BV HIBEFMMEEiSE Vol.6 No.3 53-65 (Dec. 2013)

BERT7ILT ) LI K BHEEARIER > E R L 7>

TMEADT VT 4D

R GEW JEW R M FiR

Zf{tH 2013F1A30H, B%ftH 2013%F3A30A,
#%$%H 2013F4H16H

BE A VSV AMMT L > THIL L BRI EEICT DA BIERIE 7 A Vs & LTHEA DT &~
TANI DDA, WEAIT VT 4N5OETTLRER LSS 5120, BEORITMR/NY — ORI
WL727 4 VY BOTIK - WEAHEET HLEND L. MEMHIEUL EEOEA YL ERIREHV
B ETHILREN B VKETHIL SN, S50, MLMEZHWDL 2 & T Z Ty VIRAFEEEET
LI ENUEETHL7-OTHD., HRMBNIZIEIMA LR HAFFO Ty VPEBEIN VWL, Zhb
WG L T7 ANV G T A5 LTI VBEOSWEITPSEITEL LEZ OIS, KL TITHRM
@%ﬂ%ka,ﬁﬁ@ﬁﬁ@%%&lv?@ﬁﬁ%%@ttmﬁx/7/74»&@ﬂﬁ$&%ﬁ%¢
%, HEFEAJELIGEIC X 0 (g% —KEZ HIN 2o 2B OE L, FREROHIANR 72T 4 VY # ik
L, BT A2 ET, MTELIRL T, BWECHEEOLEREEIE SN S 2 k%T?

XF—T— R BE\ENTVT) XL, A4 2OV AWM, WEAIT V740V, WEAE

Design of Weighted Median Filters Considering Intensity Gradient
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Abstract: Weighted median filter (WMF) is one of effective nonlinear filters for the impulse noise removal.
To improve the processing performance of WMF, both a suitable window shape and appropriate weights of
the filter to the local pattern observed in images should be selected. This is because an estimated value of
corrupted pixel has high accuracy since the window shape along the edge of a uniform direction includes
many pixels that have similar values. In addition, appropriate weights can preserve tiny edges. Most natural
pictures or images include many edges of different directions. In this paper, a new design method of WMF's
considering the edges of various directions for the natural corrupted images is proposed. Here the input
image is divided into several domain according to the intensity gradient and a suitable WMF is designed in
each domain. Through experiments our method is shown to outperform conventional promising filters.
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Fig. 1 Example of crossover.
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Fig. 2 Flow of proposed method.
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=1 HESEE{GEORKE (%Error)
Table 1 Accuracy of classified images (%Error).

Instance Method Noise Rate Instance Method Noise Rate
p=0.05 p=0.1 p=0.15 p=0.2 p=0.05 p=0.1 p=0.15 p=0.2
. degraded 9.54 23.31 39.62 53.22 degraded 9.51 23.90 41.33 55.99
Airplane Cameraman
preprocessed 10.07 11.77 13.47 16.18 preprocessed 1042 11.41 12.88 14.85
degraded 12.85 25.88 39.53 50.90 . degraded 9.64 24.21 41.38 57.49
Barbara Girl
preprocessed | 23.90 25.60 28.36 31.31 preprocessed 9.43 10.85 12.83 15.27
degraded 8.94 22.51 40.50 55.97 degraded 8.74 22.74 40.34 55.08
Boat Lena
preprocessed 9.71 10.89 12.40 14.06 preprocessed 8.43 9.70 11.41 13.48
Bridge degraded 15.34 27.95 37.84 46.17 Lighthouse degraded 9.88 23.32 39.03 52.60
preprocessed 30.30 32.44 35.01 38.21 preprocessed 15.50 16.88 18.46 20.53

Classified image L
with median (p=0.05)

Original image Lena Classified image L
(p=0.0) without median (p=0.05)

R P s v AL o) , N
Classified image L C d image L
without median (p=0.2) with median (p=0.2)

ified image of
Original image

WL(j)=0(flat)y W L(ij)=1,g,=0~/8, Tn/8~x OIL(ij) =2, g,= n/8~37/8
WL(ij)=3,g=3n/8~5x/8 M L(ij) =4, g,=5x/8~Txl8

3 D EIW{E OB (Lena, JKM{E, #EMINE p=0.05, 0.2)
Fig. 3 Examples of classified image (Lena, original image,
p=0.05 or 0.2).

LTAYT Y74 )v 8 &M L7z BiGh 5 #7800 5 i
BORHRZIRT.

#1 &0, ZLLOPETHENIRIE 25 L, HL
A9 52 L CHEBILEED I EII S 5N
BT WA, b ISR R WHITZ ORRIL
PEE A T, M3 IORT—FIERS S, Arliy
B2 ENZ& Y, JEm G 5 ORI EIE I &) T
RS EIW GRS N TWD 2 ESHEMIC DR TE
B 72720, MEERTIMAVNE W ERARDOE RS Sl
mfE5 %% { &t Bridge (5 BSI) 7%k, HILELAR)H
B 2% WEIES B 5720, & HRREOMHG T ITNE
THoHEZEZOLND.

4.4 FHEEHTOKE

B L(i,j) =k (k=0,---,C) IZDWT, ZNENME
ATT 74 NVE 2RI A, HBEUISE 3.1.2 IHTRL
72X (7) 1I22WT, L(i,5) =k ICB T ABEDATERES
DRAFEDI f1, FEILOI fo 25HET 2. 72720, f1,
fo CEBBMETT 4 NVIUIEEIT) A, ZOBIZIZELT
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VB HIRIC R CBRRICE N EROEE HV 5.

