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Abstract The paper mainly focuses on the problem of filtering-based noise removal. First of all, the theoretical relationship
between bilateral filtering and an optimization functional is concisely constructed, and meanwhile with a kind of generalized
bilateral filtering derived. Through combining the idea of bilateral filtering with the digital TV model proposed by Chan, a
new regularization term is proposed, based on which a unified optimization functional is subsequently constructed in both
cases of Gaussian noise and impulse noise. Finally, a digital bilateral TV filtering is deduced by solving the Euler-Lagrange
equation of the optimization functional. Experiment results demonsirate that the digital bilateral TV filtering is a reasonable
and effective generalization of both the bilateral filtering and digital TV filtering. Especially for the impulse noise, digital
bilateral TV filtering behaves much better than Median filtering, and hence it is a good method for the actual application.
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Fig.1 The sketch map of bilateral filtering

2001 4F ,Elad i T BB H LT L E R
FRGAMABAE W BN _FGE B2 BTE Jacobi &
BETHALEAKRR " AT IBRNEYE
B, A< 3K B h 3 b B N D0 B I A S B
REBEZRZHMELER ETREZITH
BRI MR B, A X BRI TN T & B
B/AEREZ K

u =arg minJ(u)

=argmin{ 3 Y d(x,9)pa(u(x) - u(y) +

xeflyeN,

A Y polu(x) -u'(x) | (6)

xef2

K, pp Mlp, WhEEp- BB (HRERELAREA
MEER, W EBREmMSEHRRIER) d(x,y)
HESx My ZRANEERFEERE;A AENKS
BN, Am(m22) BB RE, RETIEIE,
K (6)FEH A x L EBRR-RIM B B H R
3J(u)/3u|, =0 (7)

Y d(x,y)pp(u(x) - u(y) +app(u(x) - u’(x) =0

(8)
LR R B px A py ﬁ?ﬁ;@:{irzlp'(t)/t =¢>0,%
(8)THE W |
pru(x) —u(y))
PSR e T RT))
py(u(x) -u’(x)) 0 _
A (a(5) —2°(x) (u(x) —u(x)) =0(9)
MR HTRHERE, FHS
by, = pr(u(x) —u(y)/(u(x) -u(y)) (10a)
by, = pp(u(x) - u'(x))/(u(x) - u’(x)) (10b)

(u(x) —u(y)) +

ww = Ahg’x + 2 hx,y . dx” (100)
yeN,

ww,, = (d,, *h,,)/ww (10d)

w,, = Ah; /uw (10e)

T8 BT A RT3
u(x) = Y ww,u(y) +ol,u(x) (11)

yeN,

B, (1) AR M5 08 B A% R B B4 X0k o8 B
B SUE S ML HL R FAR A p- MBS & 7 R (B
W RAGRE W ) BB IALE , B R —f
BRI XHIGLMER AR FHH, 5 A =0,d(x,y) =
ds(x,y) ,pp(2) = —(rzexp{ -2} +0° Hpr(t)/e
=dg (x,y) B, XA ER U AN (2) BTN BB,
B AER (6) IR T , W1 88 Be 8% MK BE B B A AL
HAR FRETFRES IR PRRE p-RHG

4 BFWHhETERHHE

ETELHW, Chan £ T —FiF 2R EHR"Y
DTV(u)= Y |V.ul (12)
xed)



714

BXEEBFNALTEBRRER LS 1181

Forb, | Vo |5 XN R u 755 5 x AbHO A 2
3 (u(y) —u(x)? - (13)

yeN;

|Veu| =

HP N, A 1HE2 B8R RGE(CRI4]FRA T

Braf R L) .

5T U U 95 A R e B D £
U1 98 3% A B B0 K 48 8 v ) XU EE S AR B L
i, 2K (6) B IE N, A& SO i — ) LT
SREHEM KARFUALEERY

DBTV(u) = 2 |V, (14)

Heh, | V.u|,(F £ B {83 bilateral, F /) & X 0 A
Bou LR x SRIEEMRRHEZE

|V.ul, =\/§dn<x,y><u<y>—u<x»2 (15)

HA,N, A m(m=3) BB ARG, dy (x,5) AL R x
Ny B8 JLATRE RS B B ek g, T, B T DBTV R
FABE T XL BB N E F A HLH A DTV 42
BB 0 R P BOOLI , B 1 B A 5 9 A TR 7 4
B, RIRT A BN &R EE. ARIERER
W, BIIATHRELSH « (B/DIES, FXH
le-10) , 3 52 SCINF HL% Ak i BE B I AUJR 828 22

