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Abstract: To improve the precision of long-ranged laser spot position measurement in an outdoor experiment,
blind deconvolution technology was proposed to restore the spot image afterwards to lower the impact of atmos-
pheric turbulence on spot imaging. First, classical blind deconvolution algorithms were introduced, of which
the shortage is analyzed. Second, an improved blind deconvolution algorithm was designed. The penalty terms
were added to TV ( Total Variation ) objective function and the alternative iterative method was also redesigned.

Then, the convergence of the improved method was testified mathematically. Finally, the improved method
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was compared with other classical methods by experimental simulation. The capability of improved method was

testified with several objective figures, and the results show that the Signal to Noise Ratio( SNR) is improved

by 15% at least. The restoration result of outdoor experiment proves that the improved method is effective.

Key words: image restoration; blind deconvolution ; Total Variation (TV') algorithm ; atmospheric turbulence ;

laser spot

1 31 =

TEHOEF E SR G T T 90 I LA 945 R
Tx RGN TAAER I, H R R O I g R
GERFIOC IR 4% MR G O6 A IR R 0 25 T R
PEAT I, DUAS: 56 0O IR G & IR A H bR AORS L
SIS, R A i U e Bl 2 (R A A I
FBOR A BN 3l , fEEOOE R AL R E T &
ASEARRT R L, 77 A AR RS IO 5 A 45 3
G, RSN PO AR KR A ) 1Y
BOCRERUG B, Z0AME IS AT LU Z0L
pirziAESNE QU RTAEE % iR SR L aE e S E B e 53
AR IR AR A 0 AR WA RO 1 22—
e LR B FOE OGS R GE R T8 i AT R R
INBDEAA TR L, 5] 2R G0 BK Sl 728 2 5 o e 728
WA BEAT A | SEHRL IR AT, AT BRI SN,
RICAGF U — e )i 288 0 @ N OE 7 R EE
XPEIRR AL HEAT RS | (R B 38 ROE S RG4S
S TEAN B B A S N A AN A R B AY7 23
ARG (LIl R G T BN AE R, o figp ke
SRR, A SO H R HTE 8 BB O
PEPMR AT FE IR L, 1) 55 R i U 0 D' 3
PR IR i OO B B RS

2 EREBANZ

TE G R, — i XL 3] g A%, Gn SR Z2
IS AT AR IR R f (v, y) TSP HL R
Bh(x,y) MG,

g(x,y) = flx,y) ®h(x,y) =
(Zﬂmmﬂw—nd—m, (1)

K, @F R BRI T 77 HIX 2L R KO B A K
B PR RR L LA e I8 4 (1) B9

AT AR A -
Glu,w) = Flu,v)H(u,v) . (2)

il FRIEMR B 07 VR AR 2, i 4 K 3¢
JERERUG FERURG  BEr UR S, TERZHEUE L
N RYTHREL R (2, y) BN SERS A F, IXEE
SN PR S I IR AT, R 3k 6 TR L) e 2 AR
JPIEAR L s R U A 4908 U | e/ R R
W GBI R R 2 g A MG U E RS, (BT
RS2 R LRI | 7 e B8 AR A A i
S T R R A B B LB Sh AR AEE 1
PR TC RS B i, 7 Sy R AL Bl rp S8
ALK BETUSE AR AE , T ] TR A Al 3 A fE LR
SNBAAR: 2 P HBUT AR T ELOC T IR MR
AT G B 2 AR5 0C T R H ARy %8
BfE B B @ R AT RERY I ANTERE
SN RSO e AR ME T A G o [ i PR R AR
B AT B Z H A 1 H AR D5 B
SRS RS B AR RGBT g (x,y)
Hs TR X A T IR U i VS 7Y T A R
IR, £ 24 PG ey A )z ]