4.5 FEHLAET7 1L 2DER

C+ 1 AOHEB TR SNIMMEAT T V74V E
(k=0,---,C) ZHVWTEEREIZT A VIR LHET. €
DFS, BHRTHRET SN2 74V 2 FD T T FOMHBI
B AMFIHEAT LD TIE R, WHET L2 Ty
b D% ERT L. COMEIE, KR CTRHRES N7 4
WV IEZFOFEERE L TR EFHWIE L7 4 VY
THoHA, MEEMTRL ELTLLERHPET L HEEO
TANVIDPIRLGE LD LIRS R WIGENH H7:0T
bbH., ZOLH) BN, BANTKELMENIEH) B THM
TWLERIHSIEP L TES LM SICAONS.
ZD X Byt 7ok AMEABOH NG - 72 BRI T
Hotzl LTOEWEITHKEIRRAD S, Z20EBIKROS
MENDFRDTIREFT D 7 1)V 5 D) H M E T % b
et FAE S ORAFERE, B 5 IR REMEREAN A L
TLHEEZOND, FIZTC, 74 N7OMHAOBIZIE,
FHACTHERWEBMEZ NS {574V 5 2 &£FHT
RETSN T A NVIEER, (k=0,---,C) OH»5HERT
b, T, AT OKWE (i,)) I2BWT, 74 NVF Fe
2 & % ROLD #itm #5159 4%, ROLD EABIE Ths
K, vhabbIEgftEEREHEINS L &1, kX0 &k
) HALEG DB AL I b Ml )57 1 V8 F,
o N A

k= argkmin 12(2, 7) — yr (i, 7)| (11)

22T 2(i, ) BWHWBOWMEMTH Y, yp(i,j) 137 4
VY F X574 vy EEOEHRMETH S, ROLD fH
N Thy LEor &3, KDL IHIIZT 14 V8 EFpe AOH
PAEICR ST VER I T L7 4V 8 F 28R T 5. 2
ZTm(i,§) E7 4NV Fe NOHFRIETH 5.

1 ROLD eI E D e WO S O E D HE L 5 2 .

58



ERNBS LR/ HEEFIMEEGE Vol.6 No.3 53-65 (Dec. 2013)

(h) Lighthouse

(e) Cameraman f) Girlr

(g) Lena
4 i
Fig. 4 Original images.
5. HEXER
REFLEOFIEEBGEST 5. T3, BRI L T4

WCWEAIT Y 74NV REGFT AT 70 —F, BLUE
IOV CHAIY 2 BIIRICEE L, WEOHREETT S
TIU—F BT A LT, KRPENEITUEED &
TANEDHEETTEL L ERT. WIS moE ko Tk
ELT32HTRLAZGA ZHWS. RIC 45 HiTHRL
727 4V OFRIROAME, BHA X LWEOEE, B
X OISO 5 EIBAE IR FE 12 5- 2. 5 B D W OIEGRE S
é.it,@@ﬁ%%&4znwx@ﬁahf74w%
BIUT7ANVIEEITEICEIVESNL 7 vy LT
é’tT,K77E—%@ﬁwE%ﬁT.%%KE%%@
DERTE, T4V Y OBHWLTE L 7 5 M- FIWT O B 12
DWW THERES 5.

FREFELRRIZE 4 127RF & 9 12, SIDBA (Standard Image
Data-BAse) [16] 225, E{%L@@/\/?‘V 7 LTk
CHWHNL T4 OME % F> S flifH O ARMIE (4 o
NP e 4 oGRS MM L7z, AL ek

IZZALDZ L Girl RIEF O ) 58557 L ICHliEME 5 %

F12& T Lena 2 E TR S LTV 5, B l{E I3 L
MHA Ty IAMER 2 W% TH % Airplane R AIEE 5
D%\ Bridge, Lighthouse TR ST 5. WS A X
13256 x 256 TH Y, 256 FEFHO 7 L — A7 — Vli{gTH
Lo WS HESENINE p=0.05, 0.1, 0.15 BL 0.2 &
L7z, 74 NVY OETTEEIZOWTIE, IS DEmIEE
ILPEAE SR D MSE % JWERIEE & L THW 5. 2 ORIEIE/N
S VM| ié:l?if{% ITWHEEPREONEZ & 2/RT.

CGAZBIFBEEINT A —=FI2OVWTI, 77 AF ¥4
AR L L7274 V7 RFICOMEE 8] 120 &, Wi
A RE 100, FEARERE 10, Z2RZERFE 5%, stE#K
THAUE TR DR T & 5 50 AL & L 7.

TANEEORKHB BIZOWTIZ9 & L, SFHHH -
Iy VIR HRT A 720 DL ELRE OBE d=10 & L,
WEAYT Y74 VY RHETHE, BLXO74 V5% H
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[ ] [TT [1T]
Lip=o | - U
ﬂ t L] L= - F =

(flat) L) =1 L(ij)=2 L(ij)=3 L(ij)=4

5 [HEZE
Fig. 5 Fixed windows.

x 2 3HOKENT 7u—Folt# (Airplane, p=0.05, 0.2)
Table 2 Comparison among three design approaches
(Airplane, p=0.05, 0.2).

p=0.05 (MSE=521.10) |p=0.2 (MISE=1995.07)
best avg. wst.  var. best avg. wst. var.
uniform [43.35 45.83 47.66 4.02 [132.79 136.33 138.74 4.75
fixed 40.89 41.43 41.79 0.24 |128.52 130.56 132.07 3.48
proposed |37.23 38.75 40.49 1.40 [124.91 126.64 129.56 4.54

Method

% 3 3HO#KET7 Su—F O (Lena, p=0.05, 0.2)
Table 3 Comparison among three design approaches (Lena,
p=0.05, 0.2).

p=0.05 (MSE=381.73) |p=0.2 (MSE=1588.93)
best avg. wst.  var.
uniform |21.82 24.99 27.76 5.75 |84.24 84.87 86.68 1.04
fixed 20.72 21.14 21.50 0.12 |79.11 80.97 82.15 2.16
proposed |19.30 19.93 20.47 0.27 |75.57 78.44 81.22 4.59

Method
best avg. wst.  var.

