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Fast Blind Image Restoration Algorithm Based on Power Law
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Abstract: Aiming at the problems that the existing iterative blind image restoration algorithms are mostly
time-consuming and their convergence guaranteeing is difficult, a fast algorithm was proposed. Firstly,
the spectrum of original image is reconstructed in accordance with the power law. Then, utilizing the
relationship between the spectrums of the orignal and reconstructed images, the Point Spread Function
(PSF) is estimated by the multidirectional comprehensive estimation, which can reduce the estimation
error and enhance the stablility. Finnaly, the restored image is obtained by using the estimated PSF and
Wiener filter. The proposed algorithm was compared with the existing algorithms by experiments. The
results show that for the class G PSFs which fit for the numerous imaging systems, the proposed
algorithm can obtain more accurate PSF, and reduce the ringing artifacts, yielding restored images with
higher quality.

Key words: Image processing; Image blind restoration; Power law; Point spread function estimation;

APEX algorithm; Ringing artifacts

OCIS Codes: 100.0100; 100.3020; 010.1330
0 3|= 4 3B A PG R 52 T B B L2 7 SR BOR L E )T iz
= FHF RSO | 328 I8 £ 4 Wi 42 0 I 2 Jl0 AR 56 43l
PG A2 I 2 ik T TR A5 R A f9 Jst TR R0 R 0L ) 1) ZHRCN BLT S B BGR A B s HE R % C Point Spread

E&TH . {K ARRF34E (No. 61303121 FJ A4 BHE I (No. 2012B090900017) %5 B
F—1EEHE  mHW 1985 —) B LAk A, EEWFF Ty 0k ER AL B, {5 & 5. Email : gaoweiizhe@163. com
S CGRIRAEE) AP E4E (1964 —) , T U8 0+ RRFIE 7 0 oA Akl e S H AR JE & REEB S 507 B {5 4 3. Email: jhzou
@ sei. xjtu. edu. cn
W . 2016-06-06;% FA HHF:2016-08-22
http : // www . photon . ac. cn

1210001-1



e F

EE

Function, PSF) & KA . K 16 & R HE & R ik
1 BB S 5.

LA H R R A EE OB BET L A
U3 8 T AR Ak AR BRI AR I L ik
Ay, Mk A & 280 2 b B0 R W Sl 3 ke B
g Ik AU R AR L AR RB L s B T R
T AE 5 FERT Mk LA 2 SE B B B R A 2K

hy il IR S S I P B L B LB G
e YRR BT | Y BT 1RGR Ak Carasso #8117 R 24K
i) APEX(Approximate PSF Examining) H F{4& & JFi &
U APEX B AR 5 B Ak R0 S 15 B AN T
RSG5 H PSF, 8k J5 R H & % i F 18 3 ¥ (Slow
Evolution of Continuation Boundary, SECB)"'" & J§i J5
EXHE AL R 3T B . APEX Bk R F Ay 80, A &
FRIRAY AT LLAE S B5F ] PR X — S SR P R ik 47 2 D (H
& APEX B — Ak iy # B AR B 45 BRI
R FRAE L 3K 7R W) B SC b IS Bk LA D IE S B A
B A TE IR 25 K Ak L SRkl T SECB 7 2 X %
HEAT H A 45 T 2 B R 7S 5 ).

Zhang Jian-lin 27 3 33 51 A AR Tl 2R 3 45 1F 4
RUOEME S A B H W R B S A LT
B K, HWA S &k S i e AR il A
EUE IS M 2 2533 oo 19 B 26 b 9 508 45 51 2 17 01
B RIG LA R PSF 4. Luo Y 1 #H T S
T B B 9 T i R A A S AR I ST RR R
HEAT R B AR S T EAR A B % AR AR B 2 A
K1 R 0 W Jo 2o R 2 52 ) ) T A %) 00 3, o SR A
R 28 23 B v B S SO O 2D 8 B 5L R KR iRl
PSF A4 1 i i M A0 B e k. 59 BE AR 4R T T LS
B == 1 T 55 180 o A 0 8L AR 9 A 3 ol A8 A8 O AN
G B S R 335 R A L 7R BE AT PSF Al 1 i il 8 A7
BRI R 2.