ZME AT A Ayers F1 Dainty 42 1 1%
RE BB D) (Tterative Blind Deconvolution,
IBD) %5312 3 o kAU BR A 3 i IR R H 2
FESRII 23 77 AR BRI & 22 T ELAE T e Bt
BT AT R CBMERE 2% . MeCallum (4L
iR KB 3% (Simulated Annealing, SA ) 4 BE % 7 g
FRAETER 5 T 45 A B g, L B S H
P BR VR4 Ry e/ AR Y WL S5 AR ARG B 12 A W 8
HARTEARAAREE E AR T I B SRR B
N T AFEN — A0 T AL AR T B K R Y a2
B, V)G Kundur £ T NAS-RIF ( Nonnegativity
and Support constraints Recursive Inverse Filtering)
SR S R T RE RS R UEAE MR P AE A
A ST 4 JRy e /IMELARR , i EL WA S0 32 22



870 AlES DR

ok

b IBD BRARZ | (E % 7 vk i AN 2R
Sy BRI T R TSR, TV (Total Variation)
7 Rudin' 8 Se 48 36 T G L0 5
Tony % K7 TV J7 8k T BRI, Fe AT 2t
VoF

LSk = 2 I/ ®@h-glls+

a X DSl +a D DR, (3)

A, D2 IEMARTE - AUEIBCE B0 7 2 E N
S o, Ma, o DfF DR FRIEEGA D
TIPSR B OB B, At — AR 23 3 T (A Tik-
honov — like 2.7 ) B 4K 1] LUK H A5 ok Bk /M)
TR A LS 1 SR e M 2R 4t 5 R oR A [l AL, {HL
S H RIS BRI AR T AR R AE 1R 1R
Y RELEREME I AR M T TV
PR AN R GOFI AR R S5 i, 3 T3 (3) BYR
R RIMERY  E 3R 5 1 BT RS AR T Ik
AT LRI 22 i 25 B AELIE A i e 22
Xt 22 TR AT RO AE | T LU 22 it G v i
EUARHEAT TN Xof PG AR I 11 24 3R 10 45
Tk, ASCh R EE R ROLEE H AR S, T H.

SURBAE A FH B B, PR A SCRHE 58 TV J5 ik
HEAT T B, O 38 3 Bl RS i skt ) TV
7S

3 Kty EMERLE

3.1 HRREEL
T B R H b pRER A Wi SO RE AR S R

PTV(0,h) = BE:HU—DhH2+ZHvH2
(5)
PE S S ATMA AN & w Fl v, BN

FETIRAG S (4) P (5) T — IR A 70 H

R R BT LS SN
L(f,h) = > lg-fRnll; +
a,PTV(f) + a,PTV(h) . (6)

3.2 RERMLAE
A T ARSI A 3 T PAS B B AL &, 38
B/ MU et HEA AR R (Bl it FEAR AL TR
(1) B EWIIRIE £ h° K SRVFR 2 &
(2)3K K 45T R/ MA .

L(h) = OTZ lg -/ ®@nl;+
BY o -p+
> e, (7)
OF TR hO2R o, 115 2R /IME .
PTV(v) = —Z | v, = DA™ |
> o, (8)
SR A AT £
0 00 1 Dihoo
v, = maxi{ | D.h -— 0} ——
: LIDAR™ B’€||D,.h°°||
(9)

QFM TR o* 5K 2™ A5 T AR /ME

‘ < PIV(R) =~ b/ @h |2+
FAESTHLHIXT TV 1 W46 7 vk 28 47 etk | ootk Je *
({785 F N PTV ( Penalized Total Variation) , i1 F g S -2, (10)
R i ‘
B LIEG
PTV (u,f) = BZ (k7 —Df||2+2||u I,
(4)
31DV O 0} +30® | 0oy} + 43171 03
RO = ! ,B . (11)

