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Abstract

In this paper, a two-stage filter for removing salt-and-pepper noise using noise detector

based on characteristic difference parameter and adaptive directional mean filter is pro-

posed. The first stage firstly detects the noise corrupted pixels by combining characteristic

difference parameter and gray level extreme, then develops an improved adaptive median

filter to firstly restore them. The second stage introduces a restoration scheme to further

restore the noise corrupted pixels, which firstly divides them into two types and then applies

different restoration skills for the pixels based on the classification result. One type of pixels

is restored by the mean filter and the other type of pixels is restored by the proposed adap-

tive directional mean filter. The new filter firstly adaptively selects the optimal filtering win-

dow and direction template, then replaces the gray level of noise corrupted pixel by the

mean value of pixels on the optimal template. Experimental results show that the proposed

filter outperforms many existing main filters in terms of noise suppression and detail

preservation.

1 Introduction

Digital images can be corrupted by impulse noise due to bit errors in the process of image

acquisition and transmission [1–3]. Salt-and-pepper noise and random-valued noise are the

two common types of impulse noise [4]. The salt-and-pepper noise can corrupt an image where

each corrupted pixel takes either the maximum or minimum gray level. The salt-and-pepper

noise can not only significantly deteriorate the quality of an image, but also bring some diffi-

culty to the subsequent image analysis such as image segmentation [5], edge detection [6] and

classification [7, 8]. The goal of image denoising is removing noise as much as possible mean-

while preserving more edges and details. Hence, how to effectively remove the salt-and-pepper

noise from corrupted images, keeps to be an important research task in image processing.

During the past several decades, many techniques have been developed to restore the cor-

rupted image, such as the blind denoising method [9, 10] and total-variation denoising
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method [11, 12]. Among the traditional denoising methods, the standard median filter is one

of the most popular nonlinear filters for the removal of salt-and-pepper noise in terms of its

good denoising capability and computational efficiency [13]. The standard median filter uni-

formly replaces the gray level of each noise corrupted pixel by the median gray level of its

neighborhood pixels. Hence, the standard median filter is effective in the case of low noise

density. While the noise density is higher than 50%, the size of filtering window should to be

enlarged to suppress serious noise which leads edges and details to be blurred. In order to

improve noise suppression and detail preservation simultaneously, many modified median fil-

ters have been developed, such as the weighted median (WM) filter [14, 15], the adaptive

median (AM) filter [16, 17] and the switching median (SM) filter [18–20].

The weighted median (WM) filter [14] is developed to improve the standard median filter

by introducing the weighted technique. For all pixels in an image, the WM filter selects various

weights for pixels at different positions in the window to restore the gray level of central pixel.

Hence, the WM filter can achieve the better restoration result than the standard median filter.

Different from the WM filter, the adaptive median (AM) filter [16] chooses the median gray

level in an adaptive window for each pixel which overcomes the drawback of fixed window in

standard median filter. Therefore, the AM filter can perform better than the standard median

filter. The switching median (SM) filter [20] is a popular type of salt-and-pepper noise remov-

ing technique in recent years. The SM filter partitions the filtering process into two steps: noise

detection and noise restoration. In the first step, the noise corrupted pixels are distinguished

from the noise-free ones based on the noise detector. After noise detection, the gray level of

each noise corrupted pixel will be replaced by the median gray level of its neighborhood pixels.

The SM filter has a major drawback that the size of filtering window is fixed in the noise detec-

tion stage, which cannot effectively detect all noise corrupted pixels. In order to improve the

image restoration result, many modified filters have been developed [21–23].

The modified decision based unsymmetric trimmed median (MDBUTM) [24] filter is pro-

posed for removing salt-and-pepper noise which detects the noise corrupted pixels based on

the gray level extreme and adaptively replaces the gray level of noise corrupted pixel by the

mean or median variant according to the number of gray level extreme in the filtering window.

The switching median filter with boundary discriminative noise detection (BDND) [25] is pro-

posed to identify all noise corrupted pixels by adaptively selecting the filtering window of suit-

able size. The directional weighted median (DWM) filter [26] firstly takes into account the

neighborhood information of each pixel along four directions, then uses the minimum sun of

directional weighted gray level differences to detects the noise corrupted pixels, finally replaces

the gray level of each noise corrupted pixel by the weighted median gray level of its neighbor-

ing pixels. The modified directional weighted median (MDWM) filter [27] is developed based

on the DWM filter, which considers the neighborhood information of each pixel on more

edge directions and selects the weighted median gray level excluding gray level extremes on

the optimal direction as the restored gray level of the noise corrupted pixel. After deeply ana-

lyzing the DWM filter and MDWM filter, the modified directional weighted (MDW) filter

[28] is proposed which firstly detects the noise corrupted pixels based on the directional gray

level difference and gray level extreme, then restores each noise corrupted pixel by the

weighted mean gray level of the neighborhood pixels. Besides, many other good filters are pro-

posed in recent years. The adaptive iterative fuzzy (AIF) filter [29] is developed to restore the

high density noise corrupted image which firstly detects the noise corrupted pixels with an

adaptive fuzzy detector and then restores the noise corrupted pixels by a weighted mean filter.

The three-values-weighted (TVW) approach [30] is proposed to restore the corrupted image,

which firstly employs a variable-size local window to analyze each pixel with extreme values

and classifies the non-extreme pixel as the maximum, the middle, or the minimum groups in
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the local window, then employs the ratios of these three groups to weight the non-extreme pix-

els, finally replaces the gray level of central pixel by the weighted gray level. The adaptive Type-

2 fuzzy (ATF) approach [31] is proposed to remove salt-and-pepper noise which identifies the

pixels based on their primary membership function values and then restores the noise cor-

rupted pixels based on the detection results.

After deeply analyzing the performance of the existing main filters appeared in the litera-

tures, we can find two disadvantages of their denoising schemes. One disadvantage is that

most of them fail to perform well in the case of various noise densities. The other one is that

although they can remove the salt-and-pepper noise from the image corrupted by high noise

density, they still lead some important edges and details to be blurred. For more details, you

can check the corresponding experimental results in section 3. In order to overcome the draw-

backs, we propose a new two-stage filter for removing salt-and-pepper noise using noise detec-

tor based on characteristic difference parameter and adaptive directional mean filter in this

paper. The proposed filter can effectively and accurately identify the noise corrupted pixels by

combining the characteristic difference parameter and gray level extreme. After noise detec-

tion, the noise corrupted pixels are firstly restored by the improved adaptive median filter

while the noise-free pixels are left unchanged to maintain image features. The second restora-

tion scheme can achieve the better restoration result by proposing the adaptive directional

mean filter. Compared with the above introduced filters, the proposed filter can not only effec-

tively and accurately detect the salt-and-pepper noise, but also provide better image restoration

performance in the case of various noise densities.

The other parts of this paper are organized as follows. In Section 2, we introduce the pro-

posed method framework. Section 3 provides a number of experimental results to demonstrate

the performance of the new method. Conclusions are finally drawn in Section 4.

