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(a) (b)

1.1 ( 10%)

Fig.1.1 Corrupted images by noise model (noise ratio 10%)
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1.2

“ ” “ ”

“ ”

*1

median filter MF [5]

2

[6, 7]

switching scheme I for MF SS-I [8]

[9–27]

switching

median filter SMF

[28, 29] [30]

[31, 32]

[33]

[8–21]

*1
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[22–25]

[30, 34, 35]

[8]

3× 3 [12,13,15,16,22,24,25] 5× 5

7× 7

[8]

1.3

2× 2

3

1) MDSMF [18]

SMF

SMF
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2× 2

MDSMF multi-directional switching median filter

2) D-MDSMF [19]

MDSMF 1

MDSMF

D-MDSMF image-division MDSMF

3) A-MDSMF [20]

MDSMF

total variation D-MDSMF

A-MDSMF adaptive thresholds

MDSMF

1.4

6

2

3 MDSMF

MDSMF SMF

4

D-MDSMF D-MDSMF

MDSMF D-MDSMF

5 A-MDSMF

D-MDSMF

A-MDSMF MDSMF D-MDSMF
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A-MDSMF

1.5

non-local mean filter NLM [36]

[37]

[38]

[39]
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2

2.1 [40]

2.1.1

2.1

i j (i, j)

X X (i, j) x(i, j)

(i, j) x(i, j)

256

256
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2.1

Fig.2.1 Coordinate system of digital image.

2.1.2

2.2

2.2

90◦

180◦ 270◦

2.2 [2]
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i

j

2.2

Fig.2.2 Raster scanning.

2.2.1

“

”

V v

Umax Umin V

V = v(Umax − Umin) (2.1)

(i, j) x(i, j) x0(i, j) p

x(i, j) =

⎧⎨
⎩

x0(i, j) : q = 1− p
RND(Umax,−V ) : q = p/2
RND(Umin, V ) : q = p/2

(2.2)
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RND(a, b) (a, a + b) q

v = 0 v

V v = 0.5

[30,34]

2.3

2.4 2 (a) (b)

PSNR

2.3 [2, 41]

2.3.1 [42]

2.5

(i, j)

xij = x(i, j) (2w + 1)× (2w + 1)
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0 51 102 153 204 255 0 51 102 153 204 255

(a) Salt and Pepper Noise (v = 0) (b) Random Valued Noise (v = 0.5)

2.3

Fig.2.3 Gray level histogram of impulse noise.

(a) Salt and Pepper Noise (v = 0) (b) Random Valued Noise (v = 0.5)

2.4 ( 10%)

Fig.2.4 Corrupted images by impulse noise (noise ratio 10%).
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2.5

Fig.2.5 Spatial filtering.

Xij

Xij = {xab = x(a, b)|i− w ≤ a ≤ i+ w,

j − w ≤ b ≤ j + w} (2.3)

H Xij H

Y y(i, j) ∗

yij = |Xij ∗H| (2.4)

(2.4) 2.6 X

H 3 × 3 X

(i, j) Xij

H

Xij H

Y (i, j) Yi,j Yi,j

yij =59× (−1) + 62× (−1) + 56× (−1) + 68× (−1) + 100× 8

+ 119× (−1) + 113× (−1) + 113× (−1) + 121× (−1) = 89
(2.5)
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X

H

Y

X i j * H

X i j

y i j

2.6

Fig.2.6 Calculaion of liner filtering.

(2.4)

Xij

Xij = {xab = x(a, b)|i− wh1 ≤ a ≤ i+ wh2,

j − wv1 ≤ b ≤ j + wv2} (2.6)

(wh1 +wh2 + 1)× (wv1 +wv2 + 1)

wh1 = wh2 = wv1 = wv2 = w (2w + 1)× (2w + 1)

(2.6)

(2.4)
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2.3.2

1

AVG(·) Y (i, j) yij

yij = AVG({Xij}) (2.7)

2.3.3

median filter MF [5]

X (i, j) Xij

Y (i, j) yij MED(·)

yij = MED({Xij}) (2.8)
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2.3.4 [8]

2.3.3 MF

switching Median Filter SMF

MF

MF

SMF

SS-I switching scheme I for MF [8]

SS-I

2.7 SS-I MF

Impulse Detector MF

Switch

MF

MF

MF

Median 
Filter

Impulse 
Detector

Switch
OutputInput

2.7 I SS-I

Fig.2.7 Switching scheme I for MF (SS-I).
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MF X (i, j) Xij

MF mij MED(·)

mij = MED({Xij}) (2.9)

yij mij T

yij =

{
mij , if |xij −mij | ≥ T
xij , otherwise

(2.10)

2.4

12 2.8 SIDBA

Standard Image Data-BAse [45,46] 256×256

2.5

PSNR peak signal-to-noise ratio

2.5.1 PSNR

X X̂ (mean square error MSE)

X X̂
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Airplane Barbara Boat

Bridge Building Cameraman

Girl LAX Lenna

Lighthouse Text Woman

2.8 256×256

Fig.2.8 The test images (256×256 pixels).
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M ×N

MSE =
1

MN

M−1∑
M=0

N−1∑
N=0

(xij − x̂ij)
2 (2.11)

MSE PSNR

PSNR[dB] = 10 log10
2552

MSE
(2.12)

PSNR

2.5.2 NDA,NDE

3 4 (noise

detection ability NDA) (noise detection error NDE)

[22]

NDA =
Nd

Nn
(2.13)

NDE =
Nm

Na
(2.14)

(2.13) NDA Nn Nd

(2.14) NDE Na Nm

NDA

1 NDE

0

2.5.3 F

5 F

2.1

“Prediction” Noise Signal

“Actual” Noise

Noise TP true positive

Signal Noise FN false negative
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2.1

Table2.1 Confusion matrix of noise detection accuracy.

