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Sparsity and Smoothing Multi-Regularization Constraints for Blind Image Deblurring
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Abstract: In order to recover the linear spatial invariant blurred image blindly, a multi-regularization constraint- method for blind image
resoration, which is based on the sparsity and the smoothing of the motion blur point spread function (MPSF), is proposed. First,
according to the sparsity of the edges in the natural image, a weighted total variation norm (WTV-norm) is applied to the restoration
image. Next, inspired from the characteristics of the MPSF, multi-regularization constraints that handle a wide variety of blurring
degradations, it is applied to the blur kernel. Finally, a modified variable splitting (MVS) method is proposed to restore the image and
simultaneously estimate exactly the blur function. A large number of experimental results indicate that the proposed method can also undo
a wide variety of blurring degradations (e.g. motion blur, Gaussian blur, uniform blur, disk blur). In comparison with several recent
representative image blind restoration methods, the subjective vision is not only more effective, but the ISNR also improved between
1.20dB and 4.22dB.

Key words: blind image resoration; weighted total-variation-norm; multi-regularization constraint; motion blurring function; modified variable

splitting method
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AHBLAE AT 2 0BG H BBORT A 20 b PRI RORN (1 i 0 % 2 HR 0 e Mk 28 MU ANAR R v, 5L 1D Tl B 5 5
SEPIRORN IR 1k bR IR T B B IR bk, PR A P A2 i e el 2 — b i s B A,
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H T BB AR U M AR EE M1 2%, Chan %5 A7E 1998 445 4> 48 22 ¥ 8 (total variation norm, {8 X TV-norm).
FEN T RO S 0B "R PLI Y TV-norm 7778 4 B BRe vk, Bt L2 05 72 R e e 3 A 1 oA A i %
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FUAHEAG Sk 10, DAL S 45 355 AT 191 4 TR0 A0 1 300 B 05 2R ABA I 4 A, SCTR (S, 6141 B BB 25 e it 52 Ji LA I o 43 A
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KA 035 AT 1) 52 i B AE R AR 1) PR B 12 R 8 v T 4R LA R 8 (0 5 . [ B, B2 2 e AR 1 14, e g 42
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T T )8R PR 11 100 G BRI 1) 1 4R PR A2 F0 320 5 0 Jom 0 s i R e AT 0L B8t T — BB R 10 A AR 2 S Ao 4R
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(Hi+l)T(Hi+]xi+] —) +7/1DTDxi+l + leT(tf _bli) -0 (16)

= pRT! FFT((HHI)T)’ + 7’1DT(b1i _tli))
FFT((Hi+1)THi+1 + leTD)
oo 1 A RERE AL R 5 b R R R R AR — RIEARH R shrinkage B ECR XS AR & by AT ¢ BEATEE BT 17 1, 1)
H soft-threshold P& 200 AR by Al 1, BEAT HEHT:

a7)

bt = shrinl{Dx"J'1 + tl",ﬁ“j, Bt = softthresl'told[hHl - té,ﬁj,
N V2

i+l __ i i+l i+l il i i+l i+l
L=+ D) b, G =5 -k + b

(18)

a

X, shrink(a,b) = | xmax(| a ||, —b,0), softthreshold(a,b)=sign(a)ymax {|a|~b,0} .4 B2 & Al fE 7] 2% B ) 4] 46 (L

llall,

Y8k 0,80 5!, b),4 6 = 0.
3 RERSH

N T BAEA ST (K RTAT PN B, 72 SE 56 A 73 A 48 23, BATT 20 50 A N (10 BSR4 A0 3 S PR om0 1l 4% b
REAT T R 1 S50, I8 AR S0 15 55 300 JU A ) — S8 LA R M K ASORY 5 2 D507 VA REAT T L5113 e
SR FE 18 0 £ 455 W LU (ISNR=101og o [Ly—x||/ || [2)) K 1 e 552 56 v i85 K 310 16 52 J5007 v o vk g, vy S LR B0 1Y
AR 7 AR e DAy S 2y O T I A5 o b SR B AR SC R T i A2 AE Windows7 fAE R T 11847 1, 5256 I AT RY
THEHLEAT 4G WAFAT 2.3GHz [0 Intel ABE RS A BTAT (10 S5 3B AR i R IR BB 300 4K, R, By
A EHR KR S A — 2 0~1 Z[H].

