
symmetryS S

Article

Bi-Directional Filter for the Removal of Lines and
Cracks in Images

Ali Said Awad

Faculty of Engineering and Information Technology, Al-Azhar University, Gaza 79715, Palestine;
aawad@alumni.stevens.edu; Tel.: +970-597-197-270

Received: 30 June 2020; Accepted: 29 July 2020; Published: 2 August 2020
����������
�������

Abstract: In this paper, a method for the removal of noisy lines and cracks corrupted by different
noise types is explored, using a cascade of filtering cycles based on the principle of symmetry
among neighboring pixels. Each filtering cycle includes a filter in two perpendicular directions,
one horizontal and the other vertical. Any pixel, to be deemed original, should have a number of
symmetric pixels within its neighboring pixels greater than the number specified by the condition set
for each direction in all the filters. Since the conditions of each filter increase gradually from one cycle
to the next, it becomes more difficult for a noisy pixel to satisfy the filter conditions in each filtering
cycle, while an original pixel can easily satisfy the conditions in all the filtering cycles. The reason is
that a noisy pixel has a random value and therefore faces difficulty in finding a sufficient number of
symmetric pixels in each direction, while an original one has a value correlated with the values of its
neighboring pixels. Extensive simulation experiments prove that the proposed method efficiently
detects and restores different noisy lines and cracks of different shape and thickness. Also, it retains
the image details and outperforms other well-known algorithms, both objectively and subjectively.
More specifically, the proposed algorithm achieves restoration performance better than the other
known methods by ≥0.81dB in all simulation experiments.
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1. Introduction

Image denoising is one of the important processes that should be implemented before any advanced
image processing method. The reason is that any advanced method will deliver unsatisfactory results if
it is implemented on images contaminated with low or high rates of noise. As an example, you cannot
exclusively select or detect edge pixels from noisy images. Thus, many algorithms are proposed
in the literature to remove noise from images corrupted by salt-and-pepper noise, random-valued
impulse noise, Gaussian noise, a mixture of two or more of them, or other types of noise. All the
proposed methods utilize the prior information in the corrupted images to remove the noise in the
corrupted images at a specific level. Various approaches are implemented for Gaussian noise removal,
such as the bi-linear filter, [1] which utilizes internal prior information obtained due to the similarity
attributes among the pixels in the local region to restore a corrupted pixel. Many others are applied for
Gaussian noise removal that utilize internal prior information available among the pixels in non-local
regions, such as the NLM algorithm [2,3]. External prior information may be extracted from other
original images [4–7]. Other methods utilize internal prior information available in the corrupted
images and external prior information available in the external clean images, such as those described
in [8–11]. The authors in [12] map external prior information onto the corrupted image to generate
a restored image. The advantage of this method is that it can be applied on a few training samples.
One of the most effective methods in the literature used in the removal of Gaussian noise is Sparse
3-D Transform-Domain Collaborative Filtering, BM3D [13], in which a 3-D array is constructed from a
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group of similar blocks, then a 3-D transform is implemented on the 3-D array. The result is a highly
sparse representation of the true signal, which helps in separating the noise by a shrinkage process.
In [14], a new method for Gaussian noise removal is proposed through the development of the Blind
Universal Image Fusion Denoiser, BUIFD, in which an optimal fusion denoising function is derived and
integrated in a deep-learning architecture. For removing Gaussian noise, Izadi et al. [15] use external
prior information, which is the mutual information from the spatial and temporal noise statistics,
while Dong et al. [16] use the internal prior information attained from image nonlocal redundancy to
better estimate the sparse coding coefficients of the original image.