2 The proposed filter

The proposed filter is composed of two stages: primary filtering stage and second restoration

stage. The primary filtering stage firstly detects the noise corrupted pixels by combining the

characteristic difference parameter and gray level extreme and then restores them by the

improved adaptive median filter. In order to achieve the better restoration result, the second

stage introduces a restoration scheme to secondly restore the gray levels of noise corrupted

pixels. The restoration scheme firstly divides all the noise corrupted pixels into two types based

on the value of characteristic difference parameter and then applies two different restoration

skills for the pixels based on the classification result. And one type of pixels is secondly restored

by the mean filter while the other type of pixels is secondly restored by the proposed adaptive

directional mean filter. Fig 1 is the flow chart of the proposed filter.

2.1 Primary filtering stage

2.1.1 Noise detection. In an image corrupted by salt-and-pepper noise, the gray level of

noise corrupted pixel takes either the maximum or minimum gray level. Hence, the traditional

switching median filter identifies the pixel with the maximum or minimum gray level as a

noise corrupted pixel. However, the pixels with gray level extreme are not all the noise cor-

rupted pixels. Therefore, the noise detector based on the judgement of gray level extreme can-

not accurately detect the noise corrupted pixels. In order to achieve the better detection result,

the proposed filter designs an improved noise detector by combining the characteristic differ-

ence parameter and gray level extreme.

Before introducing the characteristic difference parameter, the gray level difference is firstly

introduced to compare the gray levels of two pixels. For any one pixel Pi,j in a corrupted image,
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the gray level difference Gk between the pixel Pi,j and its neighborhood pixel Psk;tk
is calculated

as follows:

Gk ¼
jgi;j � gsk;tk j

gsk;tk
ð1Þ

where (sk, tk) 2 O, O denotes a detection window whose radius is w. gi,j and gsk;tk denote the

gray level of pixel Pi,j and Psk ;tk
, respectively.

Fig 1. Flow chart of the proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g001
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After that, a parameter T is selected as the threshold to judge the value of gray level differ-

ence. Considering that the parameter has a close relation with the corrupted image, the value

of the parameter is varying based on various images. And in the proposed filter, the parameter

is selected based on the statistical result for the gray levels of all pixels in the corrupted image.

Besides, the size of the detection window is a key factor of affection on noise detection perfor-

mance. The size of the detection window should be small in the case of low noise density but

be large in the case of high noise density. Hence, the detection windows with different sizes are

used for the corrupted image. After a number of experiments, it can be seen that the sizes of

3 × 3 and 5 × 5 are suitable while the noise density is lower than 50%; while the noise density

locates between 60% and 80%, size of 7 × 7 is usually the best choice, and the size of 9 × 9 is

suitable for the 90% noise density. Then the gray level difference between central pixel Pi,j and

its neighborhood pixel Psk;tk
can be judged by comparing the values of Gk and T as follows:

1. If Gk> T, it means that the gray level difference between pixel Pi,j and Psk ;tk
is large.

2. If Gk� T, it means that the gray level difference between pixel Pi,j and Psk ;tk
is small.

Based on the above analysis, it can be judged that whether the gray level difference between

central pixel and each neighborhood pixel in the detection window is large. However, the com-

prehensive gray level difference between central pixel and all neighborhood pixels in the detec-

tion window cannot be obtained. Hence, a characteristic difference parameter is introduced to

solve the problem. For any one pixel Pi,j in the corrupted image, its characteristic difference

parameter Ci,j is calculated as follows:

1. According to formula (1), calculate the gray level difference Gk between central pixel Pi,j

and its neighborhood pixel Psk;tk
in the detection window one by one.

2. Compare the values of gray level difference Gk and threshold T, if Gk> T, the characteristic

difference parameter

Ci;j ¼ Ci;j þ 1 ð2Þ

The characteristic difference parameter can reflect the comprehensive gray level difference

between the central pixel and its neighborhood pixels in the detection window, which can be

used to judge that whether the central pixel is a noise corrupted pixel. The detailed analysis is

given as follows:

1. If pixel Pi,j is an edge pixel, the gray level of pixel Pi,j is close to the gray levels of its neigh-

borhood pixels on the edge direction but different from the gray levels of other neighbor-

hood pixels in the detection window. Then the gray level difference between central pixel

and its neighborhood pixel on the edge direction is small and less than the value of thresh-

old T. But the gray level difference between central pixel and other neighborhood pixels is

large and greater than the value of threshold T. Since the number of neighborhood pixels

on the edge direction is less than the number of other neighborhood pixels, the characteris-

tic difference parameter Ci,j is large. However, considering that the number of neighbor-

hood pixels on the edge direction is at least 2w, the characteristic difference parameter Ci,j is

less than or equal to 2w(2w + 1).

2. If pixel Pi,j is a noise-free pixel in a flat region, the gray levels of all pixels in the detection

window are close. Then the gray level difference between central pixel and each neighbor-

hood pixel is much small and less than the value of threshold T. Hence, the value of charac-

teristic difference parameter Ci,j is small and less than 2w(2w + 1).
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3. If the central pixel Pi,j is a noise corrupted pixel located on an edge, the gray level of pixel

Pi,j is much different from the gray levels of its neighborhood pixels in the detection win-

dow while the gray levels of pixels on the edge direction are close. But the gray level differ-

ence between central pixel and each neighborhood pixel is large and greater than the value

of threshold T. Hence, the characteristic difference parameter Ci,j is large and greater than

2w(2w + 1).

4. If pixel Pi,j is a noise corrupted pixel in a flat region, the gray level of pixel Pi,j is much differ-

ent from the gray levels of its neighborhood pixels in the detection window while the gray

levels of its neighborhood pixels are close. Then the gray level difference between central

pixel and each neighborhood pixel is large and greater than the value of threshold T. Hence,

the characteristic difference parameter Ci,j is large and greater than 2w(2w + 1).

From the above analysis, it can be learned that the characteristic difference parameter can

be used to distinguish noise corrupted pixels from noise-free ones in a corrupted image. And

the threshold is selected to judge the value of characteristic difference parameter. The value of

the threshold to is equal to the number of all the pixels except for the pixels on the diagonal in

the detection window. Then the proposed filter can effectively and accurately detect the noise

corrupted pixels by combining characteristic difference parameter and gray level extreme.

And for any one pixel Pi,j, its characteristic can be identified in the following way:

Pi;j 2

(N; if Ci;j > 2wð2wþ 1Þ and gi;j 2 f0; 255g

S; otherwise
ð3Þ

where N and S denote the noise corrupted pixels and noise-free ones, respectively. w is the

radius of the detection window. gi,j is the gray level of pixel Pi,j.

The pseudo codes of the process of noise detection are provided as follows:
For each pixel Pi,j in the corrupted image:
Ci,j = 0.
For Psk ;tk

in Ω.

