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Introduction

With the progress and development of society and technology, the powerful functions of image information have led
people to have increasingly higher requirements for image accuracy. As a result, digital image processing technology
has developed rapidly and has been widely used in many fields such as digital photography, remote sensing satellites,
and astronomical observation. Improving image quality has become an urgent need.

Two-dimensional fractional Fourier transform, as a mathematical analysis tool that extends and generalizes the
traditional Fourier transform, has been successfully and widely applied in the field of image processing. Li Xinglong
et al. (2014) proposed a threshold- free window Fourier transform filtering method to process speckle phase maps,
but this filtering algorithm is only applicable to various stripe maps with low noise frequency amplitude. Cao Fangju
(2021) used Curvelet and Contourlet transforms and designed an arc-shaped window for local Wiener filtering by
estimating the variance of subband coefficients, but the window is only for additive noise and there are obvious slip
marks in the denoised image. Li Chunmeng (2022) proposed a fractional wavelet image denoising algorithm based
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on an improved threshold function. By decomposing the image signal at multiple scales, the frequency domain is
transformed to the fractional domain for fractional wavelet domain coefficient processing, which optimizes the image
visually. However, the selection of the corresponding decomposition p value is time-consuming and computationally
intensive. Liu Xiaoming et al. (2022) proposed an edge-preserving adaptive median filter to process remote sensing
satellite images. By using an edge extractor to extract the image edges, and combining it with the AMF algorithm for
denoising, the images are fully fused. This algorithm provides a certain degree of practicality and reliability for the
processing of remote sensing images. Zhao Hongtu et al. (2023) used the raised cosine window function to window
the spectrum. The homomorphic filtering in the fractional domain achieved a good effect on image denoising, which
facilitated the processing of image precision. Sun Tingting et al. (2023) used the Curvelet algorithm based on wavelet
transform to denoise the image. The smooth window function was used to segment the image edges and perform
Ridgelet transform on each sub-block. Finally, the original image was reconstructed by inverse transform. Although
this algorithm improved the denoising effect of the traditional wavelet algorithm, it still faced the disadvantages of
incomplete denoising and loss of a lot of original image information.

In real life, image quality is affected by noise, distortion, and other factors. Based on previous theoretical and
experimental research, this paper takes image processing as the research object. By introducing window functions
and combining them with images, a two-dimensional fractional Fourier transform is used to filter the images and
improve their quality. The Sobel operator is used to verify the image processing results. The performance of the
algorithm and the selection of optimization parameters are evaluated through edge detection. The application effect
of the two-dimensional fractional Fourier transform in image restoration is analyzed.

1. Image Windowing Processing

Image filtering can introduce boundary effects. Due to the incompleteness of the neighborhood of edge pixels, the
final filtered result may exhibit inaccuracies or distortions at image edges. To reduce these boundary effects and
preserve image details and edge information to the greatest extent possible, this paper introduces a window function
for image processing. By smoothly shifting the length of the window function across the entire time domain, a non-
smooth image is treated as a series of stationary signals and processed by superposition. First, the dimensions of the
input image (number of rows M and columns /N ) are obtained. A Hamming window is then selected for image
processing, considering both rows and columns. This generates a one-dimensional window function in both dimen-
sions. The discrete form of the one-dimensional window function is as follows:
w(n)=0.54-0.46cos(2zn/ (N -1)),0<n< N -1

Where NV is the window length. Then, the row and column vector forms of the window functions are combined
into a two-dimensional window function array through an outer product operation, which has the following form:
w(s,t) =0.54—-0.46cos(2zs / (M —1))

xcos(2zt/ (N-1)),0<i<M-1,0<j<N-1
Finally, the two-dimensional window function is applied to the input image array, and the image array and the
window function array are multiplied element by element to obtain the windowed image array f'(s,7).

2. Two-dimensional fractional Fourier transform

Fractional Fourier transform is a generalization and extension of the traditional Fourier transform at the fractional
order. It has the information extraction capability of the joint spatial and frequency representation that the traditional
Fourier transform does not have. Work that cannot be processed in the spatial domain can be easily completed in the
frequency domain. Using fractional Fourier transform for image processing has globality (Li, 2014). By processing
all pixels in the image, the local subtle features of the image can be fully analyzed, and its overall characteristics can
be better reflected. Secondly, as a new type of frequency domain transformation method, fractional Fourier transform
has better local adaptability and multi-scale analysis capability. It can achieve frequency and filtering analysis of the
image by changing the rotation angle, thereby improving the efficiency and accuracy of image processing. Moreover,
it can achieve multi-resolution analysis of the image by adjusting the fractional order. By setting appropriate frac-
tional order and rotation parameters, the image can be selectively filtered by frequency domain transformation, and
the image details can be better preserved in the filtering and denoising process.