© HEBEERAET hipd/ www, jos. org. cn



1148 Journal of Sofiware ¥A+ %3k Vol.24, No.5, May 2013

HAR@) T RHLA LT % IEGIANT 5 ASE A SR RATRI: AR A, SN, U R EHE AL 25845 1
JEE M A T L2 7 PR R 7 8 0 R A R T e B B P BLA, S B R R R i 2
LGP .Sy, POE T BRI R BB B, TS 804, WPRGE T BOB R BR BB 211 9 B
I RE S, BRI, vy R4, FE A W T PSF (W SCRFILR jhdxdy =1 (A 3(6)), 7T LLUWHER y, B4 [R] IS A8 Kb 1) B R AE
Ao AR, AT S 30 PSF B0 SCRFIT G 5 2, i By B4 RTINS AR /N b 1) s KA st 2 189 0, AT 2 380 PSF (R 3K
B AR AEA S SR K S By, 1€ D — AN 324 0 o )W B (2 3 EUBORI IR 1 b B0 B8 10 i, ) I
AN T EUSMIIR AL b8 80K 2 Wi AR ), T0 22 550 A (R BUAE R I A8k 52 20 R 4 AN IR RSER) 3R A B 50 ) 7 ) S R 35
FRTEAR AR AN S ASHH R], 5L e B 5 AN [R] £ PSF, 250 5 H (B 2 AN 7). AR SOl 3 420 SRR Afl i€ 2 8045 A :
D) HAE XA BOE AN BV TR E CEATIRE /D T ) BEAT B BB I B 2, W R A BT BB I R
JEUAE J MG K A (A =10x A, R BB AA A H R RS B 4, (340, 2 R 45 R il
H P2 AR G P AR 72 I AE — ANl R, DRt BE S0 2 1 A 10— AN RELI B SR R A REL S L
2) (EARR )b BATRAEVING G A ER P DR IR DA IR AN =2x 01 T A 3
AN HETR R A5 (R IAELSE F FR 2k A i L
3) B E RATERE G B Y PR D IR DR I H— RGN A ISR K 4™ = 1.2x A0
FEA B8 3) T HEAT S 520K S 36 G0 o W0 58 T S 6 4 O D 8 R B A A Ay I T 2 BB AR 1 R R Ak
BRI i 1 5 ST R A — P
122 F18) I i, 2 Ky K, B IE AN AL 3R by 19 S8 il e/, AT 10 ot 3 S50 52 S PRI % o ) B ol 58 e g,
FPAEARIRBG IN (R BE A 13 250, FIAR R by Z IR SCRR). R, 4 T FEAS 5 W S0 M RE RO 2% A1 R I vl e Ml 2
e VAR R i i S B2 S B A5 B AR A ST T A S FRATIR A S B AT R R B
e 1,=0.0006;
o y1=10x4y;
° 7, =24x107 x((z)y(i,j)j;
_lo
- V2 ‘
-%%W%ﬁﬁ%%Mxm%{ZﬂM&

(%))

* 4

31 ANEEWEGEE

0N IS ABORA 45 52 36 vh 4 A SCI 7 000 ) 5 08 S BERI 1 S R 7 VR0 55 T TV 9 i DU i 3 5
TR R 5 T 4 PR3 FH 1 22 POBSRIS BLI2E TV R I 5 22 B0 7 VAU OV AT e SRR [6] 7 11 5 12
— B B 3 B R BRI ABL [ AR RG0S 1 7 T R 4 AT, I B 8 B IR BRI IR 1k bR B A B UHEAT T L1 Y8k
R 57 24 TR SCRR [ 107 — i A 0 4, 48 & BB IL G AR B S0 B 0 A 3R H T —Fh2R TV B % IE 4k
LR A% T T S PSF LA KAT 29 1 PSF 0 A 35 i 10 52 J5 8 3 SCHR 1316 B AR G ET T TV 1
TE WAk 2 5[] B s SR 38 AL bR B AT T —Fh 28 Tikhonov 1E M4 29 3R, H BV IE B4 29 SR & i v S A0 1Y) el 15
FLAT BT (5 5 B R, A SCHR 10 7 10— A B SR R BB 05 B A OB 5 0 e A2 s e AT K
(R 15 A R A9 30X FE (B AR AR SO 52 5 B B 3 2 80 8 8 3 2 80/ 1 ¥ 5 vE GCk[6,10]) 247 L
BN R AFIC A A