(Vauly, = [ Y dy(xy)(u(y) -u(x)® +5° (16)

yelN,

ABXEL d(x,y) HIMTHER O, HEHN oy B
EENT R, B
exp| - lx-y|’/20%] y#x,ye

d(x) _{ o(0<sw<l)
FXRw=0, EFXHSEH, 4, (x,y) HXFER
%, RN LSNP LS AN KEENHER
BG mp X 17 24 B 40 38 1 o 0 &5 45 B K BEAE AN BINIR B8
BB MBS SR EERE, AR IE &K
B YRS P L EETRAIT, XA LEL
TRESEPHEERBHLE, AR ThA%R
TER SRR RE . m b w] W, X F BRI X b BE X
BhWER KEENHERETERSHMER
BRRME KBS R SR TN T ER&EH
B EXE NS  KEEMNRENEETE
ARPFEHRWNEFHEFENEGRFEERGNTR. B
2HHART 0=0.5Ffow=008fd(x,y) 82 4R
BHE(gy=1),

HEGRMER (K (1)) P o h—BRRE S
i, AT LA BT X Gaussian 43 A T {0L M 355 B o
¥, MM, ETF DBTV A (X (14)) F)” X Gauss

I.x ( )
1]
y 'r’yelx

1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
04 0.4
0.3 0.3
0.2 0.2
0.1 0.1

0, 0,

5-4-3-2-10 12345 -543-2-10 1234 5
(2) (b)

2 BEREREESER

Fig.2 The sketch map of the distance metric
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R, % n o koh RS 8 p BUER 1 RAK
(18), EQL,M%E%ﬂ‘m WAEE, RALI &
BAENKEREEAERL © SECERRENE, Bk
WEEEE TR FEESE—ERE FWERT
BHTRE, A5EH,HERER(18) FHTRE
1 F ¥ Euler- Lagrange WL

Zd(x,.v)( IV N

YeN,

1
lv,ul,,_,)(”(’)’ u(y))+

A(x) - sgn(u(x) -u’(x)) =0 (23)
Hep,sgn( - )N SRS HR(23)EHHE 2T

2k, &’%ﬁﬁu?ifﬁﬁ:

1
d
Z (e |v, L TVyul,.

A(x) (u(x) - " () /(|u(x) -u®(x) [+&) =0 (24)
He,e HB/NER, A BN 1e-10, XK (24) i
AREEERTUANLMUBHERAELETH
DBTV 3&¥ ,

)(u(x) ~u(y) +

5 XBERSHH

HERENEAGRR, RANMTHRERFBRK
(peak signal-to-noise ratio, PSNR ) f 4 Bf B #5 4%

PSNR-IOlgHmaxlf 11 /{z(f”-g )2/M x N}

Ko, FRR/AD Mx N #RBER, g R E &
B ERER, AXHAITEYE Matlab F & F i
#7, HSBEBE T PSNR A EN, LB EKRR

—iEK/NR 128 x 128 ¥ B REER (B 4 BiR) o

H4 BER

Fig.4 Experiment image

SHE 4 IMAFZER 18 HEHE LS, B2
— 8 PSNR #21.9102dB fiB LB (B 5(a)),
RIEMAANABEE (m=2,0,=1.5,0,=35),
DTV 38 (m =2,A =0.1) 1 DBTV 3 (m =2,A =
0.1,0,=1) %A 5(a) FFTENR 10 RFH, BS
(b) ~ & 5(d) /9% H T xR F &K PSNR fH#F
WER KK EUE R 29.192 4dB, 30.069 9dB,
30.3833dB, B 6(a)BH T ER 3 AR SR
10 Y@ PSNR 25 {L i 4% B 6 (b) 44 T DTV JB
(m=2,1=0.1)# DBTV BEARFESHTER
10 Y #9 PSNR A4 B4k (o, =5, DBVl 0, = 2,
DBTV2;0, =1,DBTV3),

(¢) DTV Y EHEE

B 5 MATE N 18 HR A B R A
8 LR 5D 3 0 08 MR 4 R

Fig.5 Denoising results using defferent filtering methods

(d) DBTV 3% 5 E%K

in the case of white Gaussion noise N(0,18)