Prediction

Noise Signal

Actual
Noise TP FN

Signal FP TN

NDA

F

1

recall precision F F-measure

Recall = TP/(TP + FN) (2.15)

Precision = TP/(TP + FP) (2.16)

F-measire =
2 · Recall · Precision
Recall + Precision

(2.17)
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3

2× 2

3.1

[2] median

filter MF [5] ( )

( )

MF

[6]

MF [8]

[9–17, 22–25]

[28, 29] [30]

[31,32]

MF
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[30,34,35]

[22,24,25]

[18, 30]

[17]

.

[8]

SMF

multi-direction scanning and averaging

MSA

SMF 2 × 2

[11]

2× 2
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3.2

3.1 2 1

X SD

2 × 2 SMF

Y (1)∼Y (4) 2 1

Z

( )

3.2 SD = 2 (i)∼(l) SD = 4

(m) (n) SD = 8 (o)

Noisy 
Image X

2 2 Noise 
Detection 
Operator

Y(1) Y(3)Y(2) Y(4)

End

11

1 11

Start

Restored 
Image Z

Integrate All Y(m)s Integrate All Y(m)s 

Step 1

Denosing
Process

Step 2

Integration
Process

Average 
{Y(1),Y(2),
  Y(3),Y(4)}

Apply SMF Apply SMF 

3.1 (SD = 4)

Fig.3.1 Outline of proposed method(SD = 4).
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 (a) Scanning 
from

Upper Left

 (c) Scanning
from

 Upper Right 

 (b) Scanning
from

 Lower Right

 (d) Scanning
from

 Lower Left

 (g) Scanning
from

 Upper Left 

 (e) Scanning
from

 Upper Right 

 (h) Scanning 
from

 Lower Right

 (f) Scanning
from

 Lower Left 

(o) SD = 8
(n) SD = 4(m) SD = 4

(l) SD = 2(k) SD = 2(j) SD = 2(i) SD = 2

3.2

Fig.3.2 Scanning sets.

2× 2 1

(i)∼(n)

3.2.1

1

3.3

3.2(i) 1 3.3 (a) (b) 2×2

3.3 (a) 1 SMF (a)

X(1)

MF
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Noise 
Removed

Noisy 
ImageNoise 

Removed

Noise Not 
Removed

(a) Scanning from Upper Left (b) Scanning from Lower Right 

xijxij xijxij

Xij
WD

Noise Detction
Window(2×2)Xij

WR
Median Filter
Window(3×3)

X
Noise Not 
Removed

Noisy 
Image X

Xij
WR

Median Filter
Window(3×3)Xij

WD
Noise Detection
Window(2×2)

3.3 Step 1

Fig.3.3 Processing window in Step 1.

2 × 2 MF 3 × 3

(i, j) xij = x(i, j)

XWD
ij 2× 2 MF XWR

ij 3× 3

XWD
ij = {xWD

ab = x(a, b)|i− 1 ≤ a ≤ i,

j − 1 ≤ b ≤ j} (3.1)

XWR
ij = {xWR

cd = x(c, d)|i− 1 ≤ c ≤ i+ 1,

j − 1 ≤ d ≤ j + 1} (3.2)

D

D =

[
da db
dc dd

]
=

[
1 −1

−1 1

]
(3.3)

XWD
ij (3.3) D

fij fij ∗

fij = |XWD
ij ∗D| (3.4)
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fij xij fij TD

xij

MF yij TD

MED(·)

yij =

{
MED({XWR

ij }), if fij ≥ TD

xij , otherwise
(3.5)

yij X(1) X yij

X(1) Y 1

Y (1) yij

3.2.3

Y (s) X(s)(2 ≤ s ≤ SD)

SD SD Y (s)(1 ≤ s ≤ SD)

2

1 SD Y (s)(1 ≤ s ≤ SD)

Z Y (s) y(s)ij Z

zij AVG(·)
zij = AVG({y(s)ij |1 ≤ s ≤ SD}) (3.6)

3.2.2 2×2

1

l2

l1
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(e) Undetected
gi = 0, TD = 30

fij < TD

30 80

100

80

30

30

30

(f) Undetected
gi = 0, TD = 30

fij < TD

30

100

30

8080

3030

(g) Misdetected
gi = 50, TD = 30

fij > TD

3030

80 80

8080

8080

(a) Detected
gi = 50, TD = 30

fij > TD

100

(b) Detected
gi = 50, TD = 30

fij > TD

(c) Undetected
gi = 20, TD = 30

fij < TD

(d) Undetected
gi = 20, TD = 30

fij < TD

5050

50

5050

50

5050

50

5050

50 100100

5050

50

5050

50 70

5050

50

5050

50 303070

Signal

Noise

100 Noise

80

20

0

80

20

0

 Scanning from

 Upper Left

3.4 2×2

Fig.3.4 Example of noise detection using by 2×2 noise detection operator.

