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Abstract A new algorithm for edge-preserving image restoration is presented in this
paper. The variation based method can be effectively used in the process of non-con-
vex optimization for solving the linear inverse problem. By analyzing the properties of
regularization functions and the corresponding energy functional, an optimal expres-
sion of regularization function and a new energy functional with binary variables are in-
troduced. Thus the non-convex optimization problem i1s transformed into a sequence of
essentially convex one. The local optimal solution of non-convex optimization problem

is then obtained by using a relaxation iterative algorithm. Such algorithm is shown to

be globally convergent. Finally, the proposed method is tested on real and synthetic

Images.

Key words Regularization, image restoration, variation, global convergence

1) BRI R 24 (6002430 D HIEZ B RB 2 E S (60175006) ¥E B
Wi EH R 2000-04-04 W ek ks HBH  2001-05-28




674

1 55

El gk B 2 E 1R 15 B A 2E Ay &
IR N PR, T 52 e AR 1Y
18 A6 [B] 8 O A a0 . 1xX Fp B 5L A

h

TRY

Horpt wla, y) A HRTEMK E 1) B35
BT on(x,y) AETE MRS, Q U SR 2
BB A, ) EREH BT (R
&5 K B Ta] 7381 S B

plx,y) =

FANTEER X H i R 28 H N1E[F]

HP TV (u) =

7"‘<§E‘f{ bfl]—fuq:ﬁI_E(S)Eiﬁ%F

Cateaux A4}

EARVK ] U AL A DAL ]t

mln

u)(x,y)=(k*xu)(x,y).
ERFERAFE BB u(x, y) BIMETHRIE T R B G F. AR,

ARl —. FERBE R ECFLET, HEREER
o . E SO I B4 Pk R L 5 R B A — D SR R
QR AL R mf 4N T e MR R R R

(Ru)(x,y) +nlx,y), (x,y) € {2 (1)
B p () AWM AR, R 2 Hilbert %5 /] i 47 5 2644

BER PF— 1T HHREBD. BT REWHHNT—

A8 T AR p Pk A B R B w, &5 5
IR A ECH R Y ulx, y) B A ELE B BE Y 66 B, 2R R A FH L.
X o ESNEE, BT8R Tikhonov 1E ML 77 = #%E BH 2 AH 4 B %8y, Bp v

=1t + chV(u)) (2)

|| Veldady, | Vul HES oy BIBBEZ B« HEBHL AN X3t
A7 MM LR o B 75K A0 02 0 /MR

J (u) :Ajjﬂiu———p\EdQ—FyJJgO(\Vul)dQ (3)

dJ (z.v) = lim
g—=()

E A :[0,00)—>[0,00) K 3E 128 38 o B0, B WFR O 1F WAk R B HE 50 A BT 2 R E L
fﬁiﬁféﬁ%ﬂﬁ 12 PR J Go) IR B B PRAE TR AL BE 2 ek 44
6 X PR R BNV o n=0. FAVHEEIZ K J @

JA

J(u + ev) — J(u)

R Green &P, H S WAy, 15

dJ(u:‘U) — 2/1

& Xt iy
A u KLY

ST

T8 7 W 8

Wi DR AH B /0 A4 1) A
AW, FEXTPME o 8K, AR #ITLY
F KB AR
A F B ET
TEXS IE WAk 77 o 81 7 B 43 AT 1Y) 2
1 RHAEB) , R H X4 B A AL f 7

J (v — plvdfd — Z#JJ div
T v € L2(2) ,dJ (u:v) =0 B L GBHE R b J W Tad A,

(4)

£

¢ (| Vul) vd (2 (5)

|Y7u\

SN e B R T O ITES R 24 o AR, R BT R v A 3

H 2 o MR R B, BT RR B T REAT BT R S g, B E

R B E K, AR RIEH IR, K Eog
—ZRAE ™ CZERR L A TR 11D 1 WAk 2R 800 B A K o T 8.

e iy

(e 33'{7["5

— A HAEMTZ R AT N B OCiE e, PR T3

T 872 bR 35 B AR /NI LE AL pf B 2R 8 2 G #2

(VAL LBE W= R7 1?%&4%3!3Ehﬁlikl‘tﬂ%_'ﬁ%{tﬁﬂiﬁi:%dhﬁtﬂz uld, i




5 Hf pRKAFSF . 2R TR R VK E B/ R ST 675
FR A EE G S AN ECRIRB I E N RS AL R R E RSN CEH 5)
X P77 1% A A S0 T T oK AR M A (R A i Ry e A G
2 TR I A pR RO A 5t S