BERY L0 ROLD OBl Thy, Ths 1370 225 120 ® 10
HNAD 6 HEPS, REDOD DX LIKT 5.

5.1 fEEZEDT 1 L EFETOERE
ARFFE—FRICHBEA VT Y74V 2%k THT 7
0 —F (—8&EDH, B ORI OV TREEDEBIK
DL ETHEDALEINT L7 70 —F (BEEE) &
5. S2TEREKS (C=4) LL7. 208
£, L(i,j) = 013 FIH, L(i,j) = 113 go € [0,7/8) or
ge € [T7/8,7), L(i,j) =21 gy € [r/8,37/8), L(i,5) =3
& gp € [37/8,5m/8), L(i,j) =4 1% go € [67/8,7T7/8) D
W E A, BHFAZXNIZOWTIR—FICHVWS A TW
% 3x3DIEFBEFEY A XD, T KITE Wee (ZFDH
AZXDN5r0 5 &L, BREEZFTCIRE 5 IRTERIKE
FNFENOHEBICEHA L7, &b, )&if‘;@ﬁﬂfﬁ\iﬂéht
I T 7 4 V8 YN IEEEF S MR MREET 5 72012
45 HiTR L7727 4 V¥ OFRFIIITHT, %ﬁﬁfﬂﬁ
SNFBIRRE, ZO0FFENET LWMEICHTT 5.
g7 7o —FoHBEBICIE (7) ZHW5

¥ 2, & 3 2, B Airplane, Lena (2D THESRHIIER
p=0.05, 0.2 & L72H L& IZ BT, 1= ETF4: (proposed)
B LU—kEEGN (uniform), ZBEEHRFF (fixed) THOHN
727 4V F I K B (S & R % & O MSE #RY. &
M, “MSE="*%" [ZZ{LHi%ED MSE #/RLTWw5, Wil
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£ 4 KMHEBCO MSE Ot (Airplane, p=0.05, 0.2)
Table 4 Comparison of MSE in each domain (Airplane, p=0.05, 0.2).

Method p = 0.05 p=0.2
k=0 k=1 k=2 k=3 k=0 k=1 k=2 k=3 k=4
uniform 11.05  129.85 120.46 72.02 117.21 | 36.38 356.24 347.85  199.88  366.85
fixed 6.05 102.90 136.77 52.69 125.58 33.53 312.40 319.98 229.43 350.84
proposed 5.65 112.66 119.91 41.90 121.84 32.71 310.83 312.36 231.55 324.79
L(i,j) =k
£ 5 KHEBTO MSE OLE (Lena, p=0.05, 0.2)
Table 5 Comparison of MSE in each domain (Lena, p=0.05, 0.2).
Method p=0.05 p=0.2
k=0 k=1 k=2 k=3 k=4 k=0 k=1 k=2 k=3 k=4
uniform 4.24 26.78 100.84 44.22 88.76 27.21 104.56 274.08 199.82 243.40
fixed 3.89 22.94 80.61 36.35 76.12 22.19 108.38 274.05  173.22 237.73
proposed | 3.83 20.10 78.04 31.39 72.29 | 19.51 106.46 265.08 176.83 238.16
L(i,j) =k

s

i R\ " 2 - .
Degraded Image Processing Degraded Image Processing

result result
] [1] _ _ [2]2]

A 1 1 2 [2]2]
[2]5]1 5]1 1[4 3|3 5] 2]2]2
7 Gl 0 OE: [z]=[5]3 [2] 2[5]2
0 G T 11 33 En 2[2]2
Lip=0@ay LG)=1  LGH=2 Lol py=r K072
- [k 7] [ [z 1]2 2} Ban
1[5]1 152 [ [2[z[E]2]2] 215)2 2[s[5]=
szfmilﬂ ] - 12 Lhl
Lij=3 L(ij)=4 Uniform L(ij)=3 Lij)=4 Uniform

(a) p=0.05 (b)p=02

6 LIS (Airplane, p=0.05, 0.2)
Fig. 6 Processing Results (Airplane, p=0.05, 0.2).

Processing Processing
result result
[1] 2]
2[1 En [ B [2] 2[3
1]5]1 [e]e]s [sl2] 2)5)2
[+]5] [1fs]+ 55
12 B > 5| 3]3[1]
o [211] sTale G| [
(4] L . [2]2] -
L(ij)=0(flaty  L(ij)=1 L(ij) =2 L(ij) = 0 (flat) Lij)=1 L(ij=2
14 [1] 1]1]2 1]2] 3] [2] 3
1[5]2 1[5 1[5 ;53;‘ s[2] [1] 3:;
11] [2 1]2]1 1]2]1 2|5]2
2] 3] 3] BB 3[4
L(ij)=3 L(ij)=4 Uniform = 1
L(ij=3 L(ij)=4 Unifor
(a) p=0.05 (b)p=0.2 niform

7 WIFKEE (Lena, p=0.05, 0.2)
Fig. 7 Processing Results (Lena, p=0.05, 0.2).

b5 AT THSNED MSE O Bl (best), ¥
(avg.), gk (var.) BLOWEM (wst.) THADH. Tz,
Be6, X712, REFETHEONLHLTOT 4V E L
WUFRAE R (%, B X O—REEET TR T 4 VY, R 4,
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R 512, BEHIZIBI S MSE (5 347FY) o ki 3
RRT. BB, WHEEREGEISS 7 4V y EHARIZENR
FNHCEGE A S A7 S E R A R 3 545, &8
I2BUF 5 MSE 0EHIZH 72> TIE, FHEISESND
HARN 7 SEI - E R 2 FIH L TW 5.