BXEE - HFEWALTEEHEREREER 1183

78
31 310
SRR KW Ak
. 30.8 1
30} ¢ | v* el B
/"‘4—‘.‘_‘_*_} 30.6 */
h
2 ++ | 304 i
& PN 302} |
T : b T
S AN ; £ 300
£ |+ % £ 2038
2 * 29.6
%
- . 294 ——DTV |}
26}| ---+--Bilateral | *_ 1 —e—DBTV1
—+—DTV *, 292 —8—DBTV2H
— #«—-DBTV T — %*--DBTV3
L 29.0 —T
250 5 10 0 5 10
R BARKH

(a) BF,DTV,DBTV

B 6 RFEEGRE R E A PSNR 2L £
Fig.6 Comparison of PSNR value

(b) DTV,DBTV1,DBTV2,DBTV3

SRS R BoR, M 38 M DTV 3E 3%,
DBTV BEHEREMEMAZREFEHREEERK
YEfE . [FET B PSNR ZE 4L i 4K 7] %0, DBTV I 32 4%
KB EBRbEER —-ENERE, Bik,DBTV &
Fead Xt XGH g I 25 A1 DTV I BRI S HEMA
M, :

ERExE 4 A 6% B S, B3 —E
 PSNR {&4716.7228dBi BB & (B 7(a)) ,RE
-FI A DBTV S E B H T L R, SREZH R m =2,
A=T,05=3, B7(b),B7(c)%HT DBTV ER
10 KA B4 4 RSE 10 R T-I| 45 5%, PSNR fH4)
431, 454 9dB .31. 841 9dB /£ K L&, R A 3 x 3
o {8 38 I 2% (median ) Xf & 7 (a) #4778, B 7(d)
HHTHERIOKPHE 1 RN FPBER, KK
PSNR {5 &, BU{E #30.1881dB, B 9(a) /i T
AH I ) PSNR AR L 4R

FEXE 4 A 12% KB B, B B —iE
PSNR 34 13. 449 8dB ;iR /LB % (& 8(a)) ; RRJE Fl
Fi DBTV 3B 1T F W, SBERHI I m=2,1 =
5,0,=2, E8(b), A 8(c)sii TN 10 KFH
B4 WME 10 KFEBELE R, PSNR H 4 5 K
28.3208dB.29. 651 9dB 4E K A%, KA 3 x3 Pl
TP AR XTI 8 (a) HEAT T, B 8(d) A4 HH T AR 10
WS | R FREE, et PSNR HE& K, BUE
927.657 1dB, B 9(b) 4 5 T ML A9 PSNR {H Ak
k.

FREELEFEEH, R RUEBR , E RIS
J5 B 452 068 {5 W 1 DBTV 38 Ui 28 X Bk o Mg 75 0 0B

(c) DBTV R 10 KK  (d) PHEEEEN 1 KEAR

BT fnA 6% HIhUE S f B4R DBTV X
BN PSR
Fig.7 Denoising results using DBTV and median filtering

in the case of impulse noise with density 6%

(a) BAER(12% WERBRF) (b) DBTV %4t 4 WG ER

(c) DBTV R I0KEASR  (d) PEEEER 1 KEERK

B8 A 12% WL S B ER A DBTV X
B IR BT AR
Fig. 8 Denoising results using DBTV and median filtering

in the case of impulse noise with density 12%

BHEHERTHEBES HAFERNLH
#riE.