2. 1 ﬁ:’f‘tl_ﬁmﬁ 52523

TE SCHR[ 3 19 AE & oL X 3T Bayesian t) KI5 AL 1185 Mumford-Shah 72 g8 /1 23,
BT S s ROENMbZ g IR AN TGO F RN R ECE XA
(| Vul) = w(|Vu|)(1 — E)? + E? (6)
HpP E=E(|Vu) H—Abii R AE, o RHIE R iy ™4 e & A1k Ak 72 o6 N
T = A|| lu = pd@ + 4| @I Va1 = E) + Eda (7)
I8 1. BUERE u, #IE X (7 Mumford-Shah 72 ek A 3 &z /M 1E WAL b6 2L @ 42
i I g o
1) o(¢)=p(w(t));
2) p REPIERN BT hrEs SR R MR R 0" (0) <0;
3) 0<<p ()1, H p(0)=0, o (0)=1;
4) w() FAETUIBRREH R MR R >0,0' (1) >0).
FTar b LB X R A o Ve DT IE , Al LAIIERH : 24
_ - w(|Vul)
P Tul) = pla(| Tul) = 77 00 s (8)

it Z B J ) B E /N, B o REE o RSP RME D ~4). X H IR {78 5 H
SREZAIENL:IED
238 BOE WK R £ an = (8) wy JE =, J
B  w(t)
o(t) = p(w(t)) = T () (9)
N7z B/ OEAL N
__ ! L 2 - w( l Vul)
J(u>_,1jm|u p\dn+pjml+w(lw|)dn (10)
T T ASVE £ 907 B, 1F WAL o8 B0 5 25 (9) BT 7 /Y BR &K

i

T

HA151#E—1

HH
R A RR L ) B ME— AR M. e T

du‘]c(u!r:t}) — ZAJJ. (H — P)‘Udﬂ —+ Z,u
{1 o/

MWL vz, y)=p (0| Vu|)H,E

Ean = (10) iy 9z R AL ik
5 Z AN H) 0Tz R

J (u,r) = }{J

H & Lz(ﬂ) (O<T(I ay)<1) ’ (I ,y) EQ)

/ﬁ‘

u— pl2d0 + | ro(] ValHda
2 BRI T o 2748 S, R G F
u ] Gateaux A1 A
~ vu
" . dN
jﬂ?‘fv (| Vul) Vu] Vv
dch'(u!r:U) ‘r:p’(m(|?ui)) —= dJ(u‘U)

BAR M8, HAR/MBRAE—. 8 T A RO S SR AR /M

(11)

o T

3

(12)

(13)



676 ) k. i ik 28 #&

HA1SZ BSR40 2.

FI2 MEEBH e FHYE u=u,r=p"(o(| V| D}, 7ZE J. Cu,r)IBENE /D, N @
W NIZ oK J (u) W R S i
2.2 AMERFEE RN

EH 2 &, ﬁkru\umzbﬁ%iﬁjlﬁdw%mwﬁnﬁﬂtmﬂnﬂ@

mm J (u,r) = mm(/l |u — p1*d82 + p J ro( | Vul)d) (14)

KR AR — ek, 1E F_ﬁ*éﬁﬁf"#ﬁ"]m A=1.
WU ERE r B, 2 T Gy ) IB BN SR — R v € L) A dud. (usr:v) =0 I
_T‘.L* ;FE?(EI\(IZ)& 7&

dJ (u.v)|,_, = d,J . (u,r.v) =7 = () (15)

r=p (0| Vul))
XAt —RE g€ LA, 10
M(g) = argminJ, (u,0 (w(|TVgl|))) (16)