AR SO T — T R RO Y R P AR
Pe BRI A AR S B T8 B A A E A R IR RR Y
W DA T A5 B B A A A PSF Al 3 SR £ 07 1 1 45
A Al AR B — O Ak ok AR B 8 Y IR 6 PSE, LU
PR AT RS A M 5 SR FH 4 4 U8 B R vk X A R %
AT TR S 400 ] 0t 7 Sk G R ) S

1 HERE

EGRIBLT G LAY BT

G R b BB A B T LU o
g(x,y)=h(x,y) * f(x.y)Tnlx,y) (O
K, gy ) MG f (o) B IFE IR R A (2 )
F S ERE  n (. ) M, x BT S
(DA LLSCE Sy g 58 4 7% =X B
G(pusv)=H(usv)F (psv) +N(usv)

1.1

(2)

X, G (uav)s H (uav) s F (uav) s N (uov) 53 51 R
g (xsy) sh(xay)s fCaay)sn (o, y) B B AR 46

GRAY BRBERBRARSE T HARKN LT
) A5 4 2R SO | TR R A A R L G
DL R R AR R R g0 L G 2T R B A BR
A T4 5 IR X R Lévy Stable #8355 B oR 5 B9 45
FRU S HO 2 3k R

H(& p :*th(x,y)exp [—2xi(&r +1]y)]drdy =

exp [—al& + 9] a>0,0<<p<1 &)
K. p=1 8 G 28 S 500k B N = 57 % 5, AR
JE AR SN X5 2k K 2 41 il 5 T A S T 5
B=5/6 B X I K B I KA AR L 7E R SOULIN | &
BAE Ty T A N A p=1/2 BF H X N ¥ 18 2%
(Lorentzian) % i pR &L © 22 0 ] T B2 22 iR b g X agf
LM PG BEAT RRBE A R AT A B 5 R B i I 5 R
(9 K ACH A N 2% R S8, Lorentzian 43 A J2 B £ 3 Y
S8 YR
1.2 BRBEGNEHESSR

— AU R I T S S 4 R o A T
T ARLH R A

E[|F(uw) |"J=ELP(f O 1=~A.(D /"  (4)
K, o=+, =arctan(v/p) ; A, (O) &5 J7 1]
BRI 7, (O &5 T A 3¢ 1y 47 5l 45 F K
T W S R o E A R R AR, (O RITEMR )
AL B B o A B X e R IE T
e oy (0) LN 2. 3 i 7] 43

‘F(,u,v)‘:E[‘F(/j,v)‘]:A,(ﬁ)/wy(m (&))

MEMRIR L PSF S G 2 5 4 85k Bt , n] 15

| GCuav) | = | FCuaw) H(uaw) +Npay) | =
exp [ —a(y’ +V)PJA (D

(i P e

GBI R G b, MR 75 () e B/ T H 52 BRI
AET, IR (2, ) T R

J n(x,y)dedy <J Sf(xsydady =
R R

F(0,0) = 6> 0 (D
i 6 X G o) JFQusw) Fil N Qo) #4713 — 1L Ab 2,
B G (uaw) o F (o) sN™ (o).
MRS PSF 2 G 26 gl 8k Hond , % =0 (7) 7
AT H — A B 5 15
In|G" (usv) | =In|F" () HGusw) N (o) [ =
exp [ —aly’ +V)DPJAT (O
G ) 7
Z W W 7 I A
|G (o) | =In[ H(po) [ FIn| F* (uav) | =

+NC(usv) (6)

In

N G| (®

— a5 =y (D) IG5 A () (9

1210001-2



PR A O TR B A B R R

PR Sy s, B o S S DR X R s BT LA AE A 3 e ) S T
AT — A it RS M LR A s R AR 2 5K (). 4
Mo AR =0, A

In|G* (0, |2In| H(O,w) | +In|F* (0,0) | =

*a‘v‘z’@*)’ln‘v“klnA‘ (10)
APEX 3% 108 17 0 24 22
In|G* (0.v) | =—alv|?—A (1)

Horpar & A Joik o B 4% BS80S R AE . HoXE A E
A 3 B B 22 Yk 240k, AR ME IR 4538 A9 1EL 5 1T A SC Rk
T B AR ER 0 48 B0 53 A LA &F X v X R O
IR R i AT R W A A L A e A TR A% A S R
Gt g Al .y — MR E 0. 9~1. 0. EE i b A
BRI
2 HiEXY