2×2

D dd 2×2

Haar

wavelet [44] HH (3.3)

(3.3) D 3.4

(a) (b) D da∼dc

dd dd

(c) (d) da∼dc dd

da∼dc dd

(a) (b)

(c) (d)

(a)∼(d)

(e)∼(g) (e) (f)

D db dc fij

dd db dc da



30 3 2× 2 SMF

fij

(e) (f)

3.2.4

2

(e)∼(g)

3.2.3

[11] 3.5(a)

(b)

(a) (b)

Noise Reducted
Pixel 

Noisy
 Area 

Noise
Reducted
Area 

(b) Applied

Noise Detection Window 
(Noise Reduction Window)

Noisy
Pixel 

(a) Not Applied 

Noise Detection Window 
(Noise Reduction Window)

3.5

Fig.3.5 Recurrent implementation.
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Noise Detection  
Window

Median 
Filter 
Window

Noise Reducted
Pixel 

Noisy
 Area 

Noise
Reducted
Area 

3.6

Fig.3.6 Recurrent implementation of our method.

(a) Noisy Image (b) Not Applied (c) Applied

3.7

Fig.3.7 Result of applying recurrent implementation.

2×2 2×2

3.6

2×2

2×2 ,

MF MF

3.7 (a)

(b) (c)

(b) (c)
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3.2(a) SD = 1 TD

TD = 32 (b)

3.2.2 3.4(e) (f) 2×2

3.7(c)

3.4(e) (f)

3.2.4

2×2

Loose
Edge

(A) Edge and Noise (B) Position of Noise 

  Detection Window

(c)

(a) (b)

(d)

Position 
Scanned

Position Scanned 
(Noise)

50

0

Signal

Noise0

20

80

100

80

20

Noise

(a) Detected
gi = 40, TD = 30

fij > TD

50 5050

4040 00

50

(b) Detected
gi = 50, TD = 30

fij > TD

50 5050

5050 50

(c) Detected
gi = 50, TD = 30

fij > TD

50

505000

5050 50

(d) Detected
gi = 50, TD = 30

fij > TD

50

4040

4040

00

00

3.8 (1) TD = 3

Fig.3.8 Example of multi-direction scanning (1) In case of detecting noise with all

scanning directions (noise detection with TD = 3).
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3.8 3.9

3.10

3.8 3.8(a) (d) 4

fij 4

3.9 3.10 3.9 (a)

( ) (b) (d)

3.10 (a) ( )

(b) (d)

80

0

Signal

Noise0

20

80

100

80

20

Noise

(a) Undetected
gi = 20, TD = 30

fij < TD

80

20

(b) Detected
gi = 80, TD = 30

fij > TD

(c) Detected
gi = 80, TD = 30

fij > TD

(d) Detected
gi = 80, TD = 30

fij > TD

Extreme
Edge

(c)

(a) (b)

(d)

Position 
Scanned

Position Scanned 
(Noise)

(A) Edge and Noise (B) Position of Noise 

  Detection Window

8080

20

80 80

80 80

80

80

80 80

80

80

80 80 808020

20

20

20

00

0000

00

3.9 (2) TD = 3

Fig.3.9 Example of multi-direction scanning (2), In case of including a direction

which cannot detect a noise (noise detection with TD = 3).
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3.8

MF

3.9 3.10

MF

MF

Position Scanned 
(Signal)

80

0

Signal

Noise0

20

80

100

80

20

Noise

(a)Mis-detection
gi = 60, TD = 30

gi > TD

(b)Not detected
gi = 0, TD = 30

gi < TD

(c)Not detected
gi = 0, TD = 30

gi < TD

(d)Not Detected
gi = 0, TD = 30

gi < TD

Extreme
Edge

(c)

(a) (b)

(d)

Position 
Scanned

(A) Edge and Noise (B) Position of Noise 

  Detection Window

80

80

80 8020

20 20

80 80

80

80

20

20

2020 20

2020

202020 20 20

20 20

20

80

80

80 80

80

3.10 (3) TD = 3

Fig.3.10 Example of multi-direction scanning (3), In case of including a direction

which mistake a signal as noise (noise detection with TD = 3).



3.2 35

MF

MF

3.2.5

3.2

SD = 2, 4, 8

SD = 2 2 2×2

SD = 4

SD = 8

45 8 45

SMF 3.11

3.2(a) SMF 3.11(a)

= Noise Reducted Area

(a) Scanning in a horizontal
     direction from upper left

(b) Scanning in a 45 degrees 
     direction from upper right

Noise Reducted AreaNoise Reducted AreaNoise Reducted Area

Median Filter
Window(3×3)
Median Filter
Window(3×3)

Noise Detection
Window(2×2)
Noise Detection
Window(2×2)

Median Filter
Window(3×3)
Median Filter
Window(3×3)

Noise Detection
Window(2×2)
Noise Detection
Window(2×2)

3.11

Fig.3.11 Equivalence of the data between scanning(a) and scanning(b).
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45 SMF (b) 3.11

45 7 1 1

45 1

3.2(i)∼(o) 7

3.3

2 2.8 12

3.3.1

p v

MF [2]

•
PSM (progressive switching median filter) [9].