F2, £3 XY, ~HEFFEEBRLT, HEEIEIZT 1
VF HFERTT B 2 FHOMBAERATR <, A BT
L7274 VY Z@HATLHI & CEITEENRM ET LI EA8
Ghh. EHI, RETFETIIREME, REM, FHENT
MIZBVWT D BIF 2 BRSO N T A, FERLET
57 TU—F1xd 5o UOMELEIZIR - 7288 2 RO
HEEDSLETH Y, FET 2 HBBSL A, L0
HHOEVERIRCTERT A EPREEE 5. 7,
FRERLY, BRIROEEZKMT 5 & IR ATE
THIEDVGroTWA, 6, T7TITRT EHIZ, E
FHETE, WFOBIEICB VT, 72821, Li,j) =1
TUEAES N0 D b I S NP S T
BY, 72, KHEBUIBITS MSE 2135 L4 DM
BCeMTEE Ll-THBY, MELREY ZE LBk E
T & [ SRR T AARFENER TH D 2 L AR T
5.

5.2 BERIEDT 1 IIVEZERROEMNE

R CTHEENTZ T ANV T ZHFHATHICHY, B
K OWMFEOMEAFLDOF N> T B b DD, fifE
DRELGEFIHEEPETT L L ICX ) ZOEEOHET
WEDPR TS A5 5. 22 TIE, FRICX BB
BOWE O & [T 2 7208 H T 5 7 1 V& OFEE
ROFEEEMFET 5.

F6 I, M4 ITRLAESHEIIONT, MFMINE
p=0.05, 0.1, 0.15 B L 0.2 DHALWE 6 LT, /E
FHEICBITE 7 1V EHEICEEIR L 2WiEa (A,
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R6 74NYOHEHEINOARM:

Table 6 Effectiveness of re-selection of filters.

Instance | Method Noise Rate Instance Method Noise Rate
p=0.05 p=0.1 p=0.15 p=0.2 p=0.05 p=0.1 p=0.15 p=0.2
. original 37.23 60.69 89.42 124.91 original 45.33 73.91 116.63  159.83
Airplane Cameraman
re-select 29.24 50.77 79.06 107.88 re-select 39.07 68.04 99.22 147.46
original 36.70 66.22 107.87  146.86 . original 13.96 24.88 41.45 69.29
Barbara Girl
re-select 28.01 50.61 82.8 117.46 re-select 8.79 16.77 28.48 49.84
original 11.86 22.34 34.82 53.01 original 19.30 34.09 52.93 75.57
Boat Lena
re-select 9.48 17.08 27.79 42.02 re-select 14.68 27.02 41.88 61.77
Bridge original 107.41 166.61 231.86  301.44 Lighthouse original 74.10 127.18 175.61 231.00
re-select 79.18 129.61 182.04 241.14 re-select | 60.23 109.67 156.10 206.26

KT N & Wiae ODFREDOHE (Lena, p=0.05, 0.2)
Table 7 Comparison in settings of N and Wi,a. (Lena, p=0.05,

£ 8 FHEEOILH (Lena, FHEINZL L, p=0.05, 0.2)

Table 8 Comparison in the number of classes (Lena, without

0.2). re-selection p=0.05, 0.2).

(N, Wias} p = 0.05 p=0.2 #Classes p=0.05 p=0.2

best avg. wst. var.| best avg. wst. var. best avg. wst. var.| best avg. wst. var.
{7, 7} 15.67 15.78 15.91 0.01|82.51 83.33 84.30 0.48 uniform 21.82 24.99 27.76 5.75|84.24 84.87 86.68 1.04
{9, 5} 14.68 15.14 15.70 0.24|61.77 63.45 65.63 3.33 3 (C=2) |19.56 20.87 21.98 0.78|74.14 76.81 78.82 5.95
{9, 9} 14.97 15.11 15.34 0.02]60.07 61.39 62.55 0.87 5 (C=4) |19.30 19.93 20.47 0.27|75.57 78.44 81.22 4.59
{11, 11} 15.71 16.05 16.22 0.04[58.11 59.01 59.72 0.40 7 (C=6) 18.73 19.21 19.85 0.17|73.21 75.48 78.49 4.50
{13, 13} 15.76 16.09 16.43 0.08|56.64 57.63 59.20 1.02 11(C'=10) |18.98 19.65 20.60 0.49|70.82 72.84 74.47 2.19

“original”), TIRINT LA (e, “re-select”) DULFE
W% MSE OILEHE R /R, TN 513 5 AT R B
RTHDH., WTHOBIED 5EE 5, B 14X N=9, &K
T Wiee=5 & L72.

£6 LY, WFROBHMNINRICH LT, §TH
B{ZIZBWTT7 4 VY ZFHERT 5 2 L2 L ) MSE 297
FELTBY RE3TXDUHETHY, RILTD 8% S
NTWD), BHEMCHAISNET 4 Ly DS, WHE
TEIHOTT ANV Z@IRT 5 2 &L DFMEDTERTE
L. B, MEEMINEROBINCE b 2 WERIRASET S
HEFEROESERIML, SE%E 5 L Lok &, MEH
IR p=0.05 D b & TIREED 20%1F &, p=02DH & T
13 40%13 E DR ICTHERDEH S 5.