HRAE AR R 1 1 i B0 o0 A B, o2 3 MR
EMG 1 — b33, i G 22 AP BB S B p E %R
b s BGATE AR AT BB 43 T AN A8, v S50 R s 431355 43 I 55
/N W 1. SEBR R Ak EAR A A B 1 R AR B
C&MRD X B aeE R Bl T &R 501 25 1k i
25, k. 7T LAE R BB In | G™ (0.0 [ [
In| F* C0.v) | BAEL L 100 AE Ff 55 0 5 400 B AR 3 451 33 5 45
R RO B R A In| F7 (0,0 [ AY(E

0 v v v

'§ ',' --------- Degraded image
= ¢ ~* Natural image
f="
g
5 T
S
=
&
Gt
(=}
on
S -10F
e
=
5]
Z

-15

-600 400  -200 0 200 400 600
Discrete frequency

BW1 BRI (R G R 46 B 5K B A 0% X 1

Fig. 1 Spectra of the blurred image and natural image
PL =0 3X 2% B 2k 0y ) AR Al 5 2 1 H A R 14 4
PEAE SRR I In | F (0,0) | BE  HP
ln‘Fi" 0, ‘ =

J In|G* (0, | |v| <<n
g +yXIn|n| —yXlIn|y| 2<<N—1 12)
1g1+7><1n\n\—y><1n\y\ —N<<<—n

S,y N TG I T B R A RER v BUE R 0.9~1.0,
n BUE K 6~10. FHF . T In|G* (0,0 | BRI, BT
PLgivg 29 In |G 0. ], In |G (0,—n) | 7E
In|G* (0w | IR 18 (5. 75 0 1% 1 03— 1k 45
LA 2.

52 RAE
0 T T v T T
--------- Spectrum of degraded image
= Reconstrcted spectrum
g Tn|G"(0,n)|
,5 5

Natural log of fourier amplitude

i

-600 -400 200 0 200 400 600
Discrete frequency

H2 wmEMEGAEEZNREEGRE
Fig. 2 The original image spectrum reconstructed

by the degraded image spectrum
¥ In | F7 00 | /9 A8 A X 100, B Lh R il
—al|v| PRI AL R 3.

Amplitude
A

,]O A
=500 0 500

Discrete frequency

M3 HEHS |y
Fig. 3 Calculatedresult of a|v| %

T BIEEIE —alv| P RBIEM 7 — N<u<<0 18
Bl DA T 2 B0 8] 3 38, 7R O<Cu<< N [l I ol £ B 9
Bl DS O AN = BT 3 rh i BT AT B R BB T A T R
RGN s R B, A R B T A RO A T T HE
PRRURT B A 8 A B E — AN B T B T<<NJff ve
LT, — TIH5 A 08 A — o | w | 77 b 32 B0 ok 4
4, BOR T REA T U SUERZE AN P 45 7 OB Bl Z N

Amplitude
)

,6 A A A

-100 =50 0 50 100
Discrete frequency

B4 ANE3ERE—alv|PEF, &R AE W KE

Fig.4 Proper data extracted from —ea|v| % shown in Fig. 3

1210001- 3



e F

EE

AT A8 B ECHE J5 R 3R 28 M a5/ R ik R
PHTEA AN IA SR PR R o A1 8 1Y
{8, 2F 10 75 2 5 2GR A B S P BR B X —a | v ]
B A S5 R A 5.

—alv

Amplitude

* Log amplitude vs discrete frequency
=— Fit curve

)
-100

=50 0 50
Discrete frequency

H5 A HEHH SR
Fig. 5 PSF fitting result

1EBLSE HIR AL G iy T aB Al IR 3R R At B P
PR Y 52, — T 52 B 0 3B A PR B9 5 5 SR AT g
TE Q= (pow) | 0V <o’ } 5 FE N 58 42 06 12 6 558 %8 A
FF, HRBAE— AR L 3 sl T oL R A S X AR
I AR 2 S T 8 WG R A B S TR R R 0 HO 3 it
2 HEAT AU A Y 00 (B A TR] 9 5 DA T S 5047 1 R
VT B AN RS . 2 i e B 2k 1 7 ) 32 BE AL D &R (i
R GUME R TR 25 ) R R BRI . AT AE S Bl APEX
SRR SRR, HE LA T S B o BB H. AR SO R
p=0,v=0,p=v,pu=—v W H LI 10530l thiit, 5t «
SR HCE YA T B 3 B0 2 5 180 ek By 45 L
FFAE BT L B SR BOL A - 32 {6, X AE il 153 2 5 LAY o
B AE i 7 B — T 1) bl E

