
then the Zernike polynomials are used to build 
the wavefront aberration model of the simple op-
tical system. We use the L-BFGS algorithm to 
solve the Zernike coefficients of the dual-chan-
nel PD and then calculate PSF of the simple opti-
cal system. Finally, we use the PSF to construct 
the single-channel restoration factor for direct-
ly and rapidly restoring the blurred image of the 
simple optical system. Our experimental results 
with two different simple optical  systems verify 
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the fast image restoration ability of the method 
based on the single-channel restoration factor. 
Compared to the dual-channel image restoration, 
this single-channel fast image restoration ap-
proach is lower in computational load and higher 
in efficiency (only need twice FFTs without iter-
ative optimization), and can quickly restore the 
blurred image. Our on-going effort is to simpli-
fy the design process and structure of the tele-

photo optical system for clear observation in the 
UAV and astronomical exploration, and our re-
sults may result in further cost savings. 
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