Another type of noise that may degrade the image in real life is random-valued impulse noise,
which is difficult to detect because it may take any value from the same range as the image pixels.
In other words, random-valued impulse noise may take any value in the range from 0 to 255. For removal
of random-valued impulse noise, many methods have been proposed to provide satisfactory results,
as described in [17–20]. In [21], Chen et al. proposed the Tri State Median Filter, TSMF, which is a
well-known method used for the removal of random-valued impulse noise, in which a threshold T
is applied on the output of a center weight median filter and standard median filter, and as a result
three possible state outputs are obtained. Namely, the pixel is original, noisy, or uncorrupted, with
center weight wc > 1. In [22], Chen and Wu proposed the Adaptive Center Weight Median Filter,
ACWMF, in which the differences between the current pixel in the sliding window and the outputs of
center-weighted median filters are used for removing random-valued impulse noise. In [23], Crnojevic
et al. proposed iterative Pixel-Wise modification of the Median of the Absolute Deviations from the
median, PWMAD, for detecting random-valued impulse noise.

The third type of noise is salt-and-pepper impulse noise, which may take on two possible values,
0 (salt) and 255 (pepper). In recent years, many methods have been proposed for the removal of
salt-and-pepper noise, for example those in [24,25]. In [26], Erkan et al. proposed the Adaptive
Frequency Median Filter (AFMF), in which a median frequency function is used to restore the
noisy pixels. The Noise Adaptive Fuzzy Switching Median Filter, NAFSMF [27], is another well-known
method used for the removal of salt-and-pepper noise. It is a two-stage method. In the first stage,
a histogram of the corrupted image is used for noise detection, and in the second stage fuzzy reasoning
is used for restoration of the noisy pixels. The Adaptive Weighted Mean Filter, AWMF, proposed in [28],
involves a sliding window which is gradually increased, and a tested pixel is considered as a noise
candidate if it is equal to the detected maximum or minimum value. Image denoising methods based on
deep learning have experienced rapid development. The Convolutional Neural Network, CNN [29–31],
provides adequate denoising performance and can adaptively accomplish noise reduction in corrupted
images. A new method, the Deep Convolutional Neural Network, DNCNN [32], has been proposed
to obtain higher peak signal-to-noise ratio values than conventional methods. The Super-Resolution
Convolutional Neural Network, SRCNN [33,34], model has been advanced for reconstructing images
with more texture and detailed information. In [35], Xiu and Su proposed a new Composite Denoising
Network, CDN, based on both an auto encoder to perform image denoising and a super-resolution
reconstruction model to recover the texture and detailed information in the denoised image. In [36],
Kunaraj et al. proposed a Machine Learning, ML, based classification algorithm which uses random
decision forest classifiers and classical pixel-wise statistical parameters for better denoising of images
corrupted by impulse noise. A hybrid filter which is an integration of the median filter and applied
median is described in [37]. It mainly emphasizes the discarding of irrelevant noise.

One can observe that all of the previous methods depend mainly on internal prior information
extracted from the pixels in the corrupted images, or they may use other external prior information to
build a model or a filter for the removal of some specific types of noise. Thus, some of these methods
face difficulties in obtaining enough prior information if different noise types contaminate the image or
if the noise occurs in lines, cracks, or any other shape, and therefore corrupt a complete part or parts
in the image. To address these shortcomings, a new method is proposed in this paper to detect and
restore different types of noise, and to detect and restore lines and cracks that include only noisy pixels.
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In this paper, an efficient method is proposed to remove noisy lines and cracks in images. All the
pixels in the cracks and lines may be Gaussian noise, random-valued impulse noise, or salt-and-pepper
impulse noise, or may be others. In the current study, it is assumed that there are two types of pixels in
the image. The first type is noisy pixels, which form the noisy lines or cracks, and the other type is
noise-free pixels, which represent the original parts of the image. Let x denote any pixel in the noisy
lines or cracks in the corrupted image. The value of x represents one of the different types of noise
in the dynamic range [a, b]. If x represents salt and pepper noise (SPN), then in this case a = 0 and
b = 255, and x may be equal to 0 or 255 (equally likely). If x represents random-valued impulse noise
(RVIN), then x is uniformly distributed and may take any value in the range [0,255]. If x represents
Gaussian noise (GN), then x is normally distributed with mean m and standard deviation σ as:

x =


SPN x = 0 or 255 equally likely
RVIN x ≈ U(0, 255)
GN x ≈ N(m, σ)

(1)

where the symbol ≈ is used herein to denote the word distributed. Note that the range [a,b] in RVIN
may be changed if one would like to generate values within specific limits, as in white and black lines.
In other words, since the cracks usually have black or white color similar to the image background,
or some shade of gray, values equal to a and b or the range between them should be selected to
represent the color of the cracks or other lines corrupting some parts of the image.