K Wiener 3835 (/N ¥ 75 0 22 0E ) 2E47 141
5 . APEX 510 % >R H] SECB Jr i 347 [ 4
FIG 5. SECB J5 ¥ S 51 XF G 28 4509 ek H0T [ vl
3 AR T B HE B AEUR X S R AT A2 L L AR
FEIS . H AT I A5 R A e S B ] . Wiener B 7 i i %
N D i VTR A2 L 1R A5 22 i) Y 25 7 5 28 DR AR A K 2
FI% . al DL A SECB J7 3k 19— AN ] A 358 1 &%
M ROCR . Wiener B3 82 AT 200

1 | H(pow) |

H(usw) | H(paw) | +S
. S OB PR A 15 B 1L

BT R BOE Y ER R H 2 UL P AR 1B
FIG g Caew ) FIBLAEL B4 JET OIS 2R 5 it 22 i 4] 5%
faay) AN

DX gy y) #EAT PRE B AR 15 5] G (o)
W G o) BEAFH LRI LB B | G™ o) | 2T
HEE In| G (ua) |

DM In| G (o) [4RBUE In| G (0.0) | 5

100

F'<p,u>:=[ }G(#,u)(13)

DHARXADEHE In|F* (0.v) |5

DFHXAOHEE —a [v]? I —a [v] % T
PEFE AT 0B - A AE S M e/ R Al 1 a0 AT B

SDTEHL v=0, p=v Ml p=—v LEE 2)~1 .4
B aysay i B A B

6)a= (a1 +a+a Ta ) /4, 8= B RRB - 155 iR
EME I ST HCRE H (pov) =exp [ —a(F V)P ;5

7)) FH 4 90 08 Uk AR A T AR AR B AT ek 4Rt
TEGE R,
3 EMIEER

SLEG R I — 4k ¥ 5 1R 2 (Normalized Mean
Square Error, NMSE) , I§ 1 {5 1 I (Peak SignaltoNoise
Ratio, PSNR) , $if ¥ i1 #7 £ & #¢ (Laplacian Sum, LS)
AR IF M (Ringing Metric, RMD) &8 & ST 41 11
=R(IR

NMSE H—fk ¥ 7 1% 22 Bk H 5 2 R ER 5 3 AR
BEE 1 I 2%, NMSE (1 {8 #% /s , 3¢ B B & TR 3028 1
i, HR Ak
DD G — e T

DIV

K, G ) AR EMR, gGa ) BB EA.

PSNR f i 8 < 3¢ B BI5 00 il i, o323k =0

255

PSNR = 10lg MSE

NMSE = (14)

255 X M X N
1“%§fﬂ2f£ﬂ@ﬂgmpy} (1
LS 1 W 119 05 56 45 . P (9B 3 BT » 5 o 0
0 — 190 56 WL 0 6 OE 12 L LS {8 L
%k

- 1
LS*(wrfm<N—z>
8g(ivg) —glivj— 1) —gli—1,1)
M—1 N—1

—gCi+1,5)—gli,j+1D (16)
—gG—1,—1 —gli—1.7+D
—gG+1,j—DgG+1,5+D

I 280 P AR T 00 A5 RN A TR 1 30 %
J3 A 4y 1 TR = AR B R EA Y. R Canny 87 46 TR
BRI % %D GAC R Eus X E AT 7 X r 1y
iU R HEAT Y MR AL 3, B — A TE i 5 SR
Enes o7 i IS0 TT 06 08 300 25 58 W 7 76 2 TR IR R &
Vi BE o L H 4 8 000 7 R AR R A G s AR A D R Y
HGHERR LN E X Ey M E, 5845 Rk
NG RARE, P RICH Een - EREMRRE T
B AL BG40 %, 3B A AR 30 2% B 30 7= AE 005 19 3 2%
) 3= AR T A I R B IR Y R B 0N Y DA
>y

i=1 j=1

1210001- 4



AT S A L T O 20 A 1 R PR T A R

RM = [2‘ EJEH(masked) - ZiZIE,ef]/
212.7Ere‘ an
4 SKWRERDW

G R SRR 14 ]~ (16 J e o 48 1 58 3% oA SCH:
R R AR LA R S IR B R AT B A RO

7] bt ;
., . Y

(a) Original image with ignorable

(b) Degraded image with fierce degradation

S
4.1 ERE®

P 6 Ca) B S F ok PR T NASA™ 2 B A8 3 J 5]
1% (32 5 0] 22 W Tt W5 WD o 8 K B AR KN
480X 480. [ 6 (b) Sy 52 S ) 24 s i B K9 52 o 11 [ 452
BAEZ 4R «=0. 0025, 7EAhi i+ PSF I, & E =5/6.