1184 hERERERER g12%
I I~ removal algorithms[ J]. Physica D, 1992, 60 259 ~268.
3  Perona P, Malik J. Scale-space and edge detection using anisotropic
a1 29 diffusion[ J]. IEEE Transactions on Pattern Analysis and Machine
2 Interlligence, 1990, 12(7) : 629 ~639.
30 4 Chan Tony F. The dgital TV filter and nonlinear denoising{ J]. IEEE
_ A27 Transactions on Image Processing, 2001, 10(2) : 231 ~241.
§29 g% 5 Nagao M, Matsuyama T. Edge preserving hing[ J]. Comp
5 E Graphics and Image Processing, 1979, 9(4) . 394 ~407.
- 25 6 Wang D C C, Vagnucei A H, Li C C. A gradient inverse weighted
o smoothing scheme and the evaluation of its performance [ J].
- Comp Vision, Graphics, and Image Processing, 1981, 15(2):
—+—DVTBI T B —+—DVTB2|] 167 ~181.
— #— - median — %— medi 7 Himayat N, Kassam S A. Approximate performance analysis of edge
260 5 10 220 5 10 preserving filters[ J]. IEEE Transactions on Signal Processing, 1993,
BRES BRAH 41(9) : 2764 ~2777.
(a) DBTV1 5R{AREHE (b) DBTV2 5 {H s 8 Huber P J. Robust statistics{ M]. New York: Wiley, 1981.
B9 PSNR A5 k2 ok 9 Cobson D, Vogel C. Convergence of an iterative method for total
Fig.9 Comparison of PSNR values between variation denoising [ J ]. Society for Industrial and Applied
Mathematics, Journal of Numerical Analysis, 1997, 34(5); 1779
~1791.
10 Farsiu Sina, Robinson M D, Elad Michael, et al. Fast and robust
6 gﬁ' 'EQ multiframe super resolution [ J]. IEEE Transactions on Image
Processing, 2004, 13(10) . 1327 ~ 1344,
Zk)‘( ﬁ‘ X‘j’ ®EF ﬁ $ !ﬁ & %g 843 E ‘@ % ﬂﬁ m % R —é— 11 Mrdazek Pavel, Weicker Joachim, Bruhnl Andrés. On robust
estimation and smoothing with spatial and tonal kernels[ R]. Preprint
%ﬁ?ﬁﬂgﬁj T mmﬁ&ﬁﬁﬁa&ﬁ& @ZIEI ﬁgﬂ No. 51, DFG Priority Program 1114, University of Bremen,
WERR, R R H K SONREER; RFETN Germany, June 2004,
mﬁ&ﬁ m&k% jﬁ EP E‘J XIE i ﬁ jm ﬁ m & m %IJ ’ 12 Barash D. A fundamental relationship between bilateral filtering,
AXHE T Chan B H K DTV ER BHT —Fh adaptive smoothing, and the nonlinear diffusion equation{J]. IEEE
DBTV ﬁﬂ ; m E R ﬁ _!—.l: T E:}: DBTV ﬁﬁ E‘Jﬁﬁ:ﬁﬁ Transactions on Pattern Analysis and Machine Intelligence, 2002,
BER FESHTETHSRE AR RERH O
. 13 Elad E. On the bilateral filter and ways to improve it[J]. IEEE
‘Iﬁm ngk%‘lﬁz&?mmé@%mﬁ% ° *%%%E‘ Transactions on Image Processing, 2002, 11(10) : 1141 ~1151.
7}% ’ %%%EMﬁm%ﬁm ’ E%m %E @&Eﬁﬂ&ﬁ 14 Charbonnier Pierre, Blanc-Feraure, Aubert Gilles, et al.
{:E?uﬁ H_"ﬁm s XS(iZl é @% m %B ﬁ E jﬁ ﬂﬂl mﬂ & *ﬂ é Deterministic edge-preserving regularization in computed imaging[J].
@Iéaﬁmﬁ%%ﬁﬁﬁﬁ B{J jﬁr‘" o jtﬁxrj'if%mzﬂﬁ IEEE Transactions on Image Processing, 1997, 6(2): 298 ~311.
g ,XXUZI%’E%%& 0 3= W 4 BB fﬁ iﬁt:]: [P {Eng.ﬁ 15 Black M, Ra;lgar:jan A. On the u:iﬁca:ion of line pro«l:esses, oEl;Ii]er
rejection, and robust statistics with applications in early vision .
%§ ’ ﬁﬁﬁ% Hg gl;m ME ° International Journal of Computer Vision, 1996, 19(1): 57 ~92.
#%iﬁ( References) 16 Geman S, Geman D. Stochastic relaxation, Gibbs distributions and
the Bayesian restoration of images[ J]. IEEE Transactions on Pattern
1 Tomasi C, Manduchi R. Bilateral filtering for gray and color images Analysis and Machine Intelligence, 1984, 6(2) : 721 ~741.
[A]. In: Proceedings of 6th International Conference Computer 17 Black Michael J, Sapiro Guillermo, Marimont David H, et al. Robust

Vision[ C], New Delhi, India, 1998 ; 839 ~846.

2 Rudin L, Osher S, Fatemi E. Nonlinear total variation based noise

anisotropic diffusion[ J]. IEEE Transactions on Image Processing,

1998, 7(3) : 421 ~432.