S{D(])}

@EIER A2 PTV (0°, 1) <&, MR
RIS W AR ZENEFR 2705 R U 1° =A™, Ak 2k

"U3{p"}

3D

03{p™ +§«MW*DMﬁ%
AT — 50
(3) 3R £ i T 2R IME



46

PN, 55« SR A A AR A e B 8 OGO TR P A5 52 i v ) 17 871

Lu>=i§nm—f®mni+

ES u=nf13+ Y lu . (12)
DRFIIAELF =/ o 75 F R

D

D/
(14)

QFVFHEI u'K £ AT I ME

0 0 1
u. = max D. -—,0
; LD R }

fi PIV() == g -f@K |13 +
B 02 :
PTV(u) = &= u, — D, 2 u; |, 0 2
(u) 2Z|Il SO +ZII | gZIIMi—Dfllz, (15)
(13) ’
SR R IAS
DV O3, + 3102 0wy} + L3120 031 gl
fll :S—l B . (16)
SUWW*DMDW}+%UWW*DMDW}+%%MH*DSMW
QWAL PTV (1, ") <&, IR A s(a) =a-Pla) , (20)

JEZARAE AR SR BN ;5006 R E £ = f  dk ekt
TP =28k,

()4 £ RN BHFRREL(6) 50 UE H 2
WL L") <&, WA L W 2k S 06 30 45
15 2 S R R

WOHE ) 28 8 B /MBS T o R R L
fo, 0" REZEANTCRBOGEM, HiE o,
(6) st 20 (3) Mff, N HPRFIE X T —
M EEE B >0 B A B AR L stk
3.3 BT EHERE XN

ANHE I, e A8 s kA T g A S A Ay
FF A [ ARSI

L(h) %%Z lg-f@h|}+
%Z loc=DalZ+ 2 oy (D)
Lp =33 le-f@nl+
%Z lu; = Df 15 + Z lu, [, (18)

T LAEBEC(17) BB S ), BIIE B ER
RN A B AR AR B A | (W) |k
SENX (17) g, & X—PDRmE T s U7 —
02 Tt ae 0%, 4.

Tal
e Lol (0/0) =0, W] LAFEF]

sta Dmax a —L
(@) Omax{ [l - 2,0] (19)

A, P( D) ERE—NHESAE B = {ae 07
| al <1/8} EEHR, EiHu,ve UY,N=1,

loﬁ

JE L S(usv) =(S(a.);"'8(aA)),ai=[v
HA A R B 4 I H P(U) SHEER o, b
e 07 W .
(a-P(a)) (P(a) -P(b)) =0, (21)
A a,b A5,
- (b= P(b))"(P(a) -P(b)) =0 ,(22)
F AR NS .
(a=b)'(P(a) —-P(b)) =
| P(a) - P(b) |7, (23)
R A (20) AT LA 2]
[sCa) =s(b) |I* = a-b-Pla) -
Pb)) 7= lla=-b]|"-
2(a -b)" (P(a) - P(b)) +
[ P(a) =P(b) [I”< [la-b]" -

| P(a) - P(b) | (24)
WR | s(a) =s(b) | =lla=-b],HFA
P(a) =P(b),s(a) —s(b) =a-b-(P(a) -
P(b))
B SCPAS TF 28 R R B -

M=DD+ %HTH, T = DM™'D", (25)

SE AR T p. 07— 02 (75,
p(uw) = (pV(u);p®(u)) ,  (26)



872 AlES DR

CHE

X Y =DM (Du + %HTg) J=1.2.
TR WA E SR S A p 1T LK AR %
AREE TP AR R BB AR R R

u*' = S(DVf DS = Se p(ut) ,(27)

fk+l — M-I(DTuk+l + %HTg> . (28)

T HBRBRBC(17) 2 i0 A F IR, A
b3 DA AR MK (u ™) BEA E B PR
Wi 2 S B/ M TR AR B AT AS PRS00, U
VL A

w' = S(DVfDVST) = Sep(ut)

(29)

=MD"+ %H&,:) . (30)

i (20) FTENEA | ot 7 F— A B A

[l e T =1ir£uk”o oS A
sl a=Sp(a), FRTA.