SEECSRH T 256x256 K/MH“Lena”Fl<“Cameraman” 2 J& 28 A HENI R 115 LL S 6 FfAS [6] (R AROR 8 % 25 12047
SEHG Filter#1 & 135°)7 0] [ LR I8 BB s filter#2 & —Fl B 5 WA HLIIE BB filter#3 — AN bRl 22 A A
185 55 10 B TR s filter#d & — AN FLAT 355 5 FE AR V) 1E J7 TS 38 S0 B0M s filter#S & — AN FLAT 35975 5 B AR 1) [l 2455
W filter#6 & —> 10x10 K/ bRiEZEN 3 AMGEE AU S SO SEIe b 38 filter#1,2,3,4 RIR/NEY IxE ME

© PEBEBSAITT  hip:/ www. jos. org. cn



B F ARG R AR 3 BN RBRE LR R 1149

FLIN filter#S S22 1200 1 AME 3 0 B 5RO S 38 2% e X S 170 (90 A i AR PR 151 (Y A A ) - 24 5K F “Leena”
B 03K AR R AT 52 30 1 ,1=9; 24 K FH “Cameraman” b #E 38 FAZ I /=11, 52 36 v 332 502 A T (0 A0 118 i 3 11K
/N B L S PR BRI IR I8 25 ) R /N GE 3 MBS

1 AR 2 A B AR SC I T S SCER[6]H I R IEAT T R 1(b)ig ] filter# ] X “Lena”tr
YEMR G BT BOR, N T BSNR=30dB [¥] &= i 755 €] 2(b) 2 filter#2 7 “Cameraman” Bl b (11500 45
FRFEIIN T BSNR=30dB (1) 7 0 75 & 1(c) R 2(c) &5 SCRR[6]K 7 AT T 2R S E0R A2 J5 5 211
AL S NE 1A 2 v LUE LR SCRR[6]H (1A 7 A0 18 Ak o 5 34T T L1 Y8500 R i 1k 20 9, TR ok
IS T PSF A£7E W S (R ES-F I B R (B 1M R BB R 201 _E 23840, S 808 2 i 2 R K
BAETE W B 1) ringing FBE (LT 1(c) RN 2(0) T 7). 0 A SC 5 1% DR N B3 e b 4 - 77 RSB 3 44, R 50 100 i 1 0 0
SV R, e TR ORUE PSFE AR50 1 (18 7] HoF AR 407 b 440 322 2821 47 #5042 S 70 LE A0 D S BT PN AT 0 b Ay o HR AR
BR A o8 253 = S R AR s (W B 1(d) B 1(g) B 2(d) B 2(@)FT ).

(a) J5H“Lena” & (b) BOHII el 15 (c) JCER[O]H BRI E G () AXTTEA IR R E G

(e) FLSEMIBEHIRILPEL (D) SCIR[6]Th iAo AR B (2) A SO EEAG v AR 4K o KL

Fig.1 Blind restoration of artificial linear motion blurred “Lena” image

K1 “Lena” Nit HL£kiz ) BEM K5 H 2

(a) J5f“Cameraman” &l 1% (b) R e &1 452 (c) ICHER[O]H BRI RE G (d) ATTERBINE R E R

(e) ELSZMBIHIRILPEL () SCIR[6]Th 7 iAMb vHAIBAL R B () A SO EEAG v AR R 4K o KL

Fig.2 Blind restoration of artificial irregular motion blurred “Cameraman” image

2 “Cameraman” \I& AN HIIE SR 4 B K R
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BT R BG IR A7 W LU AR ARk 2 S A DL B 4 Bl RS R iR R e T R IE S5 1) A S, SCHR[6]
FSCHR[13] 00 B J7 VA BT B B0 1) 25 B0HT 2 7™ A e FECRH I SR o 10 2 1) SRR AT B0 1), DA DR iE 45 31 e A 1 2 iR
45 08, SCHR[10]7) ISNR 1E /2 B £ A SCHR[10] b 2 I 15 2 1.