Gk ¼
jgi;j � gsk ;tk j

gsk ;tk
.

if Gk > T
Ci,j = Ci,j + 1.

end
if Ci,j > 2w (2w + 1) and gi,j 2 {0,255}
Pi,j 2 N.

else
Pi,j 2 S.

end
end

2.1.2 First noise restoration. After noise detection, an improved adaptive median filter is

introduced to firstly restore the gray levels of the noise corrupted pixels. And for each noise

corrupted pixel, its gray level is replaced by the mean value of the gray levels of its neighboring

pixels in the adaptive window. However, the noise-free ones are left unchanged to maintain

the features of the original image. The primary filtering process is given as follows:

1. For any one pixel pi,j in the corrupted image, select a detection window of suitable size with

a small radius w and set the maximum radius of the detection window to be wmax.

2. Compare Smax;w
i;j , Smin;w

i;j and Smed;w
i;j , which are the maximum value, minimum value and

median value among the gray levels of the pixels in the detection window, respectively.
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3. If Smin;w
i;j < Smed;w

i;j < Smax;w
i;j , then go to the step 5) and calculate the characteristic difference

parameter Ci,j; Otherwise, w = w + 1.

4. If w� wmax, go to the step 2); Otherwise, the restoration gray level of the pixel

g1
i;j ¼ Smed

i;j ðwmaxÞ, and stop.

5. If ðgi;j ¼ Smax;w
i;j jgi;j ¼ Smin;w

i;j Þ and Ci,j> 2w(2w + 1), the pixel pi,j is corrupted, and the restora-

tion gray level of the pixel g1
i;j ¼ Smed

i;j ðwÞ; Otherwise, the pixel pi,j is uncorrupted, g1
i;j ¼ gi;j,

and stop.

On this basis, according to the result of noise detection the primary restoration gray level

g1
i;j of the pixel pi,j is calculated as follows:

g1
i;j ¼

( gi;j; pi;j 2 S

imadpmedðgi;jÞ; pi;j 2 N
ð4Þ

where imadpmed() denotes the improved adaptive median filter.

2.2 Second restoration stage

2.2.1 Noise classification. Since the improved adaptive median filter cannot restore the

corrupted image well in the case of high noise density, the second stage introduces a restoration

scheme to secondly restore the gray levels of noise corrupted pixels. Considering that the char-

acteristic difference parameter can reflect the comprehensive gray level difference between each

pixel and its neighborhood pixels in a local window, then before the second restoration, the res-

toration scheme firstly divides all the noise corrupted pixels into two types based on the value of

characteristic difference parameter in a 3 × 3 window. And then according to the classification

result two different restoration skills are used to secondly restore the noise corrupted pixels.

Besides, the gray levels of noise-free pixels are still left unchanged to maintain image features.

Refer to the calculation process of the characteristic difference parameter in the previous

section, for the noise corrupted pixel pi,j, its characteristic difference parameter C3
i;j in the 3 × 3

window O3 centered at the position (i,j) is calculated as follows:

1. According to the formula (1), calculate the gray level difference G3
k between central pixel pi,j

and its neighborhood pixel psk;tk
in the window O3 one by one.

2. Compare the values of gray level difference G3
k and threshold T, if G3

k > T, the characteristic

difference parameter C3
i;j ¼ C3

i;j þ 1.

Since the radius of the 3 × 3 window is 1, the threshold for characteristic difference parame-

ter C3
i;j is selected to be 6. Then based on the value of characteristic difference parameter C3

i;j,

the comprehensive gray level difference between the noise corrupted pixel pi,j and its neighbor-

hood pixels after primary filtering is judged as follows:

1. If C3
i;j � 6, it means that after primary filtering the gray level of noise corrupted pixel pi,j is

not much different from the gray levels of its neighborhood pixels.

2. If C3
i;j > 6, it means that after primary filtering the gray level of noise corrupted pixel pi,j is

much different from the gray levels of its neighborhood pixels.

According to the above judgement process, the comprehensive gray level differences

between each noise corrupted pixel and all the neighborhood pixels in the 3 × 3 window can

be judged. And based on the judgement result, all the noise corrupted pixels after primary
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filtering can be divided into two types. Among all the noise corrupted pixels, the noise cor-

rupted pixels whose characteristic difference parameters in the 3 × 3 window are greater than

6 belong to one type and the rest of the noise corrupted pixels belong to the other type.

2.2.2 Second noise restoration. Based on the above noise classification result, two differ-

ent restoration skills will be applied for the noise corrupted pixels. The noise corrupted pixels,

whose characteristic difference parameters in the the 3 × 3 window are greater than 6, are sec-

ondly restored by the proposed adaptive directional mean filter. And the rest of the noise cor-

rupted pixels are secondly restored by the mean filter in the 3 × 3 window. Then for any one

pixel pi,j, its second restoration gray level g2
i;j is calculated according to the following different

situations:

g2
i;j ¼

g1
i;j; pi;j 2 S

mean3ðg1
i;jÞ; pi;j 2 N and C3

i;j � 6

adpdirðg1
i;jÞ; pi;j 2 N and C3

i;j > 6

8
>>><

>>>:

ð5Þ

where mean3() denotes the mean filter with the filtering window of size 3 × 3. adpdir() is the

proposed adaptive directional mean filter.

The adaptive directional mean filter is developed to restore the gray levels of noise cor-

rupted pixels based on the multi-directional image information. Firstly, the proposed filter

designs four direction filtering templates in the filtering windows with different size, then

adaptively selects the optimal filtering window and direction template according to the charac-

teristics of pixels in the neighborhood, finally replaces the gray level of each noise corrupted

pixel by the mean value of the gray levels of pixels on the optimal direction template. The

detailed process of the adaptive directional mean filter is given as follows:

Step 1: Establish a filtering window of size 3 × 3 as shown in Fig 2(A) and design four direc-

tion templates as shown in Fig 2(B).

At first, it should be judged that whether the optimal direction template can be selected

from the four direction templates in the 3 × 3 filtering window. And the judgement condition

is that all the pixels except for the central pixel on each direction template are noise-free pixels

or second restored pixels. Considering that the filtering order of the denoising method are

from left to right and from top to bottom, pixels P1, P2, P3, P4 are noise-free pixels or second

restored pixels. Then, only if all the pixels P6, P7, P8, P9 are noise-free pixels, the optimal direc-

tion template can be selected from the four templates in the 3 × 3 filtering window. Otherwise,

the size of the filtering window need to be further enlarged as shown in the next step. The

selection process of the optimal direction template is as follows:

Fig 2. 3 × 3 filtering window and four direction templates. (A) 3 × 3 filtering window. (B) Four direction templates.

https://doi.org/10.1371/journal.pone.0205736.g002
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1. Calculate the absolute gray level difference al of the pixels on every direction template El

except for the central pixel as follows:

al ¼ gl
s1 ;t1
� gl

s2 ;t2

�
�
�

�
�
� ð6Þ

where l(1� l� 4) is the direction index, gl
s1 ;t1

and gl
s2 ;t2

denote the gray levels of the pixels at

the position (s1, t1) and (s2, t2) of the filtering template El, respectively.