la =all = ISep(™) =Se pla) || <
[ =al (31)
A4 T T R
lim | = | = lim ||~ =
I =l (32)

XEMRAE A {u | RO BR SR o 4 B s T
AHEE B S op BYZESLYE AT
Sep(u”) = }ililS° p(uh) = }il}olukj+l. (33)
PRI S ep (™) A2t | A — BB A, i
[FFES o r IR B AR A5 .
lu" —all = [Sep(u”) —all =
ISep(u™) =Sep(a)ll , (34)
KA 0 S S op ARREAB AL, H w” B o, RIAT ST
[uf} BSE dima" = w” , [FIREXT TR/

jo®o

PR (28) IS T A £ Rt (u™ L f ) il 2 X
(29) f1X(30) , J2=0(6) BI—AiF

4 FRBRLHE

AT — Pkt 5 i S BUAURIE I T
Je FUMR A, A /NS AT — BB 0 B S 90oR S0 UE 5

P tEBE, X HORH Lena Al Cameraman 4 Ji
WZHEB BT = 307 s B S 1 2 2% &
1538 1k 1 55 3 # pR %L ( Point Spread Function,
PSF) , W& 1 F7R .

(a) Lena

(b) Cameraman
(a), (b) Il hfi 1%
(a), (b) Original images

o
AN,
AN

%10

I8 i

$ul RN

210 -

é—. 6 Ay T
OO

1 < 14
Pixel 6 555 6 pigy
() Ji &R 9 (g It i 4y v
(c) PSF with variation of 9

0.03
0.02

o

0.01

Gray value

8

6 6
Pixel 4 27"

4
Pixel
(d) J5 &2k 5 i 9 i i vl L
(d) PSF with variation of 5
B 7 ESC AG RN s il R 4
Fig.1 Original images and PSFs

I E R R 250 9 F15 1Y & s 4
BLRREION 275 UG IR AT m SO AL B R 1 SRAiE
ST S BE T, [A] 0 A RBER 4% 1 L ( Blured
Signal Noise Ratio, BSNR) 23 40 F120 dB (55310
PEMEFS  ZEANIE 2 FTR

N T G RHIAR S ERSR R A 3 R
HEATIR A o LA, SR T LA T T

(1) BTrp i 22 N B R K/ M x
N WS EG R MR R EE F 2 8] 3 77 iR
2N

S S IR - F(iu) )
MSE = =1

i=1 j
M x N

. (35)



%56

PINEL T, 45 - A S A A BB R A B B SO BRE JET 4552 D ) 1 873

__7

(a), (b) G507 R TR U7 7200 9, W4 BSNR 40 dB
(a),(b) PSF variation is 9 and BSNR is 40 dB

e

(c). (d) W07 L4 HPR BT 962 9, M7 BSNR 3 20 dB
(c), (d) PSF variation is 9 and BSNR is 20 dB

,3(

(e), (N @ F i 3 R B 255k 5, Wi BSNR 4 40 dB
(), (f) PSF variation is 5 and BSNR is 40 dB

(), (h) W30 AL Il 20T 250 5, W BSNR 2y 20 dB
(g). (h) PSF variation is 5 and BSNR is 20 dB

2 W
Fig.2 Observed images

Y7 AR 22 fE /N, 1 A R0 i S D PR 4R o
T,
(2) A5 SEN, Z RS F S HEE R

RIS
L-1 L-1 P (i ])
MI = P, . (i,j)log, — L2202
2 2 Pus(ii)loss (552

(36)
K, P S % KB R BRI, P oy S 5]
B F R, Py R F R R BIEGHER L
LIRS, AR B, 52 J PR 1 Jo e

4

(3) B3 {5 M2 L ( Improvement in Signal-to-
Noise Ratio, ISNR) #EN], f e T % 09k &2 5 i
MO M AR R, R B E Jie  f By