The goal of this study is to detect and restore all the noisy pixels in the lines and cracks and at the
same time leave the original values intact. It is clear that a horizontal crack or line has limited width
in the vertical direction and significant length in the horizontal direction, and vice versa. Therefore,
the noisy pixels may have enough similar pixels among their neighboring pixels in one direction but
not in the other. As an example, each pixel in a vertical line at any particular point has some number of
similar pixels in the horizontal direction, but an additional number of similar pixels in the vertical
direction. However, it is difficult for a noisy pixel, in a line or crack of any direction, to have enough
similar pixels in both directions to fulfill the similarity conditions. Therefore, they can be detected
easily. Also, it is notable that the width or length of any line or crack is variable. Accordingly, we need a
multi-cycle filter to handle different lengths and widths to efficiently detect the noisy pixels. To this end,
the suggested algorithm consists of a cascade of filtering cycles, each of which includes a bi- directional
filter. One of the directions is horizontal and the other is vertical, and each has a detection threshold.
Any tested pixel is deemed original if it satisfies the set condition in each of the two directions of the
proposed filter in all the filtering cycles. If the tested pixel fails to satisfy the conditions in any filtering
cycle, it is considered a noisy pixel. Specifically, the pixel is deemed original in any cycle k if it has
symmetric pixels with probability not less than the threshold probability Pk

th in both directions. A pixel
that does not satisfy the condition in any direction of any cycle is considered a noisy pixel and restored
at the end of the filtering cycle. The noise from the image is removed gradually, in the sense that each
filtering cycle is responsible for removing a specific amount of noise, because in each filtering cycle few
of the pixels satisfy both conditions or have enough symmetric pixels in both directions.

One can expect that the pixels in thick lines or cracks may satisfy the conditions of both the
horizontal and vertical directions in one or more filtering cycles. Consequently, as the thickness
increases, more filtering cycles are needed to detect the noise. It should be noted that if the thickness of
the noisy lines or cracks is increased to a certain degree, then after a specific number of filtering cycles,
some of the image details may be lost. The reason is that the set conditions in the advanced cycles
become difficult for the original pixels to satisfy, and as a result they will be considered noisy pixels.
Thus, for noisy cracks or lines at a certain degree of thickness, removing the noise and keeping image
details is a challenge.

The rest of this paper is organized as follows. Section 2 presents a description of the algorithm.
Section 3 provides the simulation results of all the implemented experiments. Section 3 concludes
this paper.
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2. Algorithm Description

The structure of the proposed filter is described in Figure 1. As shown in the figure, the filter
consists of several cycles. In each cycle k there is a filter in two directions; one is vertical, which represents
the height of the filter, and the other is horizontal, which represents the width of the filter, and both of
the filter directions are involved in detecting the noisy pixels. The length of the filter in each cycle is
measured in terms of the number of pixels in each direction. As an example, in the first cycle the filter
length is five pixels, i.e., L1 = 5. That means that the height of the filter is five pixels and the width is
five pixels, all centered at the tested pixel. The tested pixel is considered original if it has a number
of similar or symmetric pixels among its four neighboring pixels, with probability not less than the
threshold probability Pk

th in each direction. The noisy pixels may fulfill the threshold probability in
each direction in one or more cycles, but they cannot fulfill the set threshold probabilities in all the
filtering cycles. The reason is that the noisy pixels take on random values, but the original pixels
usually take values similar to those of their neighboring pixels. The proposed algorithm is described
and formulated as follows.
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Figure 1. The structure of the proposed filter: (a) A cascade of multiple filters, each having a
bi-directional filter of different length Lk and probability condition Pk

th. Each filter is implemented in
a separate filtering cycle, (b) the 1st filter in the 1st cycle of L1 = 5 pixels in horizontal and vertical
directions is applied to the original image, (c) the 2nd filter in the 2nd cycle of L1 = 7 pixels in the
horizontal and vertical directions is applied on the pixels that are detected as original in the 1st cycle,
and so on.