53 74N EDEBEY A XEFEDHTE

B A AN, RKRIE W, Oi%EPEITCHEICS 2
LB WEET A, | 71, Lena 22 W TSI
p=0.05, 0.2 DHALEZIZBNT, {N, Wy ={7, 7},
{9, 5}, {9, 9}, {11, 11} BXU{13, 13} L L7cL&D
ILIRAE R WG D MSE O IEHERTH L. N 6135 ER
5L L5 ITOMMRTH 5.
RTUEBWTEFA XIZERT S &, MENEIK
WAL N=9 BEOY A X, IEIEWISAEITREW
BraBGI LS LERS EE OB WEE RGO D Z LA
Mh. BIFAX, RAMEIKE VI EEREMIIILKIC
%Y, BUBREREZELIZEZELORELTLEL T L,
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(
15(C=14) |18.99 19.56 20.53 0.33|71.65 73.52 76.79 3.79
(C=18) |18.38 19.44 20.31 0.59|71.86 73.47 74.40 1.27

N=7D L) IZEF A XD/NET ED L MIFEROE O
TEBLID, BHEHCH N EY LB A XORENEE
THoHIENGHhH. {9, 5} £ {9, 9} %Ik 5L, F
WE, TEOBLEDPD, Whee ERESTIHPEELT
HETTEDZ LGB,

5.4 Iy JHEBOXEIHORE

Loy DR ER C ORREIEITCREE G- 2 b B
MRET 5. BH A X N=9, RAWE W,,=> &L, FE
WEBH L Wia, SHLSED 2ME2 LTS, 6l
fiii & FRE, MR p=0.05, 0.2 @ Lena O ALHI %
7o,

&8, X9, TNENHEREEH L 2Via, #@H
L7240 C=2, 4, 6, 10, 14, 18 (&fk& LT3, 5, 7,
11, 15, 19474 12X %5t B L U—kki%EtD MSE 0
REgEREZRT. $72, K8, K9 I25EIxdT 5, F
W& B IR DWMIFE = A 5 IR & R/ANOWMFEH = A
T AHIRICBIT S MSE, ZNENOEIEE N5 MW HE
Bo% (M Max, Min) Z/pR$. HEO720, SFIHE
PO RAIHIZ 51T B MSE O Y, WERO TR O
(I Average) d/Rd. %8B, TNOHITHRINEZBET L2
WA D MSE Th 5.

8 (FMERZL) L0, MEMIEIERVEE, &
BAEWTIIBWTY, BBURGEHD LSRRI
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K9 HEEOLE (Lena, F#ERHH, p=0.05, 0.2)
Table 9 Comparison in the number of classes (Lena, with

re-selection p=0.05, 0.2).

p = 0.05 p=0.2
best avg. wst. var.| best avg. wst. var.
uniform 21.82 24.99 27.76 5.75|84.24 84.87 86.68 1.04
3 (C=2) |16.00 16.51 16.95 0.12|61.67 62.59 63.27 0.72
5 (C=4) |14.68 15.14 15.70 0.24|61.77 63.45 65.63 3.33
7 (C=6) [14.99 1541 15.96 0.13|58.31 60.79 63.43 3.47
11(C=10) |[14.31 15.27 16.20 0.47|59.48 61.01 63.65 2.47
15(C'=14) |14.61 15.43 16.15 0.33|62.19 63.30 65.02 1.16
19(C'=18) |14.85 15.50 16.37 0.40|62.69 63.75 64.47 0.57

#Classes

60 1 Min

= Average

Ratio of Pixels

s o
3

Max 0.05

3 5 7 " 15 19 3 5 7 " 15 19
#Classes #Classes

K 8 #&K5HiED MSE & &N sMEDES (Lena, p=0.05)
Fig. 8 MSE and ratio of pixels included in each domain (Lena,

p=0.05).
350 0.30
] Max
300 0.25
2501 ©
) 2020
200 Mm &
1 o
u Average - B
2 o E 3 019 pverage
54
© 0.10-
100
5o Max 0054  Min
0 T T T T T T 00— T T T T i
3 5 7 " 15 19 3 5 7 11 15 19
#Classes #Classes

X 9 &fHIED MSE & &N sMl#EDES (Lena, p=0.2)
Fig. 9 MSE and ratio of pixels included in each domain (Lena,
p=0.05).

TAINVIPRETTSNT L e gnsb. T2, 9 &
D, FBIRZTLZ LT, WFhosEHKIcBWTH, K
M2 WS ROEOM ES RO N Z 0550505, 5EK
RELTHE, WS, MINLGHMA LI, FHEBIC
GENLBMEN LR LD, —HT, FEBOMWEINI L5
KA O MSE DIETIERSNT, PHhVEEOD & TH
MEBEFEDE N T A VY DRRETTED T L% Ah. 1947
H o (r % 18450E) Lzt &0, RAOWMER AT HHE
WICBITAMFEIT 30 K7 B VITETH LD, p=0.05 D
A I KO MSE O3 & 4, p=0.2 D& & T3 MSE
DFHIH L TRE L Lo T, T E#ID < 404
L2 acid, S5 ICHIBNOERBDSHA L, Z D
THREDOBVIEERTEL 7 4 V7 PR EEIC D
MSE 2558 AR T 3 2 W REME L H B 25, TD L9 2l
FIEERIT T B € OFIRO W F I 1272 <, Wifgae
ROMEFER (MSE) ICKE R EELZ 525230
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E2zoNb, 12720, FIITRTEHBRIREZIT - 72585 0O%K
RIZBWT, 5EBERKECLTEL LHEDKTARS
N5, FERT GO RICBNTIE, EBRYTIEH
B, 7T ABOFREIID HEED LRDDH B 2 & hE
WTE5.