atmospheric turbulence

. : o
(d) Result bythe algorithm of Ref.[15]

(e) Result by the algorithm of Ref.[16]

(f) Result by the proposed algorithm

He FARHENHmAEMEMNEREAGNARE R LR

Fig. 6

Xf HL I 6 (o) ~ (DA LAF AR SCH L s B R
BT i AR PR AR i AT s SCRR 14 ] 1 BRIk AR )
FEVR A T % G 40 L (EL TS v A 55 4 A T
AR BT S 0 R R AR 5 SCik [ 15 )5 vk B HR  RK
N EE B G e 2R 1 AT AR SCHE L ) NMSE Fl RM
B #5 /I  PSNR {H fie K. 5 HA =4 E R 45 R 13, & 6

Comparison of different algorithms for restoration of the remote sensing image degraded by atmospheric turbulence

(D) 1y NMSE {8 4% % W /N T 43.4%,54.26% Fl
22,220 BARASCH M LS H/NF 3wk 14 1. [ 155
P AR A AR R T IR ROV 23 7 A AR BN AR i
S LS BN 4R B AN Y R R Ay, il A L DT A 2
S5 N MR 7y 285 SR 1A i A B 3 it B LS B30 LA
WS e R S R UR

%1 6 BIEIE 2 A
Table 1 Statistical data of Fig. 6

Casf® Estimated (a3 NMSE PSNR LS RM
Degraded image (0.002 5,5/6) 0.039 2 21.54 4.008 -
Algorithm of Ref. [14] - (0.003 517,5/6) 0.028 5 22.93 24.49 0.265 8
Algorithm of Ref. [15] - (0.003 755,5/6) 0.035 2 22.01 25.95 0.273 6
Algorithm of Ref. [16] - (0.003 157,5/6) 0.020 7 24.32 21. 83 0.249 8
Proposed algorithm - (0. 002 643.5/6) 0.016 1 25.41 18.49 0.200 6

AR HFE0.742 s BIAI7E — & 0 A N -
(CPU.Intel i5-3337 X #% 1.80 GHz. N 17 :4GB) Ik &

B 6(b). i [a] 3 24 #E 7€ PSF 4l 113575 , Xt PSF il £&

HEAT AR LM fe /D — AU A Y IE ] S 0. 395 s, 3 HE A

1210001-5



kT ¥ M

SR IB AT B — 2 AR B 7 U O vk R A SO L A 7 (b PR R A R R B i A

SCE Y v — JH B 2 A B U FR TS A 37 TEAli it PSF 0, [ %€ p=5/6.
4.2 mBER XFECIE 7 Co) ~ (DR LLFE A SO0k B i 42 )i

7 A FEAR B3R 7O A «=0. 002 H)

e

(a) Original image (b) Degraded image by fierce atmospheric (c) Result by the algorithm of Ref.[14]
i turbulence with a.002

(d) Result by the algorithm of Ref.[15] (e) Result by the algorithm of Ref.[16] (f) Result by the proposed algorithm

W7 RS i R (e R A R AR AR B

Fig. 7 Comparison of different algorithms for restoration of the aerial image degraded by atmospheric turbulence
TR H Y AE I R K S AR S g T W Y NMSE fl RM /N, PSNR K 5 HAL =R R
PR RN o & 7 () 4 I 7% 00 5k 7 o5 1] 7 Ced Y 4R ZER I, 6 (D ¥ RM 43 51 B AR T 42,53,
BRI EE (o) AT () /N AR FE T b ) 38 B BRI L 5 BB 32. 60 %60 F1 13. 03 %. IR S T isf o G 2R R FH AN o 4 11
W30 b A ] S A AR 8O . R 3R 2 AT AR SO Al I PSF . 25 & BUIR 8 300 B9 B n . A SCH 2 m] LUAR 3 i 3
321y PSF {8 5 BT &5 0 A RS d o s I T (DY TE Y PSE A7 20410 i 41 4% 2500