ANID (a new impulse detector for switching median filter) [12].

R-EPR (rank-orderd logarithmetic difference and edge preserving regularization)

[15, 31]*1.

Proposed ( ) [18].

•
MAX-MIN [22].

BDND (boundary discriminative noise detection) [24].

I-BDND (Improved BDND) [25].

p = 0.1 0.3 0.5 p v

BDND

10 v

*1 ROLD [31]
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v = 0.0 0.5 0.05

v

v = 0.0 PSNR

v = 0.0 v = 0.0

v = 0.5 v

[9, 12, 15, 22]

[9, 12, 15, 22, 24, 25]

PSNR

PSM R-EPR 3×3 5×5

p = 0.1 0.3 3×3 p = 0.5 5×5 *2

ANID 3×3 9×9

MAX-MIN 3×3 7×7

[15, 24, 25] PSM [9]

3×3 3×3

PSM MAX-MIN R-EPR

PSNR *3

PSM MAX-MIN 1 3

R-EPR 1 7

Proposed SD = 4 3.2 (m)

TD 0 ∼ 80 4 3×3

*2 PSM p = 0.3 3×3 5×5

R-EPR p = 0.25 3×3 5×5

p = 0.3 PSM R-EPR 3×3

*3 PSM SD = 3

SD < 3 PSNR MAX-MIN R-EPR

PSNR
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a)

Girl

3.12 p = 0.3, v = 0.0

3.13 p = 0.3, v = 0.5

3.14 PSNR

3.13 (c)PSM (e)R-EPR (f)MAX-MIN (i)Proposed 4

MAX-MIN

Proposed MAX-MIN

PSNR Proposed PSNR

4 2 8 2

3.14 (c)PSM (e)R-EPR (i)Proposed 3

3.12 “Girl”

Fig.3.12 Enlarged part of image “Girl” for qualitative comparison.
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(a) Noisy (b) MF (c) PSM

p = 0.3, v = 0.0 24.36[dB] ND = 3, TD = 28

10.88[dB] 32.10[dB]

(d) ANID (e) R-EPR (f) MAX-MIN

WD = 9, TD = 224 T0 = 0.5, q = 1.0,K = 3 WD = 7, ND = 2

25.85[dB] 31.17[dB] 34.60[dB]

(g) BDND (h) I-BDND (i) Proposed

28.15[dB] 29.25[dB] ND = 4, TD = 24

32.51[dB]

3.13 (Girl ; : p = 0.3)

Fig.3.13 Qualitative comparison of result (a closeup image of Girl; salt and pepper

noise: p = 0.3).
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(a) Noisy (b) MF (c) PSM

p = 0.3, v = 0.5 26.93[dB] ND = 3, TD = 28

14.10[dB] 30.61[dB]

(d) ANID (e) R-EPR (f) MAX-MIN

WD = 9, TD = 224 T0 = 0.5, q = 1.0,K = 3 WD = 7, ND = 2

24.81[dB] 30.20[dB] 16.39[dB]

(g) BDND (h) I-BDND (i) Proposed

17.73[dB] 13.66[dB] ND = 4, TD = 24

31.83[dB]

3.14 (Girl ; : p = 0.3)

Fig.3.14 Qualitative comparison of result (a closeup image of Girl; random valued

noise: p = 0.3).
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Proposed PSNR

Proposed PSNR 3 1 8

1

b)

3.15 p v 12 PSNR

(a)p = 0.1 v = 0.0 ∼ 0.10 (c)p = 0.5

v = 0.0 ∼ 0.05 Proposed PSNR

(a)p = 0.1 v = 0.0 ∼ 0.05 MAX-MIN

BDND v PSNR

v = 0.5 Proposed PSM

ANID 1.5[dB] R-EPR

(b)p = 0.3 v = 0.0 ∼ 0.05 MAX-MIN BDND

PSNR Proposed v PSM R-EPR

0.7 1[dB] (c)p=0.5 Proposed

Proposed Proposed R-

EPR PSM v PSNR

PSNR p = 0.3 v = 0.0 3.1
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3.1 PSNR ( : p = 0.3)

Table3.1 Comparison of PSNR for images (salt and pepper noise: p = 0.3).

Method
Air- Bar-

Boat Bridge
Build- Camera-

Girl Lax Lenna
Light-

Text Womanplane bara ing man house

MF 22.4(8) 21.1(8) 23.7(8) 20.6(8) 23.1(8) 21.6(7) 24.4(8) 20.1(8) 23.5(8) 20.7(8) 21.4(7) 23.6(8)

PSM 25.8(5) 23.5(5) 29.8(4) 23.4(4) 28.4(2) 24.3(5) 32.1(3) 22.1(6) 29.6(4) 22.9(4) 24.6(3) 29.7(3)

ANID 23.9(7) 23.1(6) 25.7(7) 22.6(7) 25.0(6) 23.2(6) 25.9(7) 22.0(7) 25.2(7) 22.5(6) 22.8(6) 25.6(7)