1- We assume that any tested pixel x is symmetric to pixel y if the intensity difference between
them is less than or equal to an accepted range of error, bounded from zero to ε, where ε is an integer
representing the intensity difference between the two symmetric pixels as follows:∣∣∣x− y

∣∣∣ ≤ ε . (2)

2- Each tested pixel x(i,j) in location i,j will pass through each cycle k, 1 ≤ k ≤ K, with K an integer, to
be considered as an original pixel. In each cycle there is a filter in two directions, one vertical (Dv) and
the other horizontal (Dh), each of length Lk pixels. For example, for an odd number Lk, the horizontal
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and vertical directions around the tested pixel x(i,j) will include the following pixels. Let a number
N = (Lk − 1)/2, then Dh and Dv in the current cycle k will be expressed as:

Dk
h = [x(i, j−N)......x(i, j− 2) x(i, j− 1) x(i, j + 1) x(i, j + 2)...x(i, j + N)];

Dk
v = [x(i−N, j)... x(i− 2, j) x(i− 1, j) x(i + 1, j) x(i + 2, j)... x(i + N, j)]; .

(3)

As an example, for L1 = 5 and i = j = 0, then N = 2, D1
h = [ x(0,−2) x(0,−1) x(0,1) x(0,2)] and

D1
v = [ x(−2,0) x(−1,0) x(1,0) x(2,0)]

3- In each filtering cycle k, a searching process is performed among the pixels in the vertical and
horizontal directions to find any pixel y that is symmetric to the tested pixel x. Then, pixel y is saved in
a set S as:

Sk
h:=

{
y ∈ Dk

h

∣∣∣ ∣∣∣x− y
∣∣∣≤ ε} (4)

Sk
v:=

{
y ∈ Dk

v

∣∣∣ ∣∣∣x− y
∣∣∣≤ ε}. (5)

4- The probability of the tested pixel x in each direction at the current cycle k is calculated as:

P(x|Dk
h
) =

n(Sk
h)

Lk
(6)

P(x|Dk
v) =

n(Sk
v)

Lk
. (7)

n(Sk
d) is the number of the pixels y in the set S in the current direction d = h∪ v at cycle k.

5- If the probability of the tested pixel x in the horizontal direction P(x
∣∣∣Dk

h
) and the probability of

x in the vertical direction P(x
∣∣∣Dk

v) are less than the threshold probability Pk
th, then the tested pixel is

considered noisy; otherwise, it is considered original, as:

If {P(x|Dk
h) ≤ Pk

th} ∩ {P(x| D
k
v) ≤ Pk

th} == true (8)

x = xnoisy otherwise x = xoriginal.

6- if x is considered an original pixel in the current filtering cycle, it will pass to the next cycle to
be tested in the second cycle. Any pixel that satisfies the threshold probability in all the filtering cycles
is considered original. The suggested threshold probability and the filter length of each direction in
the proposed algorithm is defined as Pk

th = k/Lk and Lk = 3 + 2k for k = 1, 2, 3 . . . K. As an example,
the threshold probability in the first cycle will be P1

th = k/L1 = 1/5. The number of cycles increases as
the thickness of the noisy line or crack increases. The reason is that the noisy pixels in the thick line or
crack can satisfy the threshold probabilities of the first few cycles, but they face difficulties in fulfilling
the robust threshold probabilities of the last cycles.