2. Identify the minimum gray level difference al� among the four absolute gray level differ-

ences as follows:

al� ¼ minfal; 1 � l � 4g ð7Þ

3. Select the direction template with the minimum gray level difference as the optimal one,

and denote it as El� .

After selecting the optimal direction template, the noise-free pixels and the second restored

pixels on the optimal direction template are selected to restore the gray level of the central

pixel. And in this step, two pixels on the optimal direction template are selected to restore the

gray level of the central pixel. Then the second restoration gray level g2
i;j is the mean gray level

of the two pixels on the optimal direction template and it is calculated as follows:

g2
i;j ¼

gl�
s1 ;t1
þ gl�

s2 ;t2

2
ð8Þ

where gl�
s1 ;t1

and gl�
s2;t2

denote the gray levels of the pixels at the position (s1, t1) and (s2, t2) of the

optimal direction template El� , respectively.

Besides, if the pixels P6, P7, P8, P9 are not all noise-free pixels, the optimal direction template

cannot be selected from the four templates in the 3 × 3 window and the next step will be

performed.

Step 2: Enlarge the size of filtering window to be 5 × 5 as shown in Fig 3(A) and design four

direction templates as shown in Fig 3(B).

Similar to the previous step, it should be judged that whether the optimal direction template

can be selected from the four templates in the 5 × 5 filtering window. And the judgement con-

dition is that except for the central pixel, there are at least two noise-free pixels or second

restored pixels on each direction template. In other words, only if all the direction filtering

template meet the condition, the optimal direction template can be selected from the four

Fig 3. 5 × 5 filtering window and four direction templates. (A) 5 × 5 filtering window. (B) Four direction templates.

https://doi.org/10.1371/journal.pone.0205736.g003
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templates in the 5 × 5 filtering window. Otherwise, the size of filtering window need to be fur-

ther enlarged as shown in the final step. From the previous step, it is known that the pixels P1,

P2, P3, P4 are noise-free pixels or second restored pixels. Therefore, the characteristics of other

pixels P6, P7, P8, P9, P10, P11, P12, P13 will be identified. And the first direction template as

shown in Fig 3(B) is taken as an example to introduce the judgement process of pixels on the

direction template as follows:

1. The pixel P9 is firstly identified whether it is a noise-free pixel. If it is a noise-free pixel, pixel

P1 and pixel P9 will be selected as the pixels on the direction template. Instead, if it is a noise

corrupted pixel, the characteristic of pixel P13 will be judged.

2. If the pixel P13 is a noise-free pixel, pixel P1 and pixel P13 will be selected as the pixels on the

direction template. Otherwise, if it is a noise corrupted pixel, the size of filtering window

need to be further enlarged to be 7 × 7.

After judging the first direction template, the other three direction templates shown in Fig

3(B) will be judged that whether they can meet the condition. For all the four direction tem-

plates, if no need to enlarge the size of filtering window appears, the filtering window of size

5 × 5 can be used to restore the gray level of the central noise corrupted pixel. And similar to

the step 1, the same selection process for the optimal direction template will be performed.

Similarly, in this step two pixels are selected to restore the gray level of the central pixel. And

according to the same calculated process as the step 1, the gray level of the central pixel will be

replaced by the mean gray level of the selected pixels on the optimal direction template.

Instead, if the optimal direction template cannot be selected from the four direction templates

in the 5 × 5 filtering window, the final step will be performed.

Step 3: Further enlarge the size of filtering window to be 7 × 7 and design four direction

templates as shown in Fig 4.

From Fig 4, it can be seen that there are more pixels in every direction template in the 7 × 7

filtering window than the above two filtering windows. Hence, the filtering window will not be

further enlarged up to now and the optimal direction template will be selected from the four

direction templates as follows:

1. Identify all the noise-free and second corrected pixels on every direction template El.

2. For each direction template El, identify all the noise-free pixels and second restored pixels

and then select the pixel with the maximum gray level gl
max and the pixel with the minimum

gray level gl
min among all the noise-free pixels and second restored pixels.

Fig 4. Four direction templates in 7 × 7 filtering window.

https://doi.org/10.1371/journal.pone.0205736.g004
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3. Calculate the absolute gray level difference al of gl
max and gl

min on every direction template as

follows:

al ¼ gl
max � gl

min

�
�

�
� ð9Þ

where l(1� l� 4) is the direction index.

4. Identify the minimum gray level difference al� among the four absolute gray level differ-

ences by the following formula:

al� ¼ minfal; 1 � l � 4g ð10Þ

5. Select the direction template with the minimum gray level difference as the optimal one,

and denote it as El� .

Similar to the above steps, after selecting the optimal direction template the noise-free pixels

and the second restored pixels on the optimal direction template are selected to restore the

gray level of the central pixel. And the gray level of the central pixel will be replaced by the

mean gray level of the selected pixels on the optimal direction template. Then the second resto-

ration gray level g2
i;j of the central pixel is calculated according to the following formula:

g2
i;j ¼

Xn

k¼1

gl�
sk ;tk

,

n ð11Þ

where gl�
sk;tk

denotes the selected pixel on the optimal direction template. The value of n is equal

to the number of the selected pixels.

3 Experimental results

In order to demonstrate the effectiveness of the proposed filter, the proposed filter is firstly

compared with five representative denoising methods include the switching median (SM) filter

[20], the directional weighted median (DWM) filter [26], the modified directional weighted

median (MDWM) filter [27], the modified directional weighted (MDW) filter [28] and the

three-values-weighted (TVW) filter [30]. Three typical gray level images with different image

features include Lena, Boat and Zelda are selected as the test images. The performance of

image restoration results is quantitatively evaluated by two measures, namely, PSNR (peak sig-

nal-to-noise ratio) [32] and MSSIM (mean structural similarity) [33]. The higher the value of

PSNR is, the better the quality of the restored image is. PSNR can be expressed as

PSNR ¼ 10log
10

MAX
MSE

� �

ð12Þ

where MAX is the maximum gray level of an image and its value is 255 for a gray level image.

The MSE denotes the mean square error between the original noise-free image and the

restored image, which can be calculated by

MSE ¼
1

MN

XM� 1

i¼0

XN� 1

j¼0

ðsi;j � ŝi;j Þ
2

ð13Þ

where si,j and ŝi;j denote the original pixel and the restored pixel, respectively. M and N are the

sizes of an image for the width and the height.
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MSSIM reflects the structural similarity between the restored image and the original noise-

free image. The higher value of MSSIM means that the structures in the restored image can be

preserved more completely. MSSIM is defined as

MSSIMðx; yÞ ¼
1

W

XW

m¼1

SSIMðxm; ymÞ ð14Þ

where x and y denote the original noise-free image and the restored image, respectively. W is

the number of local windows in the image. The SSIM denote the structural similarity between

the original noise-free image and the restored image which is given by

SSIMðx; yÞ ¼
ð2mxmy þ C1Þð2sxy þ C2Þ

ðm2
x þ m

2
y þ C1Þðs

2
x þ s

2
y þ C2Þ

ð15Þ

where μx and μy are the means of the input image and the restored image, respectively. σxy is

the covariance of the input image and the restored image. s2
x and s2

y are the variances of the

input image and the restored image, respectively. C1 and C2 are the constants which can be cal-

culated according to the paper [24].