R-EPR 25.7(6) 23.1(7) 28.9(6) 22.9(6) 27.4(4) 24.4(4) 31.2(4) 22.1(5) 27.9(6) 22.9(4) 24.3(4) 28.1(4)

MAX-MIN 29.5(1) 26.7(2) 31.6(2) 26.2(1) 25.2(5) 27.9(1) 34.6(1) 25.5(2) 31.8(2) 23.3(3) 23.3(5) 30.9(1)

BDND 29.1(2) 26.1(3) 29.8(4) 25.5(2) 27.5(3) 26.2(2) 28.2(6) 24.7(3) 28.9(5) 24.3(1) 25.7(1) 28.1(5)

I-BDND 28.9(3) 27.6(1) 33.3(1) 23.3(5) 23.5(7) 21.3(8) 29.3(5) 26.5(1) 33.0(1) 21.7(7) 19.5(8) 27.4(6)

Proposed 27.1(4) 24.9(4) 30.4(3) 24.3(3) 29.2(1) 25.6(3) 32.5(2) 23.0(4) 29.9(3) 24.1(2) 25.6(2) 30.4(2)

3.2 PSNR ( : p = 0.3)

Table3.2 Comparison of PSNR for images (random valued noise: p = 0.3).

Method
Air- Bar-

Boat Bridge
Build- Camera-

Girl Lax Lenna
Light-

Text Womanplane bara ing man house

MF 24.4(4) 22.7(4) 27.3(3) 22.0(4) 25.3(4) 23.3(4) 26.9(4) 21.4(5) 26.5(4) 22.0(4) 22.5(4) 26.8(3)

PSM 25.4(3) 22.8(3) 26.7(4) 22.7(3) 26.8(3) 23.6(3) 30.6(2) 21.7(3) 27.4(3) 22.4(3) 24.0(3) 25.8(4)

ANID 23.3(5) 22.5(5) 25.0(5) 21.9(5) 23.9(5) 21.7(5) 24.9(5) 21.6(4) 24.6(5) 21.4(5) 21.3(5) 24.9(5)

R-EPR 25.7(2) 23.2(2) 28.7(1) 22.7(2) 27.1(2) 24.6(1) 30.2(3) 22.3(2) 27.5(2) 22.9(2) 24.1(2) 27.7(1)

MAX-MIN 16.1(8) 16.4(8) 18.5(8) 15.9(7) 16.0(8) 16.1(7) 16.4(7) 15.9(8) 17.6(8) 15.7(7) 14.4(7) 18.1(8)

BDND 18.3(6) 18.1(6) 19.7(6) 17.3(6) 18.4(6) 17.9(6) 17.7(6) 17.4(6) 18.7(6) 17.6(6) 15.9(6) 19.1(6)

I-BDND 16.8(7) 18.0(7) 19.6(7) 15.3(8) 16.4(7) 12.5(8) 13.7(8) 16.4(7) 18.1(7) 15.6(8) 13.1(8) 18.5(7)

Proposed 26.8(1) 24.3(1) 28.7(2) 23.9(1) 28.0(1) 24.0(2) 31.8(1) 23.0(1) 28.5(1) 23.6(1) 25.3(1) 27.0(2)

MAX-MIN BDND I-BDND NDA

NDE R-EPR I-BDND p v

NDE v

v v

Proposed NDA NDE

1
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Fig.3.16 NDA, Mean of 12 test images.
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Fig.3.19 TD and denoising performance (Girl p = 0.1).
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3.3 NDA NDE (Girl p = 0.1 v = 0.0 TD = 24 SD = 4)

Table3.3 Detail of NDA NDE (Girl p = 0.1 v = 0.0 TD = 24 SD = 4).

Number of NDA NDE PSNR-D PSNR-M
Duplication [%] [%] [dB] [dB]

4 93.15 0.06 30.49 19.79

3 1.22 0.33 26.44 22.38

2 0.91 1.09 22.54 28.76

1 1.12 4.39 21.53 38.40

Total 96.40 5.87

3.4

2×2 SMF

2×2

SMF

(1) 1

CPU

(2)
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⎡
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(a) Noisy Image (b) Edge Detected Image G (c) Contrast 2 of (b)

(after Stage 2)

4.5 Stage 2 (Lenna )

Fig.4.5 Edge detected image after Stage 2 (a closeup image of Lenna).
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4.4.1

p = 0.1 0.6 0.1

MF (mdian filter) [5].

SS-I (switching scheme I for MF) [8].

R-EPR (rank-ordered logarithmic difference and edge preserving regularization)

[15, 31].

I-PSM (improved progressive SMF) [17].

MDSMF (multi-directional SMF SMF) [18].

Proposed [19].
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4.7 “Lenna”

Fig.4.7 Enlarged part of image “Lenna” for qualitative comparison.
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Fig.4.8 Qualitative comparison of result images (a closeup image of Lenna; p = 0.1).
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Fig.4.10 Comparison of noise detection performance (mean of the 12 test images).
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Fig.4.12 Visualized thresholds of the segments (after Stage 4; the test image: Lenna;
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Fig.4.13 Relation between number of divisions and denoising performance (mean of

the 12 test images).
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Fig.4.14 Relation between number of divisions and denoising performance (test im-

age: Airplane).
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Fig.4.15 Thresholds and PSNR (random valued noise; p = 0.1).