*2 7 BRI
Table 2  Statisticaldata of Fig. 7

Casf) Estimated (a3 NMSE PSNR LS RM
Degraded image (0.002,5/6) - 0.043 1 21.47 3.154 -
Algorithm of Ref. [14] - (0.003 822,5/6) 0.042 3 21.20 13.47 0.343 4
Algorithm of Ref. [15] - (0.003 822,5/6) 0.067 9 19.58 19. 34 0.2911
Algorithm of Ref. [16] - (0.002 706,5/6) 0.031 8 22.79 15..57 0.2256
Proposed algorithm - (0.002 109, 5/6) 0.024 5 24.11 12. 87 0.196 2
4.3 REEHK/ A @=0.04,8=0.5 1 G ZEBIKT, W& 8(b) , X Fi #5544
&l 8 (a) Ay 38 8 i JK BE 1R 4 &L XTI 8 Ca) i £§ 4 Lorentzian 73 Aii.

1210001- 6



* (d) Result by the algorithm of Ref.[15]

H 8

o '(e) Result b}; \alrg(')rith-m of I{ef.[l6]

(f) Result by the pr(;po.sed

al gBithm

FTRHEENBERZEMBEMNAFEGNEREE RILEK

Fig. 8 Comparison of different algorithms for restoration of the jeep image degraded by Lorentzian

x3 E8WEESN
Table 3 Statistical data of Fig. 8

Cas 3 Estimated (as3) NMSE PSNR LS RM
egraded image (0.04,0.5) - 0.066 6 17. 19 2.431 -
Algorithm of Ref. [14] - (0. 048 86,0.528 0) 0.048 0 18.62 12. 38 0.225 2
Algorithm of Ref. [15] - (0.061 63.0.5) 0.050 6 18. 39 12.53 0.217 6
Algorithm of Ref. [16] - (0.107 5,0.420 0)  0.051 1 18.35 12. 86 0.2210

Proposed algorithm - (0.529 1,0.4743) 0.0329 20. 25 11. 78 0.167 4

M8 AT LA AR SCHE 12 T DAL 4 R 52 IR
AP B 40 77 L T H R mT LU T B iR A 40 77 S0 TR
P 6 R I 014 20049 B2 e T A A5 P 8 (o) AT (D
ARSI AR AR b AT L (H R TG TR R A
I B 05 R R o BT L A B B R B B0 5 1 8 (e B
TEAR B 200 AS BB {EUR: 25 ORI ASCR R L TSR K A
P 5 r AR - ) 200 3 M s 114 S

5 #it

A SCHR T AR B o A R S &R
R BT X AR S R R A 1 A 3 R T E R
8B F8 BOHE 53 A H A DA TRUAR 1 A L 45 3 5 ORS HE
B PSF Ak 318, DI HCA5 B0 AR 09 1 42 85 51, R R B AR
TGRS v 1 % 28 RN 5 >R 22 T 1) Y 255 Al AR
B UCPEAT T U/ B AL MR 7S S PR3 XA T A s e
MR T AE BT RRE R e TR MR E R
A 20 U085 ok XoF AR PR A AT A I T I A A MR
Bk HRAEX) PSF i 48 A7 9005 I AT 1 38 A AT
BILE AR BRI 2Bk T APEX Bk
Jr PR S AT X i YR S R SRR Y G T
BRI BRI 1 1 PR BOR AR AT A 0 A2 )
EESdN
[1] KATSAGGELOS A K. Digital image restoration [ M ].
Springer Publishing Company, Incorporated, 2012:24-41.
CHAUDHURI S, VELMURUGAN R, RAMESHAN R.
Blind deconvolution methods: a review [ M .
International Publishing, 2014 . 37-60.
CAO Lei, CHEN Hong-bin, QIU Qi, et al. Research status
of blind restoration[ J]. Chinese Optics, 2014, 7(1): 68-78.
B, BRibat, BB, S B EMRE R SRDT ] PR,
2014, 7(1). 68-78.
[4] MIURA N, BABA N. Extended-object reconstruction with

A
Springer

(3]

[5]

L6]

7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

1210001-7

sequential use of the iterative blind deconvolution method[ J].
Optics Communications , 1992, 89(5) . 375-379.
CAO lei, CHEN Hong-bin, QIU qi,

deconvolution based on power law distribution applied in

et al. Blind image

optoelectronic detection system [ J J.
Lasers, 2015, 42(3): 0308007,

W BRube, DRI, A TR BCHE O A Y e E R AR
B B R g b i g LT o B, 2015, 42(3) .
0308007.