Table 1 presents the performance comparisons for the different filters in terms of PSNR

value for the test images. It can be seen that in the case of low noise corruption (noise density

less than 30%), all the filters can perform well. In the case of medium noise corruption, such as

40%-70% noise density, the MDWM, MDW, TVW filters and the proposed filter reveal the

superior denoising performance then the SM and DWM filters. As to the cases of heavy noise

corruptions (noise density higher than 80%), the TVW filter and the proposed filter achieve

the better results than the SM, DWM, MDWM and MDW filters. And compared to other fil-

ters, the proposed filter can obtain the higher value of PSNR in the cases of various noise densi-

ties. Hence, Table 1 indicates that the proposed filter is able to more effectively remove salt-

and-pepper noise than other compared filters.

The performance comparisons for the different filters in terms of MSSIM value for the test

images are shown in Table 2. One can observe that the MSSIM values of the restoration results

of the SM and DWM filters are significantly less than the MDWM, MDW, TVW filters and

the proposed filter in the case of various noise densities. It means that the MDWM, MDW,

TVW filters and the proposed filter have stronger capability than the SM and DWM filters for

preserving image structures. Besides, in the case of higher noise density, the TVW filter and

the proposed filter can achieve the larger values of MSSIM than the MDWM and MDW filters.

This indicates that the TVW filter and the proposed filter can preserve image structures better

than the MDWM and MDW filters at heavy noise density. In addition, the proposed filter

achieves the largest value of MSSIM among the different filters in the case of various noise den-

sities. In other words, the structures in the restoration results of the proposed filter can be pre-

served more completely than other compared filters.

Tables 3 and 4 present the quantitative comparisons for the various filters in terms of the

average PSNR value and the average MSSIM value for the three test images, respectively.

According to Table 3, one can observe that the MDWM, MDW, TVW filters and the proposed

filter achieve the larger average PSNR value than the SM and DWM filters in the cases of vari-

ous noise densities. In the heavy noise corruption, the TVW filter and the proposed filter can

perform better than the MDWM and MDW filters. And the proposed filter usually obtains the

largest average PSNR value. From the quantitative comparisons as shown in Table 4, we can

obtain the similar conclusions. Hence, the proposed filter can achieves the larger average val-

ues of PSNR and MSSIM than other filters which can indicate that the proposed filter outper-

forms than the other filters in image denoising and detail preservation.
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In order to explore the visual quality of the various filters, we show the restored images in

the case of different noise density. Figs 5, 6 and 7 show the restoration results of various filters

for the Lena, Boat and Zelda images, respectively. And the test images are corrupted by salt-

and-pepper noise with 50% noise density. One can observe that the AM and DWM filters

obtain the worst image restoration effect. Although they can remove the salt-and-pepper noise

from the corrupted images, they still suffer from the blurred effect for the edges and details in

the restored images. The MDWM, MDW, TVW filters and the proposed filter can efficiently

remove the noise and be free from the blurred effect in the restored images. Besides, the TVW

filter and the proposed filter achieve the better visual effect than other filters, because they can

preserve more edges and contain less noise in the restoration images.

Figs 8, 9 and 10 show the restoration results of various filters for the test images which are

corrupted by salt-and-pepper noise with 80% noise density. It can be found that the SM and

DWM filters fail to restore the heavy noise corrupted image. The restored images of MDWM

filter suffer from a great quantity of blurred effects for edges and details. Although the DWM

filter can restore image edges and details from the noise corrupted image, plenty of residual

noise still exists in the restored images. The TVW filter and the proposed filter can distinguish

the contours of the test images, but the TVW filter still has a few white noise and black noise in

the restored images. Therefore, the above restoration results clearly indicate that the proposed

Table 1. Comparisons of restoration results in PSNR value for the test images.

Image Noise density(%) Denoising algorithms

SM DWM MDWM MDW TVW Proposed

Lena 10 36.12 40.78 41.50 42.71 42.53 43.08

20 33.42 37.02 38.13 39.49 39.12 39.87

30 31.36 34.63 36.10 37.28 36.92 37.63

40 29.88 32.51 34.16 35.41 35.16 35.79

50 28.54 30.23 32.62 33.44 33.87 34.02

60 26.76 27.69 31.22 31.34 32.29 32.13

70 24.47 25.23 29.77 30.35 30.95 31.10

80 19.52 21.00 27.94 28.81 29.12 29.45

90 8.80 15.45 25.34 26.57 26.84 27.16

Boat 10 32.84 36.19 38.60 39.78 39.48 39.98

20 30.05 32.81 35.41 36.53 36.31 36.85

30 28.15 30.44 33.15 34.21 34.02 34.42

40 26.76 28.61 31.31 32.60 32.54 32.91

50 25.08 26.70 29.82 30.85 31.14 31.30

60 23.16 24.25 28.32 28.15 29.55 28.99

70 20.54 22.10 26.85 27.20 28.15 28.16

80 13.25 18.36 25.09 25.94 26.40 26.67

90 7.83 14.42 22.73 23.80 23.98 24.38

Zelda 10 39.72 43.39 45.49 47.26 46.73 47.61

20 36.90 39.85 42.04 43.84 43.47 44.15

30 35.26 37.76 40.00 41.56 41.22 41.97

40 33.48 35.27 37.93 39.53 39.37 40.18

50 31.98 33.32 36.39 36.24 37.85 37.42

60 30.05 30.92 34.79 34.96 36.25 36.28

70 25.79 27.26 33.05 33.81 34.57 34.74

80 14.55 22.85 31.12 31.87 32.83 32.99

90 8.42 16.33 28.35 29.41 30.27 30.52

https://doi.org/10.1371/journal.pone.0205736.t001
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filter obtains the best visual effect in terms of noise suppression and detail preservation espe-

cially when the noise density is high.

The enlarged restoration results of various filters for the details of test images with 50%

noise density are shown in Figs 11, 12 and 13, respectively. From Fig 11, one can observe that

Table 2. Comparisons of restoration results in MSSIM value for the test images.