4.5 71

4.1 SMF

Table4.1 Correlation between optimal threshold of MDSMF and edge strength.

Noise ratio
p

Optimal thresholds of test images
Correlation coefficient
with edge strength

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) Each Average

0.1 44 56 32 56 32 44 24 64 32 56 44 36 0.86

0.80
0.2 32 44 28 44 28 32 20 44 28 40 40 28 0.84

0.3 32 36 24 36 28 28 20 40 24 40 36 24 0.80

0.4 28 28 24 32 28 24 20 32 24 28 36 24 0.70

Edge strength 19.8 24.0 14.4 43.7 17.8 19.8 14.0 42.9 16.0 29.0 24.4 17.2

0.8

4.3.3 Stage 2 (4.3)

Stage 4 (4.3)

Gradient Roberts Sobel Laplacian

�2

Stage 2 Stage 4

PSNR PSNR

4.5

, SMF

(1) (2)

2
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5

5.1

SMF

3 MDSMF [18]

4 D-MDSMF [19]

[11] .

D-MDSMF

MDSMF MDSMF

[19]

total

variation TV [47] TV “

*1”

*1 4
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TV

TV

5.2

X

(i, j) (∈ Z
2) i j

(i, j) “ (i, j)”

Xi,j (∈ R
1)

Xi,j 3 × 3

Xi,j = {Xm,n | m ∈ [i − 1, i + 1], n ∈ [j − 1, j + 1]} x ∈ [a, b]

a ≤ x ≤ b

mean(Xi,j) median(Xi,j)

K

K ∗ Xi,j =
∑
u,v

Ku,vXi+u,j+v (5.1)

(u, v) = (0, 0)

5.3 [18]

MDSMF [18]

5.3.2∼5.3.4

5.3.2 5.3.3 5.3.4
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Noisy 
Image X
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Average 
{Y 1,Y 2,
  Y 3,Y 4}

Apply 
SMF 
Apply 
SMF 

Start

End

Integrate All Y Ms Integrate All Y Ms 

5.1

Fig.5.1 The algorithm flowchart of multi-directional switching median filtering

(MDSMF).

5.3.1

MDSMF 5.1

Step1. “ ” “ ” SMF

5.3.3

5.2

Step2. Step1
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5.3.2 Step1

(i, j)

5.3 1 2× 2

XD
i,j

XD
i,j = {Xm,n | m ∈ [i− 1, i], n ∈ [j − 1, i]} (5.2)

KD =

[
1 −1

−1 1

]
(5.3)

Fi,j = |XD
i,j ∗KD| (5.4)

Fi,j τD

5.3 3× 3

XM
i,j

XM
i,j = {Xm,n |

m ∈ [i− 1, i+ 1], n ∈ [j − 1, j + 1]} (5.5)

Xi,j ←
{

median(XM
i,j ), Fi,j ≥ τD

Xi,j , otherwise
(5.6)

’←’

Y
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Denoised 
Area

Noisy
Area

5.2 Step 1

Fig.5.2 Raster scanning in Step 1. The result at the target pixel is overwritten, so

the scanned region (white color) does not have noise.

(a) Scanning
Direction

Xi,jXi,j

(b)

i

j

5.3 Step 1 2× 2 (a) 3× 3

(b) 5.2

Fig.5.3 The processing windows in Step 1. In noise detection and reduction, the

2 × 2 window (a) and the 3 × 3 window (b) are used respectively. The white pixels

have been denoised as shown in Fig. 5.2, so the denoised values are utilized for the

operations.

5.3.3

5.3 2× 2 3

5.4
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(o) SD = 8 

(m) SD = 4 (n) SD = 4 

(k) SD = 2 (l) SD = 2 (i) SD = 2 (j) SD = 2 
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(b)

(c)

(d)

(e)

(f)

(g)

(h)

5.4

Fig.5.4 Raster scan directions and the sets. Pairs consisting of the regular and the

inverse direction are used.

(a) (b)

(i)

[49]

5.4

(i)∼(o) SD

SD = 2, 4, 8

SD SD

SD = 2

SD = 4
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3 SD = 2 (i)

SD = 4 (m)

5.3.4 Step2

SD Y 1, . . . , Y SD Z

SD

k Y k
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Zi,j = mean
({Y k

i,j}SD

k=1

)
(5.7)

5.4

MDSMF

MDSMF

Total Variation: TV [47]

TV

[50]

TV

TV TV

TV

TV

5.4.1∼5.4.3

5.4.4

5.4.1

5.5

(i, j)

lr *2 (p, q)

{(p, q) | |p− i|+ (q − j + lr) ≥ 0,

W · p+ q < W · i+ j} (5.8)

*2 ld
lr = (ld − 1)/2
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i

j

lrlr

lrlr

X i, jX i, j

5.5

Fig.5.5 The neighboring range used for threshold decision.

