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Estimation of point spread function for long-exposure atmospheric

turbulence-degraded images
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Abstract: The image quality will be remarkably declined by the atmosphere turbulence in the optical
system. The farther the distance, the longer exposure time, the more serious atmospheric disturbance, then
the more blurred images. It is able to restore the blurred images by utilizing the spread function of the
atmosphere-turbulence degradation, but it is hard to obtain its accurate form of the natural atmosphere
turbulence. According to the research background, in this paper an approximate isosceles triangle model
was proposed to approach the accurate point spread function of the long-exposure atmospheric turbulence-
degraded image, then a Wiener filter was designed to restore the blurred images. Numerical experiments
show that the restore method is validated tentatively for the long-exposure atmospheric turbulence-
degraded natural images with the large field of view and long distance. The effectiveness of the method
is proven further by evaluating the restored images with the gray mean grads and the Laplacian sum
standards.

Key words: image restoration; point spread function; atmospheric turbulence; blurred images

W B #:2013-08-09;  f&1T H 8 .2013-09-15
EE B A . B BL(1986—), 53, D3 R, A0 4 A E 2 NS R ER AL B 3 S WY . Email:jollygeqi @163.com
SImE N IR (1975-), B W+ Bl #Z, EENFEA S FACEE AR DFSE . Email: wangkd @buaa.edu.cn



1328 41 9 15 8k TAE

% 43 %

05 &

KA it 3B b G SR R R SOOI | X il 3 Je%
DA K 37 S W R Pl A% A B o B b SRR B IR 2 — .
T B bR AR R Gt 2 [ A7 AE RS i 52w, PR
IG5 R R GE W 4 BE RS2 ) T AR B BRI

AT P15 A TR i W S oF ] A R, R T AR
AGE SN SINCIE o NS N 75 N R/ = R A |
BB G, FLR A RRAE S B R B R AL S P
R A G A e A RO A R T R R A, AT
VIS 2ok 2k 20 08 i 0 i D A Rk AT A R e
6 R AT It 1B Ak & (g O BT R, R AR RRAE
Wi 722 DG BEOR #5515 32028 S 2 i — R JH Speckle
Image % R“'F1 Lucky Region il &7, Hifth & JF 54 %
kAR H A B R RALER Al O A — o B R
Y E S (ERA N YN I E T 3 ¢ P =38

FE AT 3 6 AR e 60 AR AT R, AT
BREE — 2 H B A P n) 4, APEX 5
PR T A B O BRI R M HOAS R I W
P& 32 530 R R SCORT 8GR A S, IO T LA
SEERCR BT X A B 28 5 B AR BRI %07
Pelirh R 22 K & RRSCRAR 2%

SCH DL R 37t B R AR 1 K I Ol DR i It
BAEEMG A TF R X5, $E T — A HT B s PR 4L
flivt 7 o B S MR TR A A T KB O MR
FCRR B AR A E AR AR A AR AR ST
TR SENE = MR R R AL 25 A IR Ak R
P14 AT A Y T AR B O 38 i /) %UA
PRAF S BOR B S8 B R R 4 a0k ik AR 1
ZIEEE

1 KIBXE G BRIt — A%
MXEEDW

P15 52 R i Ui 1B A6 1Y 28 0B B ] R a0
8(x, y)=h(x,y)*f(x,y)+n(x,y) (1
Arfogle,y) HIBLESR f(x, y)ﬁ)?il“@ﬁ{ sh(x,y)
ﬁjtm{f“m‘om Y BRR B n (o, y) IR MR S 5T
RN (x,y) R R S B AR /Af(l)f/ﬁﬁ
BT R IRA
G(u,v)=H(u,v) F(u,v)+N(u,v) (2)

X .G H F RN 3N g hof Al {8 B 25 4
AT@%ﬁgWEEQMﬁ [#] 5 1% LA max (1G (u, v)1)
AT IH—1k 15 5]
IG' (u,v)l=H(u,v)IF' (u,V)I+IN'(u, )] (3)
MRBEME R n(x,y) i 2 a0 e &

| iy | fepdiy=os0 @)

At
IN'(u,v)l-1 (5)
CSEESEX AR s AR R (A R IR RS
IG' (u, VI=H(u,v) |F'(u,v)l (6)
B 6 KA it IR Ak G B R B R
Heu,vy=e ™ (7)

K28 o MBS H &, i AU Ui 14 5 J3E 2
E o AR MRARK 6T, I AEFE WA 5
PO RN
InlG' (u,v)l = —a(®+v*)P+InlF' (1, v)I (8)

F T I K e 397 a4 T80 o 0 ) 00 3 T 5L A TS A
XF PR W u=0, RIATSE AR B 0 Y Al 2 20(8) T LA L
HH.
InlG’ (0, v)I=InlF'(0, )l 9)

HERS o 1 B IAE, SLREAS 3 A4 H R %L .
# InlF' (0, v) I & 1, 8t 0l 4% 24 X 9)iF 5t —alvl®
B, AL T o T B AME, PR B 4nfal 52 4 InlF' (0, v)
SRR T YRR B T G BE  APEX BLA
TR 2~7 Z 18 09 8 AR InlF' (0, v)l, & Xxf 5 2
ORI A AR R B R B R 22 AR A
Ko SCHURE SR AT AL S N = A T A R T o i T
P s R B B Al