Image Noise density(%) Denoising algorithms

SM DWM MDWM MDW TVW Proposed

Lena 10 0.9934 0.9908 0.9938 0.9975 0.9975 0.9976

20 0.9972 0.9739 0.9868 0.9943 0.9943 0.9955

30 0.9634 0.9511 0.9778 0.9902 0.9904 0.9921

40 0.9431 0.9203 0.9643 0.9836 0.9848 0.9877

50 0.9214 0.8772 0.9481 0.9678 0.9781 0.9801

60 0.8890 0.8178 0.9263 0.9560 0.9682 0.9700

70 0.8094 0.7328 0.8951 0.9407 0.9544 0.9616

80 0.6112 0.5865 0.8462 0.9065 0.9268 0.9397

90 0.2402 0.3816 0.7568 0.4223 0.8702 0.9007

Boat 10 0.9727 0.9868 0.9932 0.9976 0.9975 0.9976

20 0.9501 0.9625 0.9851 0.9941 0.9941 0.9945

30 0.9161 0.9307 0.9736 0.9887 0.9891 0.9894

40 0.8713 0.8882 0.9590 0.9818 0.9835 0.9839

50 0.8189 0.8306 0.9385 0.9646 0.9753 0.9754

60 0.7506 0.7515 0.9112 0.9390 0.9639 0.9507

70 0.6519 0.6427 0.8695 0.9151 0.9462 0.9461

80 0.4703 0.5007 0.8078 0.8734 0.9112 0.9116

90 0.2376 0.3184 0.7012 0.3622 0.8341 0.8352

Zelda 10 0.9916 0.9954 0.9965 0.9991 0.9991 0.9992

20 0.9824 0.9874 0.9923 0.9978 0.9978 0.9980

30 0.9700 0.9745 0.9867 0.9960 0.9962 0.9964

40 0.9563 0.9558 0.9783 0.9924 0.9937 0.9940

50 0.9348 0.9266 0.9673 0.9794 0.9905 0.9907

60 0.9062 0.8805 0.9515 0.9749 0.9857 0.9858

70 0.8338 0.7882 0.9245 0.9632 0.9772 0.9773

80 0.5934 0.6275 0.8895 0.9390 0.9613 0.9617

90 0.1165 0.3673 0.8103 0.8891 0.9198 0.9206

https://doi.org/10.1371/journal.pone.0205736.t002

Table 3. Quantitative comparisons of restoration results in average PSNR value for the test images.

Noise density(%) Denoising algorithms

SM DWM MDWM MDW TVW Proposed

10 36.23 40.12 41.86 43.25 42.91 43.56

20 33.46 36.56 38.53 39.95 39.63 40.29

30 31.59 34.28 36.42 37.68 37.39 38.01

40 30.04 32.13 34.47 35.85 35.69 36.29

50 28.53 30.08 32.94 33.51 34.29 34.30

60 26.66 27.62 31.44 31.48 32.70 32.47

70 23.26 24.86 29.89 30.45 31.22 31.33

80 15.77 20.74 28.05 28.87 29.45 29.70

90 8.35 15.40 25.47 26.59 27.03 27.35

https://doi.org/10.1371/journal.pone.0205736.t003
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the details such as the tassels of Lena image, are blurred in the restored results of the SM and

DWM filters. The MDWM and MDW can preserve the details, but some residual noise still

exists in the restored images. The TVW filter and the proposed filter can preserve the details

better than the MDWM and MDW filters. From Figs 12 and 13, the similar conclusions as Fig

11 can be obtained. The enlarged restoration results of various filters for the details of test

images with 80% noise density are shown in Figs 14, 15 and 16, respectively. From Fig 14, it

can be seen that the details are seriously blurred in the restored results of the SM and DWM fil-

ters. Although the details in the restored images of MDWM are blurred, the contours still can

be judged from the restored images. The MDW and TVW filters can preserve the details, but

some residual noise still exists in the restored images. The proposed filter can preserve the

Table 4. Quantitative comparisons of restoration results in average MSSIM value for the test images.

Noise density(%) Denoising algorithms

SM DWM MDWM MDW TVW Proposed

10 0.9859 0.9910 0.9945 0.9981 0.9980 0.9981

20 0.9766 0.9746 0.9881 0.9954 0.9954 0.9960

30 0.9498 0.9521 0.9794 0.9916 0.9919 0.9926

40 0.9236 0.9214 0.9672 0.9859 0.9873 0.9885

50 0.8917 0.8781 0.9513 0.9706 0.9813 0.9820

60 0.8486 0.8166 0.9297 0.9566 0.9726 0.9688

70 0.7650 0.7212 0.8964 0.9397 0.9593 0.9617

80 0.5583 0.5716 0.8478 0.9063 0.9331 0.9377

90 0.1981 0.3558 0.7561 0.5579 0.8747 0.8855

https://doi.org/10.1371/journal.pone.0205736.t004

Fig 5. Restoration results of various filters for the Lena image with 50% noise density. (A) Noise-free image. (B) Noise corrupted image. (C)

Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result of MDW filter. (G)

Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g005
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Fig 6. Restoration results of various filters for the Boat image with 50% noise density. (A) Noise-free image. (B) Noise corrupted image. (C)

Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result of MDW filter. (G)

Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g006

Fig 7. Restoration results of various filters for the Zelda image with 50% noise density. (A) Noise-free image. (B) Noise corrupted image. (C)

Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result of MDW filter. (G)

Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g007
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Fig 8. Restoration results of various filters for the Lena image with 80% noise density. (A) Noise-free image. (B) Noise corrupted image. (C)

Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result of MDW filter. (G)

Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g008

Fig 9. Restoration results of various filters for the Boat image with 80% noise density. (A) Noise-free image. (B) Noise corrupted image. (C)

Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result of MDW filter. (G)

Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g009
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Fig 10. Restoration results of various filters for the Zelda image with 80% noise density. (A) Noise-free image. (B) Noise corrupted image. (C)

Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result of MDW filter. (G)

Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g010

Fig 11. Enlarged restoration results of various filters for the details of Lena image with 50% noise density. (A) Noise-free image. (B) Noise

corrupted image. (C) Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result

of MDW filter. (G) Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g011
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Fig 12. Enlarged restoration results of various filters for the details of Boat image with 50% noise density. (A) Noise-free image. (B) Noise corrupted

image. (C) Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result of MDW

filter. (G) Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g012

Fig 13. Enlarged restoration results of various filters for the details of Zelda image with 50% noise density. (A) Noise-free image. (B) Noise

corrupted image. (C) Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result

of MDW filter. (G) Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g013
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details better than the other filters. The similar conclusions as Fig 14 can be obtained from Figs

15 and 16. All of these results indicate that the proposed filter can obtains the best visual effect

in terms of noise suppression and detail preservation in the cases of various noise densities.

In order to further demonstrate the effectiveness of the proposed filter, the proposed filter

is compared with some state-of-the-art filters for noise removal as the adaptive weighted mean

(AWM) filter [22], the adaptive decision based kriging interpolation (ADKI) filter [23], the

adaptive iterative fuzzy (AIF) filter [29] and the adaptive Type-2 fuzzy (ATF) filter [31].

Table 5 presents the performance comparisons for the different filters in terms of PSNR for

Lena image. It can be seen that the proposed filter can obtain the higher value of PSNR than

AWM filter in the case of different noise density. Compared with the AIF and ATF filters, the

proposed filter can achieve the higher value of PSNR in the case of heavy noise corruption

(noise density higher than 80%). Although the ADKI filter can obtain the higher value of

PSNR than the proposed filter in the case of different noise density, the operating conditions

of the ADKI filter are stricter than the proposed filter. Hence, Table 5 shows that the proposed

filter can perform better than some state-of-the-art filters.