ISNR = 2010g10(M) . (37)

[ f=ull 2
K f, g, w A IR SRV G LI P45 RN 52 i %]
%,
TEASCE S v A FHOUL I (ETR AR  0) ih 22 X
EUR M & eRBUVE R AG s B B, $2 AR

. §
(a), (b) F I A5 HL PR BT 254 9, W74 BSNR iy 40 dB
(a), (b) PSF variation is 9 and BSNR is 40 dB

(), (d) FET mi Tt e Hi 0y 958 9. Wty BSNR 3 20 dB
(). (d) PSF variation is 9 and BSNR is 20 dB

(e). () W ME AT BLPA B 924 5, R4 BSNR 3 40 dB
(e), (f) PSF variation is 5 and BSNR is 40 dB

(). (h) W5 s 4 I R BT 7224 5, Wi BSNR 24 20 dB
(g), (h) PSF variation is 5 and BSNR is 20 dB

K3 iERE
Fig.3 Restored images



874 W [EDE2E

CH

SCEARBRR A A S W A AR v s R 4
LA EUR AT I B A E BRG] & &
WEN 1 x 107, 15 3] ek 500k ik & 1 R
Kl 3N,

1 ~4 B AR IBD 5k TV Bk, Kok
SCHEHH G RIR L  RMR G R AR 1 ~4 th
GEITHEE T LAE A SCHR Y SRR R O TR 1Y)

x1 SBHRYBEBFTEAIN
Lena B ERSETHEERNILE
Tab.1 Comparison of restored image Lena with

different algorithms ( PSF variation is 9)

BSNR/dB  Algorithm MSE MI ISNR
40 IBD 42.93  -32.37 2.43
40 v 36.67 —-22.86  2.99
40 kB 28.36  -15.61  3.64
20 IBD 39.59  -37.41 2.57
20 v 33.48 -24.36 2.62
20 ek 20.83 0 -15.17  3.32

K2 BERTHERATENSH
Lena BI{E RS HEEHEZERILE
Tab.2 Comparison of restored image Lena with

different algorithms ( PSF variation is 5)

BSNR/dB  Algorithm  RMSE MI ISNR
40 IBD 37.50  -30.91  3.11
40 TV 25.32 -22.63  3.25
40 mEBE: 16.21 -14.94  3.78
20 IBD 36.37 -34.19 1.16
20 TV 31.49 -26.41  1.39
20 PepkE B 22.01  -15.40 3.23
RI SHRTHEBAEANIN

Cameraman B SR EHEEE XL RMILE
Tab.3 Comparison of restored image Cameraman

with different algorithms ( PSF variation is 9)

BSNR/dB  Algorithm  RMSE MI ISNR
40 IBD 33.59 -35.10 1.83
40 v 29.88 -26.58 1.74
40 kA s 18.64  -14.98  3.59
20 IBD 46.71  -30.35 1.50
20 v 38.13 -21.08 1.77

20 Mo 26,90 -15.31  3.56

SCRARA B 4T P E e b 2 DR 15%
150l

F4 SHRTHEHEFTEASH
Cameraman BG4 ER5EEEEHEERMILE
Tab.4 Comparison of restored image Cameraman

with different algorithms( PSF variation is 5)

BSNR/dB  Algorithm  RMSE MI ISNR
40 IBD 34.90  -37.41  1.60
40 vV 28.62 -28.80  2.58
40 MEEYE 200700 -14.94  4.96
20 IBD 34.41 -39.57  1.95
20 vV 22.59  -26.19 2.48
20 B 19.70 -15.0  74.63