N5 21—~ B SR

g, L) — L* () (17
— BT MR- TES B 92 THSFESHME (M. R 2 F AT
IRFAF I R w A BRET O WA B .
T4 SR 2O A R K RIAR B 7 AR we (s ) B AR F — 3 1 455 1) B o K0
e(x, ) ] —BURFEEB a(, ) (0 <K, 0L, KXL HEG K/ FER.FZNT
AT AT 5T 0 R BOE — P IR AE a0 N A PR 4E Hilbert %3 [H] ) % 14

b

b

II = {ulué€ epan{ e,i i (T by |l ull 2 << 255 V2 (18)
02;{1
24t 0 AR BB e..., (o) = e T 2 | iR, TR Q6
Fir i€ R ML S R
J(g) = M(g) = argminJ (u,0 (w(|Vg|))) (19)

we I

TRAE g el, NI 9 & XAE L) L BE TR EE I Ry B, I fhm 5 8 5 ok 7
A BRI R RIZ R J <u,r>ﬁf1ﬁﬁz‘r%¢t(1z)&@%ﬁu@ﬁﬁﬁﬁ 51 WAL 57
do (@ (IV g :v)RT u Ml g SR HWDERES) {«*) . {g* )i 2

u' € Mg, u—u, gk—"?a
MA «* €arg min J, (u, o' (w (| Vg* 1)), d.J. (u* y 0 (w (| Vg |)):v) =0. d,J. (u,

ey
o (w(|Vg|)) v) sk, 8
d,J. (@, 0 (w(|Vg|):v)) =0 (20)
B 1
uGargﬂng(uﬁP (w(|VE[))) = M@ = 5(g) (21)

Xt B O S AN b2 SR (B R R B B g ) 801,
BME. SN REBFEZWEY O=—0 "), Bl b)=14+1t—2 V ¢ .
53R 1. ZR J@OM J (u, R FXA




1A gk 7k -5 . BT AR 89 ER VK B B SR Sk 677

Hoip
AH A,

Fim) = JF Ced Gl 1 Pl 33} 3 pHﬂbw (w(| Vu|)))dR + a (22)

a NHEELIFHA aeM(g), W JG@<JT(g), BRBRS 0 45X T K% J &/ ARy, ik
it % A

zr b, SERIAS 2 an | .

ol 1. B (19) P SCHIBRET & 2 —BUR /Y AHXT TR & S ™ fg i a0 Se R

L

5t CHTBRIS).

i

A 1
A

0.1 W LIe 45 2.

HJS

i 17

¥
el 0] B R IR R IR T RUE S8 B 8 PSR B A A v e B 38

T th TR B T 0 2 B A RA T R
EIE 3Rt %), MR —HIIEREL «’ € L (D), 7€ X
W € argmin J (a0 (w(|Fu'|))) = Ma*) = 2(u*) (23)

ue I

'_T:ijigiigi;ﬁiﬂiiz

13 J(u*“)<J(uk) Hi{«"' 2 PHFE TR
2) #7 w At Y RIS W Rt O BB BRI BR A J () HIRRAS A, Hllim J () =
. 1EBH WL 5% B.

R E 3L08

EATH, MG E - LEEKEIEEEZRE R, I CE A8 =R #ET R
FIE 2 43 B4R T X o e s vs Bepy A TR B AR EMR B TR B eIy 25 R . L 355
KBS B AR O T A K AR BP B R BcEK Ay 0.9, 0.5,

LG RO, R AP BN, BRI B ORI, T 2P BRI, VR BRI 40, (H
RE B AT H AR R R A I GRAFAE. T 78 0 i IR AL AR =4 T — PR L 2 R AL 2

R AR A AR FEHY [ 2L

o,
:.*i. J #;.r‘#aﬁh’ fh
=
wﬁ‘- £ HF G ’iu -fﬂ:* r' L
.l-:--""l"hl r"l’ o -i.i‘l':.:-' . '*.}.-i-'.!' -'b%f:l'- & T

(b) (c) (d)

A EME, (b))~ (WK E 45 R O RAMN FERP K Ae=0.9, 0.5, 0.1)

(a)

B 2 Lena B2 ((a) WA EE, b))~ (WKE 4R G MM T EA P K Ar=0.9, 0.5, 0.1))




678 : 7 I A 28 15

7E RSz, %t R 128 X128 A R T w 5EAR 10 YGE A (RIFER (23) 7 & BLE
10), i iy CPU B[E] K 7. 25 #, Bl cpu=7. 25s.
& 3 FRR T R R AR 4y 7 BT AT B AR IR R I, 45 T A SO R H Y A
WA CHEREEERER ARG R B 3() MR EIR, A 3(b)i€1"%?5[§1§(%ﬂitl: SNR =
38db). & 3(c) & A Ambrosio-Totorelli £ AUt 3 (b) #E47K B 19 45 R (SNR =
15. 24db) . B 3(f) E:F Sobel &7 JiF H B i 443014, & 3(d) 2 F] Shah #AIV XA 3(b)
HEATIRE By 45 B (SNR=17. 49db) , [ 3(g) Xt H ] Sobel T Frit Bty sk, & 3(e) &M
A3 TR H A T I 3 (b) #HEFTPR & 1 45 SR (SNR=21. 02db) , & 3(h) & H] Sobel H 1B
o 00 3] g 34 2%