7- At the end of each cycle, we restore the noisy pixels, and the quality of each output is objectively
and subjectively evaluated to measure the strength of the proposed filter. In other words, the similarity
between the restored pixels and the original pixels is measured in terms of peak signal-to-noise ratio,
which approaches infinity as the Mean Square Error (MSE) between the intensity values of the original
and restored versions approaches zero. Therefore, as the value of peak signal-to-noise ratio increases,
the restored version becomes more similar to the original version and vice versa. Also, sometimes
we may find that restored versions provide somewhat high peak signal-to-noise ratio values, but still
contain residual noise. Accordingly, human visual perception as a subjective evaluation is essential.
Therefore, image visual appearance should be evaluated based on human perception after each filtering
cycle, which in turns consumes extra computational time. Also, a structural similarity parameter is
used as well for evaluating the visual quality of the restored versions.
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The restoration process is achieved by taking the median of the nearest 4, 8, or more pixels around
the noisy pixel. If four neighboring pixels are considered, then the restoration process for xnoise(i, j) is
defined as:

xrest(i, j) = Median (Z(i, j))

Z(i, j) = [x(i− 1, j)x(i + 1, j), x(i, j− 1), x(i, j + 1)] ∀ x ∈ Z, x , xnoise

(9)

The pixels in the vector Z are either original or previously restored pixels, and the number of the
pixels in the vector Z increases as the thickness of the noisy line or crack increases or the number of the
detected noisy pixels increases.

The block diagram shown below in Figure 2 describes the steps from 3–9 mentioned above in the
current section. Note that the first cycle filters the noisy image. Then, if the restored image shows an
acceptable visual quality, the algorithm is terminated; otherwise, the algorithm moves to the next cycle,
in which the pixels that were detected as original in the previous filter are tested another time. At the
end of second cycle, the noisy pixels are restored, and if the restored version has no residual noise and
shows a pleasing appearance, then the algorithm is terminated. Otherwise, the algorithm is moved to
the third cycle and so on. The algorithm may be run for several cycles and the user may select the
version with the best visual quality among all the restored versions.Symmetry 2020, 12, x FOR PEER REVIEW 7 of 15 
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3. Simulation Results

In this section, we evaluate the proposed algorithm objectively in terms of peak signal-to-noise
ratio (PSNR) and Structural Similarity (SSIM) index, and subjectively in terms of human perception. To
this end, different simulation experiments are implemented on different image structures to show the
strength of the proposed method in removing the noisy lines and cracks in images. Noisy pixels in the
lines or cracks may pass through one or more filtering cycles depending on the thickness of the lines or
cracks, but they face difficulties in passing through all the filtering cycles of the proposed algorithm.
The results of the proposed method are compared with other well-known methods used in the
image denoising field, such as B3DM [13], TSMF [21], ACWMF [22], PWMAD [23], NAFSM [27], and
AWMF [28]. One more advantage of the proposed technique is that the results are attained by tuning
only one parameter, which is the accepted range of error ε, but the others remain intact. The original
image is corrupted artificially with horizontal lines, vertical lines, and cracks all of different thickness.
All the pixels in the lines or cracks are noisy pixels, which means that the lines and cracks are completely
corrupted. The values of the noisy pixels in the range between [a, b] are generated to represent the
color of the cracks and lines produced in the image due to environmental or any other external effects
on the image. The color of the cracks and the lines may either be white or black, similar to the image
background, or various gray-scale levels. For white lines, the values of a and b are very high and close
to 255, for example a = 200 and b = 250, and the range [a, b] = [200, 255]. For black lines, the values of a
and b are close to zero, for example a = 0 and b = 20. For lines corrupted with RVIN, a = 0 and b = 255
and the noisy pixel may take on any value in the range between 0 and 255. For lines corrupted with
SPN, the noise takes values of either 0 or 255 with equal probability. In the simulation experiments,
all the above noisy values, which represent RVIN, SPN, or any other range, are uniformly distributed
and generated using the MATLAB rand function. For gray-level noise, the values of the noisy pixels
are generated from a uniform or Gaussian distribution in the range between 0 and 255. Gaussian noise
is characterized by the mean m and standard deviation σ, and can be generated using the MATLAB
randn function. Cracks are created randomly on the original images using the pen in the Microsoft
Paint program. In all the filtering cycles, the length Lk and the probability condition Pk