£ 1R 2 40 HH T AE“Lena” M “Cameraman” /K J& 2 A vE AR 4% T8 2110 ISNR 8.1 & 7] LLFE H,
AR TR R ER T HAR 3 MIEGE BRI i B3R5 T i ISNR . 57 2571 5L AR
SR R U7 2 BLIS B B0 R K R B0 P9 7R D B A 1 (E R AR SO VR A 45 S T R IR AL R O AR
B T R I T R K IR Ak R S TE IR R I SE A MERR LRI T SR R A SO i S R AR — AR
I (¥ 7 200 O VR L % S A M A T R AR I RSTRA T A R K, A T 7 1 i B e 1) 2 D P

Table 1 ISNR values (for “Lena” image) obtained for the proposed method,
Ref.[6], Ref.[10], and Ref.[13], for all the filters
R ORI SCER[6]H 7% SCER[10]Hh (R 7734 AR SCRR (13170 7 ¥
7E“Lena s fEMNR G LA KT Filters SE46 145 21 1) ISNR i

“Lena” (256x256) ACEZ IR | SCHERI6) T I ik | SCERIL0T IR vk | SCHR[L3]H (¥ 7 v
BSNR (dB) | Blur filter (dB) (dB) (dB) (dB)
#1 6.55 2.15 5.74 _
#2 8.50 2.27 8.04 -
30 #3 5.10 . 2.33 -
#4 7.55 » 4.47 -
#5 7.88 - 4.45 _
20 #6 4.50 _ _ 331
40 #6 6.70 _ _ 433

Table 2 ISNR values (for “Cameraman” image) obtained for the proposed method,
Ref.[6], Ref.[10], and Ref.[13], for all the filters
F2 A7 SCRRI6]T T3 STHR10]H #7592 LA R STHR 1319 7772
71 “Cameraman” b LTI B4 L& A7 Filters S246 175 3 1) ISNR {H

“Cameraman” (256x256) | A CHE IR 77% | SCER[61H L | SCBR10T 5k | SCER[ 131+ /) T v
BSNR (dB) | Blur filter (dB) (dB) (dB) (dB)
#1 6.25 4.75 5.24 2
#2 7.35 7.10 6.20 -
30 #3 3.66 - 2.30 <
#4 6.20 - 424 .
#5 5.68 — 5.20 -
20 #6 2.80 _ _ 2.42
40 #6 3.93 — - 2.96

32 EXEWE®REIK

h T HE— P U AR SC R A R AR A T AR SR R A T B SRR A5 I 52 R R 3 5 SCHR S ]
FOSCHRI61A 7 953047 Eu e 8 3(a) A 4(a) 43 1) Jhy SCRIR[STRI SCHR[6 T FH 3k ) 794 i AR LA 28 ek ) e S ) PR 4.
Bl 5(a) ATl 6(a) A Sony A200 AHALSE b £ 43 2 (AT 5, 4 R A7 TPG 4% 2. 5256 P 4l 11 1¥) PSF
HIR/NEI Dy 45%45.

m &1 3~ 6 W] LUBA 2o A SCHR HH 11 7 32k R R B 0 A 0t N 1 S0 SRR G S DR 5 SCIR[S )R
SCHR[61AH L, A ST 7 3% i 0% 15 280 5 i B 140 40 =5 LA 2 58 e A 00 23 B8 485 SR, [ B 3 R 2k 26 i 2k
SEIBONE . 3, SCAR[STRH SCHR[6] 1 7 VR 31 45 mk 22 /b Mook 52 T3 UG 5 | NI 2 e (in 8 4(b) R 6(b) i
7). TR EF, SR S0 77 9 4 o e e B 512 PR A5 30 AT B B OB VE (T 4(b) BT ). 75 00 7, T S AR % 1
RAFHEAE S FIN— L AR LR R (DR R 2% [R5 L (R AR LA oA 200 f e 75 45 55 R VD 2 ) 52 I PR A B o o 7=
A T (R 5.
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() FLSEIBTHI 4 (b) SCHR[SITEARRIMEIREMER (o) CHR[61TTAMARIMRIREIG  (d) ACT7TEA RN E R G