-

e :":t'-‘.t"‘.~. i

(b) SNR=7. 38db (c:) SNR—l .54db  (d) SNR=17.49db

i
T [
] e L
P "
i
{g;»a.xﬁ:_:ﬁ : ey
4a i -t ' ]
;Ew-‘.h-:? 5 o
o L = i
A 3 o !
5 E B
3 g bk
- o] |
B e
H
i ; ;
= L

aaaaaaa e
s
e
BN R ¥ o
R e e ;
fLo e .
5 “‘“’rggﬁ'?&c’ ""%g v:g‘&k‘%h i LR
e S
T

L S

(e) SNR 20. OZdb (f)

(h)

3 L

S ok X IE AR bR B RIS, $R i T 2T AR IENA LR B BRI E H k. 2RI
AR 43 A BEA KR IR A el B AL A O R, SR S A B ROERBEIE SF U B R 5t &
R, R ez R ey /il a i SCha il T RE 2 RWESHEIER, XFFETA
R0 P T M S R B R X el B A RS (G BALEE 2 . BUESER R, riR S mAE UL B
RO B FE PR, [A] B A B b Ry PR Y 1L 24 R

Z £ X MW

1 Andrews H C, Hunt B R. Digital Image Restoration. Englewood Clitfs, N]J: Prentice Hall, 1977

2  Yuille A, Poggio T. Scaling theorems for lzem—crossing. IEEE Trans. Pattern Anal. & Machine Intell. , 1986,8
(1):15~25

3 Charbonnier P, Blance-Feraud ., Aubert G, Barlaud M. Deterministic edge-preserving regul-arization in computed
imaging. IEEE Trans. Image Processing, 1997, 6(2):298~311

4 Meyer R R. Sufficient conditions for the convergence of monotonic mathematical programming algorithms. J. Com-

put. Syst. Sci.y» 1976,12(1):108~121



5 KT 2T 419 P QR T 96 08 U S

bbb

679

5 Black M J, Rangarajan A. The outlier process; unifying line processes and robust statistics. In: Proc. IEEE Conf.

Computer Vision and Pattern Recognition. Seattle, WA, 1994. 15~22

6 Luenberger D G. Introduction to Linear and Nonlinear Programming. Addison-Wesley Publishing Company, 1973

7 Luenberger D G. Linear and Nonlinear Programming. Reading, MA: Addison-Wesley, 1984

8 You Y L ef al. Blind image restoration by anisotropic regularization. IEEE Trans. Image Processing, 1999, 8(3).
398~407

9 Vogel C R, Oman M E. Iterative methods for total variation denoising. SIAM .Journal on Scientific Computing ,
1996,17:227~238

10 Mumford D, Shah J. Optimal approximation by piecewise smooth functions and associated variational problems.

Comm. Pure Appl. Math. , 1989, 42,577 ~685

11 Geman S, McClure D E. Bayesian image analysis: an application to single photon emission topography. In: Proc.
Stat. Comput. Sect. , Washington, DC: Amer. Stat. Assoc., 1985. 12~18

12 Vogel C R, Oman M E. Fast numerical methods for total variation minimization in 1mage reconstruction. n Ad-
vanced Signal Processing Algorithms, Franklin T Luk ed. , In: Proc. SPIE, 1995,2563:359~ 367

13  Ambrosio L, Tortorelli V. Approximation of functionals depending on jumps by elliptic functionasls via I'-conver-

gence. Comm. on Pure and Applied Mathematics, 1990, XLII1:999~1035

M=% A
538 1 AYiEEH.
"%“F(u,r):.]c(u,r)+pjjﬂb(r)dﬂ:Jc(u,r)+;1Uﬂ(1 Fr—2 v )d€, 5% 0<r<L B, Dur) %