DOI: 10.26855/0jipcv.2026.12.002 7 Open Journal of Image Processing and Computer Vision



Siling Lei, Zijie Xu, Bing Guo

The research process of image processing using two-dimensional fractional Fourier transform is carried out
through the following four steps:

(1) the image f'(s,¢) after adding salt and pepper noise and windowing is transformed into the spectral domain
by two-dimensional fractional Fourier transform and the spectral graph is output. """ (u, v)

(2) F(s,t) The energy distribution of the spectrum is calculated, and the order with the largest energy is deter-

mined by a two-dimensional search algorithm 2;, P, as the optimal transformation order;

(3) Determine the rotation angle parameters, and @ = 8 = 0.5 perform a two-dimensional fractional Fourier trans-
form on the optimal transformation order; 7> P>

Perform low- pass filtering on the transformed image in the fractional domain, multiply the spectrogram with the
low-pass filter mask, and f2(s, ) obtain the final filtered image through two-dimensional fractional Fourier inverse
transform.

Given the transformation order 7 and P, the condition, f(s,?)the two-dimensional fractional Fourier trans-
form [8] is defined as:

FPP2 (g, v) = J._O; J.: f(s, t)Kpl,pz (s,t,u,v)dsdt

(1)
Where Kpppz (8,1, V)i the transform kernel of the two-dimensional fractional Fourier transform:
Kplapz (S’t’u’v) = \/(1 - jCOt 0!)(1 - ] cot ,B)/zﬂ
xexp[j(sz +u2)/2tana—jsu/sina:| 2)

X exp [j(t2 +v2)/2 tan,ﬁ'—jtv/sin ﬁ]

Where a=pw/2,=p,mw/2 represents the rotation angle of the two-dimensional fractional Fourier transform.
The two-dimensional fractional Fourier inverse transform ®lis defined as:
£2(s,8) = JZ JZ FPP2(y, V)K—P1 —py (s,t,u,v)dudv 3)
The image is converted into a spectrum f'(s,7) using formula (1), and then a two-dimensional fractional Fourier
transform is performed. [0,2] The transformation order is selected on the above, based on 2 the period of 4. When
it can be regarded as p €[2,4] [0,2]the inverse transformation on the above, we only need to consider the case of
the transformation order on the p €[0,2]above.

3. Image Denoising

Image filtering aims to smooth the image and reduce noise. During the filtering process, it will cause certain blurring
effects on the edge features of the image. For the features of the image that are difficult to distinguish in the spatial

and frequency domains, £'(s,?)the energy distribution of the image spectrum is calculated. Then, based on f'(s,?)
the intensity distribution of the spectrum energy at different frequencies, a two-dimensional peak search (Bu & Wang,
2016)] is used to determine the optimal transformation order in the interval. p €[0,2]

F(s,0) = fT| f(s,0) dt

The two-dimensional peak search algorithm treats the transform P order as the independent variable. To avoid
the order value reaching p 1 during the search, thus degenerating into a traditional Fourier transform, this paper

reduces the search step size by dividing the step coefficient by 10. If the result is still 1, the step coefficient is divided
by 10 again, until the step coefficient reaches the result that conforms to the fractional Fourier transform. By

p €[0,2] performing a two-dimensional peak search within a certain range, the algorithm finds the order in which
the image spectrum has the most concentrated energy in pP the fractional Fourier domain, which is taken as the
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optimal fractional Fourier transform order. This paper advances the algorithm with a step size of 0.1, finding that the

energy of the spectrum reaches its maximum at the transform order of 7, = p, = 1.7 [value missing], indicating that
the image information is most concentrated at this order, resulting in the best image processing effect at this transform
order.

The optimal transform order and rotation angle parameters are used @ = 8 = 0.5to transform the image into the

frequency domain to obtain a spectrogram. After image processing and frequency domain transformation, a non-
integer-order two-dimensional fractional Fourier transform is performed on the image. Low-pass filtering is then
applied in the fractional domain to smooth and denoise the transformed image. A blank black image is defined with
the same size as the image passed by the fractional Fourier transform. The center point of the Fourier spectrogram is
added to or subtracted by 30 to form a defined filter size. The center region of the mask is set to 1 to filter out high-
frequency components and retain low-frequency components in the image. Then, the spectrogram and the low-pass
filter mask are multiplied by a dot, followed by an inverse process from the frequency domain to the time domain to
achieve local frequency domain operations. Finally, the two-dimensional fractional Fourier inverse transform is
called to obtain the restored image.

To demonstrate the effectiveness of the proposed image processing method in preserving image details and edge
information, the Sobel operator is used to evaluate the image filtering effect. This operator uses local difference to
find edges, calculates an approximate gradient, and then performs edge detection to highlight the edge structure in
the image, extracting edge information as a means of evaluating the image processing results. This process also
assesses the algorithm's performance and the selection of optimization parameters.