W

5.4.2

(p, q)

(p, q) 1 2× 2

XG
p,q

XG
p,q = {Xm,n | m ∈ [p− 1, p], n ∈ [q − 1, q]} (5.9)

2 KG
h KG

v

KG
h =

[
0 0

−1 1

]
, KG

v =

[
0 −1
0 1

]
(5.10)
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(p, q) *3

Gp,q = |XG
p,q ∗KG

h |+ |XG
p,q ∗KG

v | (5.11)

(i, j)

Ai,j = mean({Gp,q}) (5.12)

TV

5.4.3

Ai,j τi,j τB

τi,j = τB + λAi,j (5.13)

λ τB λ

5.5.5

5.4.4

MDSMF τD τi,j

Xi,j ←
{
median(XM

i,j ) Fi,j ≥ τi,j

Xi,j otherwise
(5.14)

5.3.2 Step1

(5.4) 5.4.1∼5.4.3 (5.6) (5.14)

MDSMF

*3 (5.11) 5.3.2 (5.4)

0 1 −1

Gp,q = |Xp,q −Xp−1,q |+ |Xp,q −Xp,q−1| (5.4) 5.5.4 5.5.6
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5.5

5.5.1

a)

PC CPU Core i7-6700@3.4GHz 32Gbyte OS

Windows 10 Enterprise Borland C++ 5.5.1

b)

2 2.8 12

[46] 0

255 256 256× 256 4

[15]

c)

“ ”

PNR X∗
i,j

Xi,j

Xi,j =

{
X∗

i,j with probability 1− PNR

h with probability PNR

(5.15)

h [0, 255]

[30,35]
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d)

(PSNR)

PSNR[dB] =10 log10(MAX2/MSE)

MSE = 1∑
i,j 1

∑
i,j(X

∗
i,j − Zi,j)

2 (5.16)

MAX MAX = 255 MSE

X∗
i,j Zi,j

PSNR

e)

F (Recall)

(Precision)

F (F-measure)

1

f)

.

MF (mdian filter) [5]

SS-I (switching scheme I for MF) [8].

R-EPR (rank-ordered logarithmic difference and edge preserving regularization) [15].

I-PSMF (improved progressive SMF) [17].

MDSMF (multi-directional SMF) [18].

D-MDSMF (image-division MDSMF) [19].

I-PSMF [17]

SMF [17] 2

SS-I 3× 3 R-EPR I-PSMF

3 × 3 5× 5
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2.8

MF, SS-I, R-EPR, I-PSMF, MDSMF, D-MDSMF

6 Prop. MDSMF, D-MDSMF, Prop.

5.4(m) SD = 4

a)

. 5.6 Barbara

5.7 PNR = 0.05 Barbara PSNR

5.6 “Barbara”

Fig.5.6 Enlarged part of image “Barbara” for qualitative comparison.
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(a) Original (b) Noisy (c) MF

22.31[dB] 24.32[dB]

(d) SS-I (e) R-EPR (f) I-PSMF

27.43[dB] 31.04[dB] 27.12[dB]

(g) MDSMF (h) D-MDSMF (i) Prop.

30.37[dB] 31.24[dB] 32.63[dB]

5.7 PNR = 0.05 Barbara

Fig.5.7 Qualitative comparison of denoising performance with the conventional

methods by a closeup image of Barbara in PNR = 0.05.
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Fig.5.8 Quantitative comparison of denoising performance with the conventional

methods (the mean value of the test images in Fig. 2.8).
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Fig.5.9 Performance comparison of noise detection (the mean value of the test images

in Fig. 2.8).
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5.5.4

lr = 2, τB = 12, λ = 1.0

*4 SD PSNR

SD

5.10 2 2048×2048

PNR ∈ [0.05, 0.25] 0.05

MF, SS-I, MDSMF, D-MDSMF,

(Prop.) MF SS-I

a)

5.1 PSNR PSNR 2

Prop. SD = 2 SD = 4 MDSMF D-MDSMF SD = 4

PNR SD = 2 SD = 4 0.5dB

1dB
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SD = 4 PNR MDSMF PNR = 0.05

D-MDSMF SD = 2 PNR = 0.05∼0.15 MDSMF
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(a) Students (b) NNCT

5.10 2048×2048

Fig.5.10 The test images used for the experiment using fixed parameters (2048×2048

pixels).

5.1 PSNR

Table5.1 Results of PSNR between the proposed method using fixed parameters and

conventional methods.

Method
PSNR [dB]

PNR = 0.05 0.10 0.15 0.20 0.25 Mean

Prop.

Opt. param. SD = 2 46.75 43.68 41.43 39.63 37.90 41.88

(for reference) SD = 4 47.38 44.19 41.91 40.07 38.34 42.38

Fixed param.
SD = 2 46.09 42.70 40.34 38.49 36.67 40.86

SD = 4 46.54 43.12 40.82 38.99 37.25 41.34

MF 40.06 38.66 36.46 33.70 30.76 35.93

SS-I (Opt. param.) 42.48 39.92 37.07 33.97 30.88 36.86

MDSMF (SD = 4, Opt. param.) 44.47 41.96 40.16 38.66 37.23 40.50

D-MDSMF (SD = 4, Opt. param.) 46.30 43.41 41.33 39.61 37.96 41.72

b)

5.2 10

MDSMF D-MDSMF
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5.2

Table5.2 Results of execution time between the proposed method using fixed param-

eters and conventional methods.