Table 6 presents the performance comparisons of the proposed filter in error rate for the

test images. It can be seen that the error rate of the proposed filter increases with the noise den-

sity. However, in the case of low noise corruption (noise density less than 30%), the error rate

of the proposed filter does not exceed 30. And in the case of medium noise corruption, such as

40%-70% noise density, the error rate of the proposed filter is less than 65. As to the cases of

heavy noise corruptions (noise density higher than 80%), the error rate of the proposed filter is

less than 85. Therefore, Table 6 indicates that the proposed filter is able to effectively and accu-

rately detect the salt-and-pepper noise.

Fig 14. Enlarged restoration results of various filters for the details of Lena image with 80% noise density. (A) Noise-free image. (B) Noise

corrupted image. (C) Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result

of MDW filter. (G) Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g014
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Fig 15. Enlarged restoration results of various filters for the details of Boat image with 80% noise density. (A) Noise-free image. (B) Noise corrupted

image. (C) Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result of MDW

filter. (G) Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g015

Fig 16. Enlarged restoration results of various filters for the details of Zelda image with 80% noise density. (A) Noise-free image. (B) Noise

corrupted image. (C) Restoration result of SM filter. (D) Restoration result of DWM filter. (E) Restoration result of MDWM filter. (F) Restoration result

of MDW filter. (G) Restoration result of TVW filter. (H) Restoration result of proposed filter.

https://doi.org/10.1371/journal.pone.0205736.g016
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4 Conclusion

A new two-stage filter for removing salt-and-pepper noise using noise detector based on char-

acteristic difference parameter and adaptive directional mean filter is proposed in this paper.

There are three main contributions of the proposed filter. The first one is that the proposed fil-

ter introduces the noise detector based on the characteristic difference parameter and gray

level extreme to effectively and accurately identify the noise corrupted pixels. The second one

is that the proposed filter introduces a restoration scheme to secondly restore the noise cor-

rupted pixels after primary filtering by two different restoration skills. The third one is that a

new adaptive directional mean filter is developed in the restoration scheme which can effec-

tively remove noise in the case of various noise densities meanwhile preserve some important

edges and details especially at the high noise density. Experimental results on a series of images

with varying noise densities show that the proposed method can perform better than many

other existing main filters in terms of image denoising and detail preservation.

Acknowledgments

This work is supported by National Natural Science Foundation of China (No.11471262).

Author Contributions

Methodology: Hongjin Ma, Yufeng Nie.

Software: Hongjin Ma.

Writing – original draft: Hongjin Ma.

Writing – review & editing: Yufeng Nie.

References
1. Motta G, Ordentlich E, Ramirez I, Seroussi G, Weinberger MJ. The iDUDE framework for grayscale

image denoising. IEEE Trans Image Process. 2011; 20(1):1–21. https://doi.org/10.1109/TIP.2010.

2053939 PMID: 21172742

2. Tian H, Cai H, Lai J. A novel diffusion system for impulse noise removal based on a robust diffusion ten-

sor. Neurocomputing. 2004; 133(10):222–230.

3. Samuel M, Valentin G, Almanzor S. Adaptive marginal median filter for colour images. Sensors. 2011;

11(3):3205–3213. https://doi.org/10.3390/s110303205

Table 5. Quantitative comparisons of restored results in PSNR value for Lena image.

Noise density(%) Denoising algorithms

AWM AIF ATF ADKI Proposed

20 36.30 39.92 40.75 41.25 39.87

50 32.62 34.10 34.88 35.85 34.02

80 27.67 28.84 28.92 30.12 29.45

https://doi.org/10.1371/journal.pone.0205736.t005

Table 6. Performance comparisons of the proposed filter in error rate for the test images.

Image Noise density(%)

10 20 30 40 50 60 70 80 90

Lena 8.45 17.06 25.62 34.31 42.98 51.95 60.63 70.49 80.82

Boat 9.06 17.72 26.31 34.98 43.56 52.63 61.25 71.14 81.45

Zelda 7.63 16.32 25.03 33.75 42.30 51.28 60.02 69.87 80.16

https://doi.org/10.1371/journal.pone.0205736.t006

A two stage filter for removing salt-and-pepper noise

PLOS ONE | https://doi.org/10.1371/journal.pone.0205736 October 26, 2018 22 / 24

https://doi.org/10.1109/TIP.2010.2053939
https://doi.org/10.1109/TIP.2010.2053939
http://www.ncbi.nlm.nih.gov/pubmed/21172742
https://doi.org/10.3390/s110303205
https://doi.org/10.1371/journal.pone.0205736.t005
https://doi.org/10.1371/journal.pone.0205736.t006
https://doi.org/10.1371/journal.pone.0205736


4. Chen T, Wu HR. Space variant median filters for the restoration of impulse noise corrupted images.

IEEE Trans Circuits Syst II. 2001; 48(8):784–789. https://doi.org/10.1109/82.959870

5. Chen L, Chen CLP, Lu M. A multiple-kernel fuzzy c-means algorithm for image segmentation. IEEE

Trans Syst Man Cybern B: Cybern. 2011; 41(5):1263–1274. https://doi.org/10.1109/TSMCB.2011.

2124455

6. Chen PY, Lien CY. An efficient edge-preserving algorithm for removal of salt-and-pepper noise. IEEE

Signal Process Lett. 2008; 15:833–836. https://doi.org/10.1109/LSP.2008.2005047

7. Gui J, Tao D, Sun Z, Luo Y, You X, Tang YY. Group sparse multiview patch alignment framework with

view consistency for image classification. IEEE Trans Image Process. 2001; 23(7):3126–3137.

8. Li H, Wei Y, Li L, Chen CLP. Hierarchical feature extraction with local neural response for image recog-

nition. IEEE Trans Cybern. 2013; 43(2):412–424. https://doi.org/10.1109/TSMCB.2012.2208743 PMID:

22910120

9. Xu J, Ren DW, Zang L, Zhang D. Patch group based Bayesian learning for blind image denoising.

Asian Conference on Computer Vision. 2016; 10116:79–95.

10. Zuo WM, Ren DW, Cu SH, Lin L, Zhang L. Discriminative learning of iteation-wise priors for blind decon-

volution. IEEE Conferecne on Computer Vision and Pattern Recognition. 2015;3232–3240.

11. Ren DW, Zhang HZ, Zhang D, Zuo WM. Fast total-variation based image restoration based on deriva-

tive alternated direction optimization methods. Neurocomputing. 2015; 170:201–212. https://doi.org/10.