th of each filter
at cycle k are equal to Lk = 3 + 2k, k = 1, 2, 3 . . . K, and Pk

th = k/Lk, respectively. Figure 3 shows a
summary of the types of the experiments implemented in this study to demonstrate the effectiveness
of the proposed method. It is notable that different images corrupted by noisy lines, noisy cracks, or a
combination are used in the simulation experiments. In addition, noisy lines and cracks containing
different types of noise and of different thickness, shapes, and colors are restored efficiently by the
proposed method.
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Figure 4 shows the output after each filtering cycle in restoring two corrupted versions, one for
a Lena image and the other for a Pepper image at accepted range of error ε = 45. The corrupted
version of the Lena image includes black lines and cracks, while the corrupted version of the Pepper
image includes white lines and cracks. It is clear that the noise is removed through three filtering
cycles, where each filtering cycle removes a specific amount of noise in the sense that a pixel that
does not satisfy the condition in each cycle is considered noisy and restored after each cycle. In this
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experiment, the number of filtering cycles is k = 3, which means that the restored version attained
from the third filtering cycle is visually pleasing. Figure 5 illustrates the restoration performance of
different methods in restoring the cracks in the corrupted Lena image shown in Figure 4. It is clear that
the proposed method delivers the best results, either in terms of PSNR in dB or visual quality of the
image. Three phases are sufficient to eliminate the noisy cracks or lines from the corrupted image in
this experiment with ε = 45.Symmetry 2020, 12, x FOR PEER REVIEW 9 of 15 
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Figure 4. The output of each filtering cycle in the proposed algorithm for restoring the lines and
cracks in noisy images: (a) Corrupted Lena image; (b) Output from 1st cycle, peak signal-to-noise
ratio (PSNR) = 28; (c) Output from 2nd cycle, PSNR = 32.88; (d) Output from 3rd cycle, PSNR = 32.71;
(e) Corrupted Pepper image; (f) Output from 1st cycle, PSNR = 28; (g) Output from 2nd cycle,
PSNR = 34.86; (h) Output from 3rd cycle, PSNR = 33.84.
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Figure 5. Comparison between different methods in restoring the cracks in the corrupted Lena image
shown in Figure 1: (a) Adaptive Center Weight Median Filter, ACWMF, PSNR = 31.9; (b) the Tri State
Median Filter, TSMF, PSNR = 31.9; (c) Pixel-Wise modification of the Median of the Absolute Deviations
from the median, PWMAD, PSNR = 27.3; (d) Sparse 3-D Transform-Domain Collaborative Filtering,
BM3D, PSNR = 19.97; (e) proposed method, PSNR = 32.71.

In Figure 6, Elaine image corrupted with 60 white lines is used to evaluate the performance of
different methods. It is clear that the proposed method has the best performance, while the others still
have almost the same amounts of noisy pixels after processing. Note that the accepted range of error
used in this figure is equal to ε = 45 and number of cycles is equal to k = 4.
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In Figure 9, 80 white lines and 80 gray-level lines corrupt the Mona Lisa image. Gray-level lines 
may take any value in the range of [0,255] at equal probability. It can be seen that the proposed 
method removes 160 lines from the corrupted image effectively either in terms of PSNR or human 
visual quality, while the other methods fail to restore this kind of highly corrupted image. In this 
experiment, the number of phases is k = 5 and the accepted range of error is ε = 60. 

Figure 6. Comparison between different methods in restoring Elaine image corrupted by 60 white lines:
(a) Corrupted image (b) ACWMF, PSNR = 25.2; (c) TSMF, PSNR = 23.19; (d) PWMAD, PSNR = 24.9;
(e) BM3D, PSNR = 24; (f) proposed method, PSNR = 35.46.

Figures 7 and 8 show the restoration performance of different methods in restoring cracks that are
much thicker than the ones appearing in the corrupted images mentioned in Figure 3. Also, Figure 8
includes black cracks in addition to white ones. It is clear that the proposed method still outperforms
the other well-known methods.
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Figure 8. Comparison between different methods in restoring a corrupted Diana image: (a) Corrupted
image (b) ACWMF, PSNR = 16; (c) BM3D, PSNR = 16.83; (d) proposed method, PSNR = 29.39.