KUNDUR D, HATZINAKOS D. A novel blind deconvolution
scheme for image restoration using recursive filtering [ ] ].
IEEE Transactions on Singal Processing » 1998, 46(2) . 375-
390.

WANG W, NG M K.
methods for blind image deconvolution[J]. Signal, Image and
Video Processing » 2016, 10(7) . 1353-1360.

LIU Jun, HUANG Ting-zhu, SELESNICK I W,et al. Image
total

Chinese Journal of

Convex regularized inverse filtering

variation with overlapping group
sparsity[ J]. Information Scineces, 2015, 295. 232-246.
GUO X, MA Y. Generalized

minimization for data

restoration using

total variation
2015 IEEE
Conference on Computer Vision and Pattern Reognition
(CVPR), 2015. 3603-3611.
RENU M R, SUBHASIS C, RAJBABU V. Convergence
analysis of a quadratic upper bounded TV regularizer based
blind deconvolution[J]. Signal Processing , 2015, 106. 174-
183.
CARASSO A S. Direct blind deconvolution [ J]. SIAM
Jouwrnal on Applied Mathematics, 2001, 61(6): 1980-2007.
CARASSO A S. The APEX method in image sharpening and
the use of low exponent Lévy stable laws[J]. SIAM Journal
on Applied Mathematics, 2003, 63(2): 593-618.
ZHANG J, ZHANG Q. Noniterative blind image restoration
based on estimation of a significant class of point spread
functions[J]. Optical Engineering , 2007, 46(7): 077005.
XIE Sheng-hua, ZHANG Qi-heng, SU Ding. The improved
image restoration algorithmbased on APEX method[J]. Laser
& Infrared, 2007, 32(2); 185-188.
WA, SRR, 15T, R T APEX J7 ik Ay B BUR 2 RS

tensor

visual recovery[ CJ.



P/ R S 4

[15]

[16]

[17]

[18]

WL BOGS 44k, 2007, 32(2) . 185-188.

LUO Y, FU C. Midfrequency-based real-time blind image
restoration via independent component analysis and genetic
algorithms[ J]. Optical Engineering , 2011, 50(4) ; 047004,
GE Qi, ZHANG Hong, WANG Ke-dong, et al. Estimation
spread function for long-exposure atmospheric

Infared and

of point
turbulence-degraded images [ J . Laser
Engineering , 2014, 43(4) . 1327-1331

B, skEL . ENTR. KRG R A0 IR Ak R R R 4L
LI, 204 530 TR, 2014,43(4),1327-1331.
DRUMMOND ] D, REYNOLDS O R, BUCKMAN M D.
The orbit and size of (87) Sylvia's Romulus from the 2015
apparition[J]. Icarus, 2016, 276 107-115.

OLIVEIRA] P, FIGUEIREDOM T, JOSE M. Parametric
blur Estimation for blind restoration ofnatural images: linear

motion and out-of-focus[ ] . IEEE Transactions on Image

[19]

[20]

[21]

[22]

Processing » 2014, 23(1) . 466-476

DYAKOVA O, LEE Y J, LONGDEN K D, et al. A higher
order visual neuron tuned to the spatial amplitude spectra of
natural scenes[ ] |. Nature Communications, 2015, 6 (9):
503-511.

ANDREA D C, MASTRIAS, CODISPOTI M. Early spatial
frequency processing of natural images: an ERPstudy[]].
Plos One, 2013, 8(5): e65103.

BALASUBRAMANIAN M, IYENGAR M M., REYNAUD
Js et al. A ringing metric to evaluate the quality of images
18th
International Conference on Systems Engineering, 2005 483-
488.

GONZALEZ R C, Woods R E. Digital image processing, 3rd
edition [ DB]. [2008]. http://www. imageprocessingplace.

restored using iterative deconvolution algorithms[ C].

com/root_files_V3/image_databases. htm.

Foundation item: The National Natural Science Foundation of China (No. 61303121) and the Science and Technology Program of

Guangdong Province (No. 2012B090900017)

1210001-8