F r BRI CGERR B AT r BRI (usr) R TF r B, H R ER /MR EE 2 RN
X5t I'ayr) T r KRBT ,15

d,I'(u,r:v) :;t“.ﬂw( | Vu|)ovd2 4+ g

b (vd{) =
0

M, a

#“ﬂm(\w()vda 4+l (= g1 )Ivd =

Jo
#”ﬂ(wuw\) — o'~ H(r))d2 (A1)
BT »d, et o7 :0) |r— o1 vupy =0y Bl 7 (xyy) =p' (w(| Va | DB, I (u,r )ik 2] 2 sk, IRER
IF'u,f (0| Vul|))) <T'(u,r), ¥Yrel (A2)
£ 4€ arg Té?Jr(u,p’(W(lVgl)))gﬂlﬂﬁ
N, (w(| Vg < I'(g,p(o(|Vg[))) (A3)
ZE& I (A2),15
'@, 0 (w(| V) < T, pf(w(|VgD)) < T'(g.p (@(|Vg) (A4)

MAE, IE B4 22 L, BIRER T () =T (s l—pativar +as A IALHE UL BT « #9857 28

BREEARSS. g b,
d. [ (u, 0 (w(|Vul|))) =d. I (u,r)

dod . (ust) | pocivalyy + AL @) [y vuin * Wit ) ol vuin-

=g (| Tul) T d,I'(es7) | = ¢ @i vubyy ° (dar) | 1= @iivapy =

BEXQOAAX A2, F

d '(u,p' (w(|Vu|))) = d.J(u) (A5)
FH J @) =Tyt | — g vapy o BEAD TR J @) <J(g). JE B,
£ 3 FUEEH.
2 4 41, A (o)A T RR BT Qo) BB J AT <TG BT — o &R Hix P8I 7 AE
F—ABEZHHULERA. XUEHT €8 5 PRS-




680 ' )] ik, & i 28 #%

2 Nt R WTEAE RS e R — A F 5 b S 7 D HARER , Bllim o =7, B R AT ()

§ — 0

2 LEE ﬁl}f JtD)=J@). BN FHT @ YRR, R A
| lim J W) = J@) (A6)
MRS (o R, AT 1R WM e M GA) =9t L TREE, R B kb D R AEOSUR R A e ) O
N HIARBE A o . HBREL J oS, A

J(u) = llm J(ui) = 11m J@ht) = Ju™) (AT

_ FEGH T uw” EM(&).
A u AR O BIA BN AL B 9 AR T T G 1 P4 HL
G, EH 5 R 2) K HEE.

H
S
=F
V2
T G
W
%

=1y

YW E J ) <@L, X5 AD T
kB,

i,'-.i

dkk O, B, 1998 ARV TS K F AR FE, KRR B e 5 LREZ R 5 60, 1999
AE R 2000 FEFET L T R¥FHHENBFESHEAS LV ANFELEWR TE EFENSE AV B
A BSR4k 2 5 A A <5 ) A A A

BT M B8R, PE TR . EENFEREARAN SRR RE. T BV RO PR 55 9
B 38 TAE.

XFEE  HE PR B e R S a8 T EALES

B GRS -5 R S

Ny

NN SEG SNG SEG SET SN SN S G ST NG NG SNG S g NG NG Mg Mg ™G MGG ST SOG I G A GSOG SMGT IMGSG ST S G S G NG AT ST AT AT ING SOG I G IG5

The 4th International Conference on Control and Automation

June 10—~12, 2003, Montreal, Canada
Call for Papers

The 4th International Conference on Control and Automation, ICCA’ 03, will be held on June 10-12,
2003,in Montreal, Canada. The conference is jointly organized by IEEE Control Chapter, Singapore and

IEEE Montreal Section. It creates a torum for scientists, engineers and practitioners throughout the world

to present the latest research, results and ideas in the areas of control and automation.

TOPICS OF INTEREST INCLUDE BUT NOT LIMITED TO.

* Modeling of Complex Systems « Optimal Control

* Linear Systems * Discrete Event Systems

« Robust and H.. Control « Adaptive Control

* Nonlinear Systems and Control * Learning Systems

* Fuzzy and Neural Systems  Intelligent and Al Based Control
» Estimation and Identification e Real-Time Systems

» Fault Detection « Sensor and Data Fusion

* Process Control and Instrumentation « Robotics

« Motion Control » Automated Guided Vehicles
+ Flexible Manufacturing Systems *» Control Education

« Computer Integrated Manufacturing » Control Applications

» Factory Modeling and Automation * Process Automation

* Petri-Nets and Applications  Man-Machine Interactions

« Micro and Nano Systems * Smart Structures

(F¥E56 820 T1)