Also, it is recommended that one increase the number of cycles and the accepted range of error
as the thickness of the lines or cracks increases. Therefore, the acceptable range of error used in both
figures is equal to ε = 66. The number of cycles is equal to k = 3 in Figure 7 and k = 8 in Figure 8.

In Figure 9, 80 white lines and 80 gray-level lines corrupt the Mona Lisa image. Gray-level lines
may take any value in the range of [0,255] at equal probability. It can be seen that the proposed method
removes 160 lines from the corrupted image effectively either in terms of PSNR or human visual
quality, while the other methods fail to restore this kind of highly corrupted image. In this experiment,
the number of phases is k = 5 and the accepted range of error is ε = 60.
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Figure 9. Comparison between different methods in restoring Mona Lisa image corrupted with 80 white
lines and 80 gray-level lines: (a) Corrupted image (b) ACWMF, PSNR = 17.8; (c) TSMF, PSNR = 16.7;
(d) proposed method, PSNR = 31.7.

Figure 10 shows the outputs of three cycles in the proposed algorithm at acceptance range of error
ε = 60, to illustrate the process of gradual restoration by the proposed algorithm. Besides, the results
of the proposed algorithm are compared in this figure with the results of other methods. The input
to the proposed filter in this experiment is a tulip flower image corrupted with 80 vertical lines of
noisy values generated from a normal distribution with mean 200 and standard deviation σ = 1. It is
apparent that the 5th filtering cycle fails to remove the residual lines in the image, but they are removed
after the 6th filtering cycle at the expense of PSNR. Also, it is clear that the proposed method delivers
the best restoration performance in terms of visual quality and PSNR. A small amount of residual
noise may appear in the restored images attained from highly corrupted images, as in Figure 9, or from
images corrupted by thick lines or cracks, as in Figure 8. Thus, one may use a simple thresholding
method or any other method to remove any residual noise rather than using a new cycle.
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Figure 10. Comparison between different methods in restoring tulip flower image corrupted with
80 vertical lines: (a) Corrupted image; (b) TSMF, 20.08; (c) BM3D, PSNR = 20.1; (d) PWMAD,
PSNR = 21.8; (e) AWCMF, 24.68; (f) proposed method, output of 3rd filtering cycle, PSNR = 28.1;
(g) proposed, output of 5th filtering cycle, PSNR = 29.3; (h) proposed, output of 6th filtering cycle, 28.65.

Figure 11 shows the performance for the different methods in restoring a Bridge image corrupted
by 40 vertical lines and 40 horizontal lines. The noisy values of the vertical lines are salt-and-pepper
noise, while the noisy values of the horizontal lines are Gaussian noise of mean zero and standard
deviation σ = 20. It is clear that the methods in (b) and (c) effectively restore the vertical lines, but they
fail to remove the horizontal lines because they mainly detect and restore only two values, salt = 255
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and pepper = 0. BM3D fails even to restore the Gaussian noise in the horizontal lines; the reason is that
the entire pixels in the lines and cracks have been replaced completely by Gaussian noise.
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Figure 11. Comparison between different methods in restoring Bridge image corrupted with 40 vertical
lines and 40 horizontal lines: (a) Corrupted image; (b) Adaptive Weighted Mean Filter, AWMF,
PSNR = 24.35; (c) Noise Adaptive Fuzzy Switching Median Filter, NAFSMF, 24.94; (d) BM3D, 21.29;
(e) proposed method, output of 2nd filtering cycle, PSNR = 30.68.