() ASICT7 Ak VI f AR AR AL o B

Fig.3 Blind restoration results of the real-life big Buddha blurred photo and their zoomed in regions

B3 BCSOR O RO 15 5 525Ul SRANS 1 45 ) Jd s K 1

() FLSEIBOHIE 5 (b) CHR[SPIEBRRISISIEE (o) CIR[6]ERRIRISISUIEE  (d) A7 A3 2 52 st 1l 14

() ASCIr Al v BRI IR AL o K

Fig.4 Blind restoration results of the real-life small joss blurred photo and their zoomed in regions

4 BN BASER E B E I A RN I P ) R B TEOR B
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(a) HIMBMIEG  (b) CERSUNEA R EZ R (o) CRI6)TEMREIMEREE  (d) 43052 S R E S

(e) AT ik VI BERIE T b8 2L

Fig.5 Blind restoration results of the real-life bell tower blurred photo and their zoomed in regions

Bl 5 LS PR RO Pl 15 T i 4 SR RIORT 2 P 5 1 s S TR P

() FCSEIBTHI 5 (b) SCHR[S]T7 AR R IR E 5 (c) SCHR[6]77 445 B IR E &

() ANTCTT A v BRI 1K o 2

Fig.6 Blind restoration results of the real-life fountain blurred photo and their zoomed in regions

6 FUSEMUR BT R 55 45 RS I P 5 1 J) TR P
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4 % £

AR SRR IUAT T3 I A7 AR (R BB, F2 17— o 3 A i 1 AP e 10 22 1 0 4 20 AR M 45 2 s
HAZTTEM ) BRGSO g AR EBAEAT T — MR I A2 22 IE WAL Y IR I S i 17— P &5
i L R I 5213 e 1 ) 22 1E DAL 240 SO RO AR A bR 0EAT 22 S0 SR A T — Pl SMIW R BAE 396 4% 36k (1) it
(122 555 73 2R B L A AR R OR AT 0355 T 16 52 D5 P 058 ) I s At o R AT (1 7 i o £

I3 AE N TE ROR) B B0 TSI RO 45 B REAT T ORI S S 56 5 2R WY AR ST T i AN T DUAR 4 3
SN B RO 13RS, 0 L RE IS AR 4 3038 P T A . S SORORA | (B SO A FL AN SR AR . 3 L
R R 10— 28 AT AR (1 R E B2 I 7 i A L, AN OCFE WL 58 28R 7 T A 21 17 13 Y 1) o5, i EL A e b
WA T 1.20dB~4.22dB.

ELASH T 0 2, AR SR 5 Y A A DA 1) 228 [ AE R — DR SIEI0 H E E 2 Ky BT 52 DA — A 58, T 2 4L
A W5 BN DA F A, AT M AR X e 0 i 1 9 328 502 P 01 o 1 A8 0 TR B, 2 0y 3 [0 2 5 50 ALt A
R AU e A A P IR S 2 7 T DA S 2 R A 1 AR K, W 2B (RIS X 2 5y, AN S K4, HEAT HE
S PR P W 2 AT S X A0 3 A R 5001 7 s P A - 1 R R EAT VRN BB ST IR R P AT 2K 2 H0M 1 5
R BIZA SRV L AR SR AT T AR 2 [R]IN REASSC ) 77 9538 H BB A7 91 ) S D s 2 ] A 4
(KIRSOR AR A bR B A o, [RDRE R4 T SR (I 9T T AR R 3

BUgt  AE LG FRAT IR A SO A4S T B AN SC R [RlAT, JU I )2 Fergus R, Singh B, Hertzmann A, Roweis ST,
Freeman WT, Shan Q, Jia J fll Agarwala A 38 7~/E¢H.
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