ML L0408 He BRI LAFR Y, AR SCHe i i 5500k
A AR S S R TR TR X 52
PRA 73R B O CBE R PR AT S D, 45 2R
K 4R,

(b) ST L5

(b) Restored image

(@) RAEG

(a) Collected image

K4 SM7DCBERIER I R R

Fig.4 Restoration results of spot image

5 & &

AR T — R B BT, TR
B LW T B e, (7 S R
I BT AT L, MO 7 B 0 P R AT — 2
BT 52 90 R 8 31 0 0 B 2 19 2 4
SR DLBEAIS A, BN TR AN
P RCBERLE | T LR R R



%56 81 PN, 55« SR A A AR A e B 8 OGO TR P A5 52 i v ) 17 875

SENWK:

[1]

M b T DG PR RIS S Bk FE [ D] b st 2R B TR R, 2008.
CHEN B. The theory and algorithms of adaptive potics image restoration[ D]. Beijing:PLA Information Engineering Uni-
versity,2008. (in Chinese)

[2] LANE R G. Blind deconvolution of speckle images[ J]. J. Opt. Soc. Am. A,1992,9(9) :1580-1587.
[3] AYERS G R,DAINTY J C. Iterative blind deconvolution method and its applications[ J]. Opt. Letters,1988,13(7) :547-
550.
[4] KUNDUR D,HATZINAKOS D. Blind image deconvolution[ J]. [EEE Signal Processing Magazion ,1996 ,4(3) ;43-65.
[5] KUNDUR D,HATZINAKOS D. Blind image restoration via recursive filtering using deterministic constraints[ J]. IEEE,
1996 ,2283-2287.
[6] RUDIN L,OSHER S,FATEMI E. Nonlinear total variation based noise removal algorithms[ J]. Physica D,1992 ,60 :259-
268.
[7] CHAN T,GOLUB G,MULET P. A nonlinear primal-dual method for TV-based image restoration[ J]. Proc. 12" Int. Conf.
Analysis and Optimization of Systems: Images, Wavelets and PDE’s,1996,219:241-252.
(8] Ry, B, &7 ST SIFT FFAERCHER) ZWUE U HE MG BURIL[T]. 22244 ,2011(6) :109-111.
SONG X,GENG Z X, WANG L F. Multi-frame iterative blind deconvolution based on the SIFT feature registration[ J].
Sci. Sureying and Mapping ,2011(6) :109-111. (in Chinese)
(9] AR A+ AHE, E 8. FUATIACHI A B BOEUE BT ]. F B 65 ,2011(5) :514-518.
DI N,FU D H,WANG Y N. Tterative blind deconvolution of image with weighted prediction[ J]. Chinese Optics,2011
(5) :514-518. (in Chinese)
[10]  E&7€, BG40 454 Fourier MUV 22 W H MG BUEMRIK L L [T ] M RHAEOR 24,2011 (4)
283-287.
WANG L F,GENG Z X,WEI X F. Multi-frame blind deconvolution algorithm based on Fourier-constrained[ J]. J. Geo-
matics Science and Technology ,2011(4) ;283-287. (in Chinese)
[11] R skoa 4, Ak, B A S BURIY B Wiener JEIE S BUIRAUH BUR R[], A5 #5 T42,2011(12)
3050-3056.
WEN B,ZHANG Q H,ZHANG J L. Realization of iterative blind image restoration by self deconvolution and increment
Wiener filter[ J]. Opt. Precision Eng. ,2011(12) :3050-3056. (in Chinese )
[12] B—7,XR, TGS, 45 G452 8RR CBEM AR T]. 25 #5142 ,2011(9) :2197-2194.
MUY N,LIU Q,YU L T,et al.. Application of Hartmann technique in sequence spot detection[ J|. Opt. Precision
Eng. ,2011(9) :2197-2194. (in Chinese)
EEE T

PhE I (1980—) 5, HARKAE N T,
RIBTE B, 2520\ 07 AR Ak B A ey
ARG S AL R B 05 T RIS, E-
mail ; shh426 @ gmail. com

XIHEEE (1965—) , &, M A+
A RO, FE N F R ER A
J RS . E-mail ; liuyy@ ciomp. ac. cn