Therefore, there is not enough information on the original values. Also, it is obvious that the
proposed method in (e) effectively restores both the vertical and the horizontal lines. Figure 12 shows
the PSNR values of different restored versions attained after each filtering cycle in the proposed method.
Three images are used in this experiment. The first one is the corrupted version of the Lena image
mentioned in Figure 5, the second one is the corrupted version of the Einstein image mentioned in
Figure 7, the last one is the corrupted version of the Bridge image mentioned in Figure 11. Six restored
versions are attained for each image after each filtering cycle. It is clear that for each image there is at
least one filtering cycle after which the result is acceptable. Figure 13 shows the effect of the accepted
range of error ε on the restored versions attained after each filtering cycle in the proposed method.
The corrupted Einstein image mentioned in Figure 7 is used in this experiment. It is clear that as the
value of ε increases, the PSNR increases, but to a specific value. In other words, if ε is increased more
and more to ε = 100, then a poor result is provided. The reason is that as ε increases, many noisy pixels
will be similar to each other and satisfy the set conditions in each filtering cycle.
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Figure 12. The restoration performance of the proposed method at the end of six filtering cycles while
restoring different images corrupted by noisy lines and cracks.
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Figure 13. The restoration performance of the proposed method at the end of six cycles while restoring
Einstein images corrupted by noisy cracks with different ranges of error ε.

Tables 1 and 2 show the restoration performance in terms of PSNR and SSIM, as well as the
consumed time in seconds, for different methods in restoring the corrupted versions mentioned in
Figure 11 for the Bridge image and Figure 7 for the Einstein image, respectively. Note that the size of the
Einstein image is 256 × 256 and the size of the Bridge image is 512 × 512. These results are implemented
in MATLAB on a computer with an HP ENVY TS 14 Sleekbook Intel Core i5-4200U@1.60GHz CPU. It is
obvious that the proposed method objectively delivers the best results, besides providing computational
complexity lower than other methods. In other words, one can conclude that the proposed method
is very efficient and easy to implement, since the process in each filtering cycle involves simple
mathematical equations. The strength of the proposed method is that whatever the structure of the
image, any pixel that does not achieve the minimum requirements in each cycle is considered a noisy
pixel. The minimum requirements in each cycle can be achieved easily by each original pixel in the
image due to the redundancy of the original pixels in the local regions, but in most cases a noisy pixel
does not have sufficient redundant pixels. However, the proposed algorithm provides good results for
noisy lines and cracks to a certain degree of thickness. In recent years, deep-learning-based methods
have achieved remarkable success in a number of research areas, such as image and voice recognition.
Therefore, one can take advantage of deep learning in order to enhance the performance of the present
study, particularly in restoring images corrupted with much thicker lines and cracks.

Table 1. Comparison between different methods in restoring Bridge images (Figure 11).

Bridge Proposed ACWMF TSMF AWMF NAFSM

PSNR 30.83 23.85 19.08 24.35 24.94
SSIM 0.9694 0.8502 0.4459 0.0032 0.9519
Time 28.77 60.07 13.90 127.31 3.12

Table 2. Comparison between different methods in restoring Einstein images (Figure 7).

Einstein Proposed ACWMF TSMF AWMF NAFSM

PSNR 35.98 17.70 16.72 17.10 17.13
SSIM 0.9727 0.7445 0.5105 0.0045 0.7394
Time 13.90 15.06 3.95 37.51 1.35
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4. Conclusions

The current study explores the removal of noisy lines and cracks in images by using a cascade
of cycles. Each cycle has a filter of two directions, one vertical and the other horizontal. Any pixel
that satisfies the symmetric conditions in all the filtering cycles is considered original; otherwise, it
is deemed noisy. A noisy pixel has a random value, and therefore it is difficult for any noisy pixel
in a vertical or horizontal line or crack to satisfy the symmetry conditions in both directions in all
the filtering cycles. As a result, the noisy pixels are detected gradually through the filtering cycles.
The number of cycles should be increased as the thickness of the noisy lines or cracks is increased.
All the simulated experiments implemented in this study indicate that the proposed algorithm delivers
superior results compared to other well-known methods in preserving image details and removing
different types of noise contaminating lines and cracks of different sizes. Since keeping image details
while removing thicker lines or cracks is a challenge, this problem should be deeply investigated in
future work.
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