Method
Execution time [s]

PNR = 0.05 0.10 0.15 0.20 0.25 Mean

Prop.

Opt. param. SD = 2 0.934 1.047 1.195 1.387 1.578 1.228

(for reference) SD = 4 1.894 2.237 2.449 2.987 3.297 2.573

Fixed param.
SD = 2 0.855 0.961 1.072 1.182 1.294 1.073

SD = 4 1.893 2.109 2.316 2.551 2.801 2.334

MF 1.255 1.307 1.333 1.333 1.358 1.317

SS-I (Opt. param.) 1.292 1.337 1.367 1.383 1.406 1.357

MDSMF (SD = 4, Opt. param.) 1.054 1.284 1.541 1.784 2.006 1.534

D-MDSMF (SD = 4, Opt. param.) 2.726 3.235 3.738 4.120 4.426 3.649

D-MDSMF

[51]

SD = 2 SD = 4

SD = 2 SD = 4

MDSMF D-MDSMF

5.5.5

PSNR

4

SD lr τB λ

PSNR

PSNR

PSNR
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Fig.5.11 Relationships between a parameter and the resulting PSNR (the mean value

of the test images in Fig. 2.8). Each curve corresponds to a different noise rate.
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(a) SD PSNR SD

PSNR

MDSMF SD = 2

SD = 4

(b)∼(d)

(b) lr PSNR

(c) τB (d) λ

PSNR

b)

5.3 SD = 4 (5.10) TV

(Total variation)

a) PSNR

τB λ

PNR = 0.1

5.3 (SD = 4)

Table5.3 Optimal parameter for each image (SD = 4).

Image
Total
variation

PNR = 0.1 PNR = 0.2 PNR = 0.3 PNR = 0.4

lr τB λ
PSNR

lr τB λ
PSNR

lr τB λ
PSNR

lr τB λ
PSNR

[dB] [dB] [dB] [dB]

Airplane 17.84 2 16 1.0 32.40 2 12 1.0 29.32 2 20 0.6 27.02 4 12 0.8 25.05

Barbara 27.94 3 16 1.0 29.74 4 12 1.0 26.73 4 16 0.8 24.95 4 12 0.8 23.56

Boat 14.42 2 20 0.6 36.29 2 20 0.6 32.34 5 12 0.8 29.99 2 16 0.6 27.91

Bridge 36.56 3 24 1.0 27.42 8 20 0.8 25.16 6 20 0.6 23.57 6 24 0.4 22.29

Building 20.32 3 20 0.6 34.36 3 12 0.8 30.69 3 12 0.8 28.08 3 16 0.6 25.88

Cameraman 17.35 1 20 1.2 30.48 2 16 1.0 27.91 4 8 1.0 25.95 3 12 0.8 24.11

Girl 13.21 4 12 1.0 38.46 3 12 0.8 34.47 4 8 1.0 31.77 12 8 1.0 28.84

LAX 34.36 1 16 1.6 25.59 2 24 0.8 23.90 3 20 0.8 22.95 5 16 0.8 22.09

Lenna 15.56 3 12 1.2 34.71 6 8 1.0 31.63 3 12 0.8 29.26 3 16 0.6 27.03

Lighthouse 26.38 4 20 1.2 28.62 2 12 1.2 25.65 4 12 1.0 23.81 6 16 0.8 22.38

Text 27.23 5 20 0.8 30.99 6 16 0.8 27.68 3 20 0.6 25.04 3 20 0.6 22.61

Woman 16.05 2 16 1.0 34.27 2 16 0.8 31.41 2 8 1.0 28.99 3 12 0.8 27.12

Mean 22.27 2.8 17.7 1.0 31.94 3.5 15.0 0.9 28.91 3.6 14.0 0.8 26.78 4.5 15.0 0.7 24.91
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lr: PNR lr

τB : PNR
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5.5.6

(5.10) (5.11)

2 �1

�2

5.4 Filter Std-dif (5.10)

Roberts, Prewitt, Sobel Laplacian I∼III

3 [52] Kernel in (5.3) (5.3)

8

5.4 Norm Std-dif Sobel 1

2

2 �2 �2

Std-dif Roberts �1

Laplacian I Kernel in (5.3) 2

abs.

a)

5.4 PSNR PSNR 5.5.2

PSNR PNR = 0.05∼0.60

Std-dif

5.4 Time 5.5.4

PNR = 0.05∼0.25 �1

�2

(a) Std-dif �1

[50]
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5.4

Table5.4 The comparison of differential filters used for threshold calculation.

Filter Norm PSNR [dB] Time [s]

(a) Std-dif �1 26.70 2.334

(b) Std-dif �2 26.70 3.325

(c) Roberts �1 26.67 2.732

(d) Roberts �2 26.53 3.557

(e) Prewitt �2 26.65 3.850

(f) Sobel �2 26.48 4.134

(g) Laplacian I abs. 26.58 2.599

(h) Laplacian II abs. 26.54 3.147

(i) Laplacian III abs. 26.34 3.442

(j) Kernel in (5.3) abs. 26.65 2.394

5.6

(MDSMF)

(D-MDSMF) MDSMF

Total Variation

MDSMF D-MDSMF
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1 CPU

GPU

[34]

[35] [8]
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