To detect edge pixels in the processed image, the gradient magnitude of the image is calculated. A threshold of 50
is set for edge pixels. Pixels with gradient magnitudes exceeding the threshold are considered edge pixels and are set
to white (255), while non-edge pixels are set to black (0), forming a binary image. Then, Sobel equations are calcu-
lated based on the first derivative. The gradient magnitude of the operator (Li et al., 2022) is used to obtain the
horizontal gradient template / <up>x<sup> and the vertical gradient template hA<sub> <> in the image space as
follows:

-1 0 1 -1 2 -1
ho={-2 0 2|h,=[0 0 0
-1 0 1 1 2 1 @)

The numbers represent template coefficients, and the gradient direction is always orthogonal and perpendicular to
the edge direction. To calculate the pixel value changes in the horizontal and vertical directions, the gradient template
is f convolved with the image array. When the Sobel operator has a dimension of 3 X 3, assuming there are 9

pixels G, Gy in the image array, the gradient values in the horizontal and vertical directions are calculated as follows:
-1 0 1 Pl P2 P3

®F=|-2 0 2|x|P4 P5 P6
-1 0 1 P7 P8 P9

G

X

=h

X

-1 -2 -1 Pl P2 P3
G,=h,®F=|0 0 0 |x|P4 P5 P6
1 2 1 P7 P8 P9

Finally, the obtained horizontal and vertical gradient values are used G,, Gy to... g(x,y) Calculate the amplitude
of the center pixel.

g(x.y)=\/G; + G} =[G |+|G,|
4. Experimental Simulation and Result Analysis

4.1 Experimental environment

To verify the effectiveness of the proposed algorithm, experiments will present test results on a set of images from
different fields, including digital photography, remote sensing satellites, and astronomical observations. This
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experiment uses three images (Lena, Valley, and Moon) of size 512 x 512. Salt - and - pepper noise points are added
at random locations in the original images to simulate noise. If the image is grayscale, the pixel value of the noise
points is set to 255; if the image is color, the RGB values of the noise points are set to (25, 20, 20). Finally, the images
are converted to grayscale and output for preprocessing. The experimental results are divided into two parts: the first
part compares the image results and peak power ratio (PSNR) values of the proposed algorithm with those of tradi-
tional denoising algorithms; the second part uses the Sobel operator to examine the image filtering effect of the
proposed algorithm.

4.2 Comparison of experimental results of various filtering algorithms

the image noise-adding method used in the experiment was uniformly employed for preprocessing, and the peak
signal-to-noise ratio (PSNR) of each algorithm was calculated to evaluate the denoising results (see Table 1) . The
image simulation results of traditional denoising and the proposed denoising algorithm are shown in Figures 1-3.
Comparing the experimental results of the proposed method with traditional denoising algorithms such as mean fil-
tering, box filtering, and Gaussian filtering, it is evident that traditional denoising algorithms have limited denoising
effects when images contain significant details and textures. The PSNR values of the proposed method are consist-
ently higher than those of traditional denoising algorithms. A higher PSNR value indicates higher image quality, and
the effect of the proposed method is enhanced with increasing noise levels. Furthermore, the processed images
demonstrate that the proposed algorithm achieves better denoising results, more clearly preserving the details and
texture features of the original image, and improving image contrast and smoothness, exhibiting strong adaptability.

4.3 Detection and Evaluation of the Algorithm in This Paper

To verify the denoising results, this paper uses the Sobel operator to examine the results and extract the edge infor-
mation in the image. It is found that the details and contours of the image processed by the proposed method are more
prominent than the original image features, and the contour details are more clearly preserved. This indicates that the
proposed algorithm can effectively remove noise, while better preserving the edge information and details of the
image, and enhancing the contrast of the image, thus effectively improving the quality and clarity of the image.

Table 1. Peak Signal-to-Noise Ratio (PSNR/dB) Calculation Results for Each Denoising Algorithm

Test image Denoising algorithm PSNR (dB)

Mean filtering 13.754
Gaussian filter 10.278

Lena
Median filtering 14.724
This article's processing method 22.396
Mean filtering 17.674
Gaussian filter 14.726

Valley
Median filtering 18.643
This article processing method 21.213
Mean filtering 24.564
Gaussian filter 23.892

Moon
Median filtering 25.820
This article's processing method 32.103
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Figure 1. Effects of different denoising methods on Lena's image.

Note: (a) Original image; (b) Noisy image; (c) Mean filtering; (d) Gaussian filtering; () Median filtering; (f) Processing method used in this paper.
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Figure 2. Effects of different denoising methods on Valley images.
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Figure 3. The effects of different noise reduction methods on Moon images.
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Figure 4. Comparison of Lena image denoising detection results.
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Figure 5. Comparison of Valley image denoising detection results.

DOI: 10.26855/0jipcv.2026.12.002 11 Open Journal of Image Processing and Computer Vision



Siling Lei, Zijie Xu, Bing Guo

250
500
750
1000
1250

1500

] a00 1000 1500 2000 2500 3000 3500

(@) (b)

Figure 6. Comparison of Moon image denoising detection results.
5. Conclusion

To address the issues of image quality being affected by noise and edge loss during processing, this paper introduces
a window function to perform windowing processing on the image, avoiding the loss of detail and edge information
caused by direct filtering. Furthermore, for features indistinguishable in the spatial and frequency domains, a two-
dimensional fractional Fourier transform with a transform order is introduced. By adjusting the fractional-order pa-
rameters, both image detail and noise removal are preserved, thereby improving image quality. Compared to tradi-
tional denoising algorithms, the proposed method demonstrates better processing results for images with complex
textures and details, and the greater the noise impact, the better the image processing effect, effectively improving
the visual quality of the image.
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