1016/j.neucom.2014.08.101

12. Deng H, Ren DW, Xian G, Zhang D, Zuo WM. A coordinate descent method for total variation minimiza-

tion. Mathematical Problems in Engineering. 2017;1–13. https://doi.org/10.1155/2017/3012910

13. Huang TS, Yang GJ, Tang GY. Fast two-dimensional median filtering algorithm. IEEE Trans Acoust

Speech Signal Process. 1979; 27(1):13–18. https://doi.org/10.1109/TASSP.1979.1163188

14. Ko S, Lee Y. Center weighted median filters and their applications to image enhancement. IEEE Trans

Circuits Syst. 1991; 38(9):984–993. https://doi.org/10.1109/31.83870

15. Chen T, Wu HR. Adaptive impulse detection using center-weighted median filters. IEEE Signal Process

Lett. 2001; 8(1):1–3. https://doi.org/10.1109/97.889633

16. Hwang H, Haddad R. Adaptive median filters: new algorithms and results. IEEE Trans Image Process.

1995; 4(4):499–502. https://doi.org/10.1109/83.370679 PMID: 18289998

17. Ibrahim H, Kong N, Ng T. Simple adaptive median filter for the removal of impulse noise from highly cor-

rupted images. IEEE Trans Image Process. 2005; 54(4):1920–1927.

18. Sun T, Neuvo Y. Detail-preserving median based filters in image processing. Pattern Recognit Lett.

1994; 15(4):341–347. https://doi.org/10.1016/0167-8655(94)90082-5

19. Eng HL, Ma KK. 242-251. Noise adaptive soft-switching median filter for image denoising. IEEE Trans

Image Process. 2001; 10:242–251. https://doi.org/10.1109/83.902289 PMID: 18249615

20. Zhang S, Karim MA. A new impulse detector for switching median filters. IEEE Signal Process Lett.

2002; 9(11):360–363. https://doi.org/10.1109/LSP.2002.805310

21. Ren DW, Zuo WM, Zhao XF, Lin ZC, Zhang D. Fast gradient vector flow computation based on aug-

mented Lagrangian method. Pattern Recognit Lett. 2013; 34:219–225. https://doi.org/10.1016/j.patrec.

2012.09.017

22. Zhang PX, Li F. A new adaptive weighted mean filter for removing salt-and-pepper noise. IEEE Signal

Process Lett. 2014; 21(10):1280–1283. https://doi.org/10.1109/LSP.2014.2333012

23. Varatharajan R, Vasanth K, Gunasekaran M, Priyan M, Gao XZ. An adaptive decision based kriging

interpolation algorithm for the removal of high density salt and pepper noise in images. Computers and

Electrical Engineering. 2017; 000:1–15.

24. Esakkirajan S, Veerakumar T, Subramanyam AN, PremChand CH. Removal of high density salt and

pepper noise through modified decision based unsymmetric trimmed median filter. IEEE Signal Process

Lett. 2001; 18(5):287–290. https://doi.org/10.1109/LSP.2011.2122333

25. Ng P, Ma K. A switching median filter with boundary discriminative noise detection for extremely cor-

rupted images. IEEE Trans Image Process. 2006; 15(6):1506–1516. https://doi.org/10.1109/TIP.2005.

871129 PMID: 16764275

26. Dong Y, Xu S. A new directional weighted median filter for removal of random-valued impulse noise.

IEEE Signal Process Lett. 2007; 14(3):193–196. https://doi.org/10.1109/LSP.2006.884014

27. Lu C, Chou T. Denoising of salt-and-pepper noise corrupted image using modified directional-weighted-

median filter. Pattern Recognit Lett. 2012; 33(10):1287–1295. https://doi.org/10.1016/j.patrec.2012.03.

025

28. Li Z, Liu Y, Xu Y, Cheng Y. Modified directional weighted filter for removal of salt & pepper noise. Pattern

Recognit Lett. 2014; 40(15):113–120. https://doi.org/10.1016/j.patrec.2013.12.022

A two stage filter for removing salt-and-pepper noise

PLOS ONE | https://doi.org/10.1371/journal.pone.0205736 October 26, 2018 23 / 24

https://doi.org/10.1109/82.959870
https://doi.org/10.1109/TSMCB.2011.2124455
https://doi.org/10.1109/TSMCB.2011.2124455
https://doi.org/10.1109/LSP.2008.2005047
https://doi.org/10.1109/TSMCB.2012.2208743
http://www.ncbi.nlm.nih.gov/pubmed/22910120
https://doi.org/10.1016/j.neucom.2014.08.101
https://doi.org/10.1016/j.neucom.2014.08.101
https://doi.org/10.1155/2017/3012910
https://doi.org/10.1109/TASSP.1979.1163188
https://doi.org/10.1109/31.83870
https://doi.org/10.1109/97.889633
https://doi.org/10.1109/83.370679
http://www.ncbi.nlm.nih.gov/pubmed/18289998
https://doi.org/10.1016/0167-8655(94)90082-5
https://doi.org/10.1109/83.902289
http://www.ncbi.nlm.nih.gov/pubmed/18249615
https://doi.org/10.1109/LSP.2002.805310
https://doi.org/10.1016/j.patrec.2012.09.017
https://doi.org/10.1016/j.patrec.2012.09.017
https://doi.org/10.1109/LSP.2014.2333012
https://doi.org/10.1109/LSP.2011.2122333
https://doi.org/10.1109/TIP.2005.871129
https://doi.org/10.1109/TIP.2005.871129
http://www.ncbi.nlm.nih.gov/pubmed/16764275
https://doi.org/10.1109/LSP.2006.884014
https://doi.org/10.1016/j.patrec.2012.03.025
https://doi.org/10.1016/j.patrec.2012.03.025
https://doi.org/10.1016/j.patrec.2013.12.022
https://doi.org/10.1371/journal.pone.0205736


29. Ahmed F, Das S. Removal of high-density salt-and-pepper noise in images with an iterative adaptive

fuzzy filter using alpha-trimmed mean. IEEE Trans on Fuzzy Systems. 2014; 22(5):1352–1358. https://

doi.org/10.1109/TFUZZ.2013.2286634

30. Lu C, Chen Y, Wang L, Chang C. Removal of salt-and-pepper noise in corrupted image using three-val-

ues-weighted approach with variable-size window. Neurocomputing. 2016; 80(1):188–199.

31. Singh V, Dev R, Dhar NK, Agrawal P, Verma NK. Adaptive type-2 fuzzy approach for filtering salt and

pepper noise in grayscale images. IEEE Trans on Fuzzy Systems. 2018:1–6.

32. Chan RH, Ho CW, Nikolova M. Salt and pepper noise removal by median type noise detectors and

detail-preserving regularization. IEEE Trans Image Process. 2007; 14(10):1479–1485.

33. Wang Z, Bovik AC, Sheikh HR, Simoncelli EP. Image quality assessment: from error visibility to struc-

tural similarity. IEEE Trans Image Process. 2004; 13(4):600–612. https://doi.org/10.1109/TIP.2003.

819861 PMID: 15376593

A two stage filter for removing salt-and-pepper noise

PLOS ONE | https://doi.org/10.1371/journal.pone.0205736 October 26, 2018 24 / 24

https://doi.org/10.1109/TFUZZ.2013.2286634
https://doi.org/10.1109/TFUZZ.2013.2286634
https://doi.org/10.1109/TIP.2003.819861
https://doi.org/10.1109/TIP.2003.819861
http://www.ncbi.nlm.nih.gov/pubmed/15376593
https://doi.org/10.1371/journal.pone.0205736