5.5 fthFEEDLH

WRERTHETHEONL T4 VT BAENR A V70OV 2%
MEOBRATELET 2., EFEELTA) ADT
YITANEY, AAF LT IATDT 4 VE D (2) PSM
(progressive switching median) [4], (3) Wi{&D H %%
J& L 72 PSWA (weighted average) 7 1 V% [6] B LU (4)
LI E A ILEE & 22 MBI 2R LA G b 72 A
A9 F 72T v (2x2) (7], £72, (5) RETFEOFM
BT O 3R L 72 ROLD #iitm & a7z A 730 Ak
FB 2T ROLD-EPR (edge-preserving regularization)
[12], (6) FHEIE% - & LT, LMA (least mean
absolute) % 7z B B R AL [17) 12 & D RkEF S e
WEAIT V74 VE 2z, RETHEZED, Wih
DFEICBWTH/NT A= F IZHGET L IRE R DD ER
M¥ 5. ROLD-EPR 3Ty YRFEZHBHLETF v v v
IVEIE (18], [19] & Hvy, SALEFEIZ B 2 BEUE DA
Ei/MET A2 L I2E 5T, —REELED A vV A
FICE2HMEGE 2 HEILT A TETH L. FasCIfiew,
3x3 DIEFEIZBT A ROLD, % M\, #HEEE I BT
(100 x p)% (p \ZHEFFHINE) O ROLD DY & L7,
BT 22 v VEEIC ¢(t) = [¢|13, FWMEICBITLHET ~
T VEBOGEIEHERE 4 BiE TR, RE{LFEE LT
Barzilai-Borwein fiz 2 f& 7% [20] # V72, LMA 1220
THEBX3DERFBOWMEAYT 74 NVFD [0, 1] DFEE
BT % SR 5 & DA =S AR DS RN 7 B &9 IRRE
L7z. A7 9 7H A X 4=2/(Amin + Amax) * 8 (8=0.05~
0.1, Amin, Amax IHLEHED 1 KO B CARBATHI DR/,
REAE), R LB O T 5 0,=0.01~0.04 AT
BoONTRBEOMEERT.

£ 10, & 11, & 12 B LUK 13 12, MESHI1E p=0.05,
0.1, 0.15 BX 17 0.2 D 8FIEIZDWT, (1)-(6) DT, —
MeaxEt, BLURETFETREI SN 7 4V 5 OWLHER
R RT. —fkikal B L OIREF L 5 ITO R BAS R
R L TWa,
FEAEDEBIZBNT, REFIED MSE (ZHBTFE
D MSE [ZHARERTEY, REFHEOANEL MR T
L. MEEANINERSEL R D E, —HOEBIIBWTRET
FEO MSE 2SHEFHEL Y 855, b LIRS E 258
RO NTz. THUL, MEEINENE kb L HEEDE
FAEINEL b, 740V BRICHEHENS
CEEh, MEHESEFEME (b L IFZRITEWHE)
ERDUREMEDNEL b7 TH A, WIKETHD PSM,
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£ 10 MFEL0LE (p=0.05)

Table 10 Comparison among impulse removal methods (p=0.05).

Instance Degraded Methods
image Median PSM PSWA LMA ROLD-EPR  2x2  uniform proposed
Airplane 521.10 100.01 59.01 50.74 44.70 40.55 35.05 43.35 29.24
Barbara 382.10 249.21 120.15 95.14 47.01 53.64 58.46 36.71 28.01
Boat 335.42 49.10 27.22 21.82 14.22 15.54 13.04 12.40 9.48
Bridge 436.17 309.02  109.05  96.79 110.46 84.19 86.06 109.58 79.18
Cameraman 494.70 132.97  113.38  99.10 48.96 62.52 69.51 46.17 39.07
Girl 505.73 28.66 11.23 9.45 14.62 10.82 9.92 14.71 8.79
Lena 381.73 47.05 25.59 23.10 20.86 21.84 21.45 21.82 14.68
Lighthouse 431.56 254.78  156.61 14547  78.44 95.46 90.99 76.34 60.23
® 11 Tl (p=0.1)
Table 11 Comparison among impulse removal methods (p=0.1).
Instance D?graded Methods
image Median PSM PSWA LMA ROLD-EPR 2x2 uniform  proposed
Airplane 1020.00 113.30 91.35 81.81 70.52 67.43 60.15 66.64 50.77
Barbara 747.96 266.12  181.62 148.39  83.96 103.29 103.57 67.57 50.61
Boat 653.32 57.99 40.78 44.45 27.19 27.04 23.37 24.43 17.08
Bridge 878.07 329.60  181.90 165.53 172.94 139.11 137.42 173.01 129.61
Cameraman 976.08 151.42 147.15  127.10 85.83 101.49 105.49 79.99 68.04
Girl 1003.54 35.53 20.09 17.77 26.47 20.21 16.92 26.12 16.77
Lena 785.83 57.67 41.92 38.51 37.93 37.17 35.13 37.64 27.02
Lighthouse 909.56 276.46  222.65 205.68 134.82 144.46 139.88 130.37 109.67
# 12 FEkL ok (p=0.15)
Table 12 Comparison among impulse removal methods (p=0.15).
Instance D?graded Methods
lmage Median PSM PSWA LMA  ROLD-EPR 2x2 uniform  proposed
Airplane 1521.61 136.88 122,96 116.28 108.44 92.77 82.86 101.12 79.06
Barbara 1177.71 289.86  227.56 173.01  128.38 154.69 144.61 103.17 82.80
Boat 1023.38 71.74 57.32 57.20 43.10 38.89 38.94 37.95 27.79
Bridge 1291.59 359.63 235.21 212.26  244.61 194.13 180.33 237.06 182.04
Cameraman 1425.66 171.20  174.66  166.71  127.97 142.87 128.78 123.66 99.22
Girl 1502.55 48.67 28.81 26.28 48.67 28.90 28.68 47.92 28.48
Lena 1204.39 72.07 59.31 56.82 58.51 52.53 48.61 59.87 41.88
Lighthouse 1356.83 299.24  271.42 251.89 190.83 200.53 185.91 185.27 156.10
#13 bFEL O (p=0.2)
Table 13 Comparison among impulse removal methods (p=0.2).
Instance Degraded Methods
image Median PSM PSWA LMA  ROLD-EPR 2x2 uniform  proposed
Airplane 1995.07 164.23 149.63 142.61 144.40 122.81 112.29 132.79 107.88
Barbara 1585.17 320.82  276.87 227.26  185.40 207.36 187.18 142.54 117.46
Boat 1356.75 87.11 69.23 69.47 71.16 52.25 49.59 58.05 42.02
Bridge 1738.75 402.32  296.12  276.30 311.17 248.12 231.26 304.06 241.14
Cameraman 1901.48 198.40  197.11 198.70  168.30 168.89 148.59 169.61 147.40
Girl 2069.20 73.27 39.74 38.69 73.27 37.44 39.41 73.27 49.84
Lena 1588.93 92.80 77.95 77.18 85.45 69.85 63.46 84.24 61.77
Lighthouse 1804.39 336.19  309.95 295.37  246.66 238.69 223.18 233.23 200.26
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Fig. 10 Effect of setting of Thy (p=0.05, 0.2).
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Fig. 11 Effect of setting of Ths (p=0.05, 0.2).

PSWA, ROLD-EPR I3¥EAEMEIERB L7 1L 5
QVER % ZS FAZHEREAT O MR LALERIC K 0, MES AT F - 72
BT AEAICHETT L T aD. T2 2x21d, EHFEDO ATH
B2, MEHREEAD L VIIETLFEAOBEZEE LEXT S
BRI X o THEE DT $ o TV AT 252 12 L
Twh, BETFHFIIBO T INL O EEAT L T &
&0, MEERTINESE WA LT EICE RN k.
THEEZOND.

5.6 RMEDEIEE

ARFEETIIRIAERICRE CREL 52 57 A —
ZELT, WEAIT V740V 23T ABOHWEK
WCH 2510 - FEHBAILmIFE % B 5 BME Thy, 74V 5
T FEIRT 0 HL - L LW B O BME Ths 25%
L. K TlE, ZRENTWAEFEAL DA ¥ 35V A S
%R 2R [12], [21), [22], [23] A S, ARhE sh
Tw5 ROLD #stE# HWwTwab, ZZTiX, ROLD ®
FRMEDREASIAE R G- 2 23, B L OREOHE
WZoOWTHmT 4. FlHEE LT, p=0.05, 0.2 D 8 Mj{§ %
w3,

10, & 11 & Thy, Thy OF%E & IREE O BR % R
L7200 TH5H. fitxn3dnd, ZNEnoRE Tk
SN72T 4V F I & BRI O MSE 1234 5, &
RO 25 7-BETH MSE (M MSE,,;) OEAT
HY, HAMEIXL0THA.

BRI BT D Thy 22V TIE, BEOZESKE
L Bl IR, 25 0IdEBRED BT 7%
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RRERTBIPRONL . BIFRIC LD Kol % BHEZ S 135
% BN, T2 CIIRE R EED 1 I OFPAN T MSE A%
BONDIBREXHBT LI L EZAERET S &, MBS
EPBHOEEEL L OPETRIFREREFEOLN TV
The=90 BEFBELMETH L EEZLNL. —J TN
BPEROHEEE, £ OWEIE Thy=100 BREEDZHRENE
WEFEZ5NA7)Y, Cameraman DL ) 2T > M T A MD
SR CEIEIE S VEEICRE T D LENH L I LD 5.
ST 7 AT YGRS RE LIATEA YT V74V F
HEHCBWTH AL A ON TS 8. 7141 ¥
DFEIRNC BT 5 BUE Thy 12OWTIE, HEEAINELME
Bi& 113 110 FEDBEAS < OBIE T BRI 245 R 215 T
WA, Boat, Girl ® X ) IR\ T BT 245 5F %215 % 61
BITET 5. MEEIMESE AL, SER0OmG 2L
TRIFGHERPISEOND Thy=90 BEIE L 72ETH 5 &
A Y (N

6. BHYIC

REFL T, A ¥ 7OV AT I & - THIb L7z AT
GEETT L7202, Hr2OHFnOBME Ty Y OREE
ERLIMEATT V74 VY OB TELZREL:. A
FHIHEEE L RAFRIC &0 WG % —Fk % J710) % FF o 75038
WZHEIL, TNENOFECH 727 4 V¥ &ikEl, #H
THZET, MTELELT, BWEITHEE ORI
PEONLZEERLE. 2L, MENINERIEL RS
E—HOWEZIC BV TREFEPMF LI 855, L
XM L 7 B EE RS S N7z, T Tl S AE
EEVERR B L OV 1)V & WLER % 28 B HIRAT 9 Mk L
R, BERO AN ERIETEAOWEY EEET 5 HE
WP X o THRA IS ZRET L 2 L THTOID R L
STV S, REFHECBWTH IS ORI % E
ATAHIEICEY, HILBENMET EEZONDL. £
72, M ORBIFHBTHY D, RETHETHWZHY
BIECCIRERET SN D 7 1 V¥ DS S IRAFTERE & M S S
TEEZ A wy, wy CHEILTWAE, ZITIHEAZ TN
Twi=wy=1 & LT7 4 V¥ &t L7225, SFHETIZ X
DML REMEREDIHZ BT 2 L Vo 7z, FHET L ICR A
LEAGHRATAHIETEIL LA EDVHIAD S,
INBIZDOVTIEAHROREEE T 5.

#ME AWTEO—EIIMAATEE N H AR A O F
FHIREMB S CETE (B) @ ifEF 5 24700234) @
Bk % 15 Cirb sz,

SE R

1] BRI, HEO 56 BB T Y 8 VG 5B, §1aE)E,
HUIT (1999).

[2] Brownrigg, D.R.K.. The Weighted Median Filter,
Comm. ACM, Vol.27, pp.870-818 (1984).

64



RS 2R

3]

[4]

[5]

(6]

7]

8]

[9]

[10]

[11]

[12]

[13]

[17]

[18]

[19]

[20]

[21]

Wl 77— = VDL AT T4V,
A IEWIMIE S CEE A, Vol.J78-A(2), pp.123-131
(1995).

Wang, Z. and Zhang, D.: Progressive Switching Median
Filter for the Removal of Impulse Noise from Highly Cor-
rupted Image, IEEFE Trans. Circuits € Systems II: Ana-
log & Digital Signal Processing, Vol.46, No.1, pp.78-80
(1999).

HE 58, BARER D MEEEREAICED < EaeEmEER
A 2OV ZMEE ERMEOMIT, B TEHEE R
a5 A, Vol.J83-A(2), pp.208-216 (2000).

AT I, WO 58 Mol g & mig o )ik e %
JEL72A 27OV AR B Tk, B EHoEE S W
CEE A, Vol.J83-A(12), pp.1382-1392 (2000).
REILEES, Bl A, SHDES, AR | 2 EAT
WP E 2 x 2 MEE MR E LA G DETZAAL v F 2 7 X
VT 74Ny, BTEHEEY R GE A, Vol.H95-A,
No.10, pp.737-750 (2012).

AEH BT, Mediln, &% %77 A F v lgicsy
SHAEGED A EHNTAERX YT ¥ 7 4 V5 OERHY
TN ITY XL BEkED, B HGEBE S G A,
Vol.J94-A, No.1, pp.18-29 (2011).

Goldberg, D.E.: Genetic Algorithms in Search Op-
timization and Machine Learning, Addison-Wesley
(1989).

Nezhadarya, E. and Ward, R.K.: A New Scheme for Ro-
bust Gradient Vector Estimation in Color Images, IEEE
Trans. Image Processing, Vol.20, No.8, pp.2211-2220
(2011).

Abreu, E., Lightstone, M., Mitra, S.K. and Arakawa, K.:
A New Efficient Approach for the Removal of Impulse
Noise from Highly Corrupted Images, IEEE Trans. Im-
age Processing, Vol.5, No.6, pp.1012-1025 (1996).
Dong, Y., Chan, R.H. and Xu, S.: A Detection Statistic
for Random-Valued Impulse Noise, IEEE Trans. Image
Processing, Vol.16, No.4, pp.1112-1120 (2007).
Thierens, D. and Goldberg, D.E.: Elitist Recombina-
tion: An Integrated Selection Recombination GA, Proc.
1st IEEE Conference on Fvolutionary Computation,
pp-508-512 (1994).

Evans, A.N. and Liu, X.U.: A Morphological Gradient
Approach to Color Edge Detection, IEEE Trans. Image
Processing, Vol.15, No.6, pp.1454-1463 (2006).

Bovic, A.: Handbook of Image & Video Processing, Aca-
demic Press, San Diego (2000).

WAHIETE, K #, |wESES, Bk | g
Ze FIEHE (% 7 — ¥ N— Z SIDBA OEHIZOWT, 7L
Y2EHR, Vol.8, No.38, pp.7-12 (1984). ATFIE (http://
sipi.usc.edu/database/).

Yin, L., Astola, J.T. and Neuvo, Y.A.: Adaptive
Stack Filtering with Application to Image Processing,
IEEE Trans. Signal Processing, Vol.41, No.1, pp.162—
184 (1993).

Charbonnier, P., Blanc-féraud, L., Aubert, G. and
Barlaud, M.: Deterministic Edge-Preserving Regulariza-
tion in Computed Imaging, IEEE Trans. Image Process-
ing, Vol.6, No.2, pp.298-311 (1997).

Nikolova, M.: A Variational Approach to Remove
Outliers and Impulse Noise, Journal of Mathematical
Imaging and Vision archive, Vol.20, No.1-2, pp.99-120
(2004).

Raydan, M.: The Barzilai and Borwein Gradient Method
for the Large Scale Unconstrained Minimization Prob-
lem, STAM J. Optim., Vol.7, pp.26-33 (1997).

Sun, T. and Nuevo, Y.: Detail-Preserving Median Fil-

© 2013 Information Processing Society of Japan

[22]

[23]

HEEFILLIGA Vol.6 No.3 53-65 (Dec. 2013)

ters in Image Processing, Pattern Recognition. Letters,
Vol.15, pp.341-347 (1994).

Garnett, R., Huegerich, T., Chui, C. and He, W.-J.: A
Universal Noise Removal Algorithm with an Impulse De-
tector, IEEE Trans. Image Processing, Vol.14, No.11,
pp.1747-1754 (2005).

Xiong, B. and Yin, Z.: A Universal Denoising Frame-
work with a New Impulse Dector and Nonlocal Means,
IEEE Trans. Image Processing, Vol.21, No.4, pp.1663—
1675 (2012).

AN EH

2013 4 BT KA K5 B 8 T2 mrse
MLRTRREG T. BUE, ¥V Uk
XS EF. B(ZLEICEIT 5%
(e

ftB R¥

2007 4 [ AR KB LA se
MRS T, Bt (T9). H
REMIRAEFERIIEE (PD) %4
T, 2008 SERAVE KT AT LB T57
B, HAEICED. HEALEIE, ME
Hhwfl, EERSHE, WG0EE

(IE&H)

DORFFEICHER. TEEE, EEHulEY R, KPR, #EiL

AL

Ak
/N

=H.

"L EiA

1982 P RF LA Y A7 L T
PR, 1984 4R W] KPR BE Tk
JeFME LA T, AR EA T EE
&AL, 1990 4F B HUK S T 2256
BT, 1991 IR B RF LT, W
Bh#d% % %6 C, 2001 4EBETE KR T4

(IE%H)

Bz, BlE, MY AT7 B TEREE. Mt (L),
B RALHL B X OJERIAE T ILBE S OB e I e H. - THH

HWE¥%, IEEE, EXAFRERH.

65