—aly|®=

2 KB EEFEHTHEABRGERLE
J& ST R AE S 4

HHSEHIFTE L5 SRR F1 AR PG 8 L - [ A A L
FRAR 3 P BUNS BAR AR R s i), O3 4 e A 4005 it
2o A A ARRL RN RIEOF T 5, SO R
G B AR R A A AR BT 1 AL IR 23 #r

BT A () 3 M AR R (b) S T BT 14T 4505038k
Ae bR Y Al LIS IR SR B I A R (o) R
T T T 15000 315 1) T ~F b 5000 £ XSO0 B0 bm 2T 1
718, (d)h T T P A5 400 3 Y I b B dE Bt iR L 22



% 4

BAL BB BRSO T 1329

HREMDH R ZREGNELE SR,
JUAT £ 26T 180 45 52 WS A 4 AU IR, HL A o B
P EF 2 N

(®)

Natural log of Fourier
amplitude

_11—200—100 0 100 200
Discrete frequency

|
—_

1 - 13

& £

g 3t g -3t

=3 =g

52 5t 5 275t

g et

IR R

E -9t I "W’p E -9t

Z -1 - N O] - @
10° 10 100 10° 0 50 100 150 200 250

Natural log of discrete frequency Discrete frequency

Pl 13 M FL SR T 4500 2 A

Fig.1 Clear natural images spectrum analysis

(ETTED S S N 5 N W 818 -4 =l ML SN
N i WA T 5 R 7 I R R A B S B, IR i S
H A I 3 2 R AT B LR A

P2 Sy i 0 PR A5 R s 39 aR Ak i T A0 78 Al X

* Fitting slope of clear
image is —1.0639

* Fitting slope of clear
image is —1.2736

+ Spectrum of clear image
+ Spectrum of degraded image

(©)

|
IS

|
oo

Natural log of Fourier
amplitude
> o s
Natural log of Fourier
amplitude

-10 . .
10° 10 10° 10°
Natural log of discrete frequency

“1360-100 0 100 200
Discrete frequency

P2 3 O P 1% L % s R AU P A5 00 3 2 Al X L 2 A7
Fig.2 Comparing and analysing the spectrum changes between the

clear image and the Gaussian degraded image

L2 BT, e Hb (a) S 1 T I 15, (b) B AR AR, (c) i
WA 121 15 1 IR Al 11 45 0 5 Yl T il A% A R0 B A

PR AT B IR (d) i I I ORTR AL R Y il
B SR X BOE B SR o 2 R X e A IR LY
45 AT A KM O R A i VB AR B R AR o [ AT A
SRS SR SER A IDENEE 7 et L P N NS K (/1377
R R AR, HAE R, KB AR 80 A 2R B 5GR
(LA IR o A (1T i S R i [P Bt a3 4
=,

3 EEMRY BEHMAT

TR T TSR T AL A I AR R R T i AT
JE U ¥ BT A% 0035 InlFY (O, v) LA B A B O K<
it U 2B b AT B eR AR A T R

Pl 3 v il 2k o — i B S R O R R S GR
PG I B 22 b i), B SR s A 43 i B
K, RIGWE 3 T AB iR i) H R £ R InlF'(0,v)]
TR AT P15 A0 3 v AR 03050 o3 A B3O o T RS Al

Natural log of Fourier amplitude

-200 -100 0 100 200
Discrete frequency

& 3 InlG'(0,v)IFI T E InlF'(0,v)l
Fig.3 InIG'(0,v)! and InlF'(0,v)I

Bl b A3 O - I s xR BT L U B O<v<N
(BB RS 2Mx2N) Ry o B A B PR AEFR A A(xy, )
M B(x,y,),AB MIH L Jr 2 R y=ax+b,A B Wi si 1Y
A AR IR 2 S A

X1=m ,XQ:N_nz (10)
M:i > lG (0, i)l+e, (11)
1
1 N ' :
y2=*25:N—n,ln|G (0,)+& (12)
ny B

Kron Mo, WD THE AR B, BFESCHH

KT 0<n;n<10;e M & NS EH TR &

A 11 BT AR O0 S 2 v TR A AR A, R R

hol<g,e<l, i@id A M B WARIEITEH a M
T M7 B AG53 InlF” (0, v)13% 23 30 (13) B 5



1330 Lok T2

% 43 %

InlG'(0,v)I Ivi<n,
InlF'(0,v)l={av+b m<vsN (13)
a(-v)+b -Nsv<-n,

K5 8 1 A 59T —alv PP TS A5 R A 4
JioR o BT B A EE R —alvI® Ry FF 1 ) T <8 E
M 28, 24 v<O B —alvI?? J& SR B 38 19, 24 v>0 B —alvl?
SRR B . AL 4 T B OR B —alvi® HA A
A2l BB A T o R0 B RL

Natural log of Fourier amplitude
|
[N}

5300 -100 0 100 200
Discrete frequency

E 4 —alvI®=1nlG'(0,v)I=InlF'(0,v)l
Fig.4 —alv®=1InlG' (0 ,v)I<InlF’ (0, v)|

X —alvP® (1A SCRCE R i /b R E UGS
UG B e R AR 2 o A1 B AYAE,  BIAS B0 R A KT
PR, A AR 5 PR

+ Natural log-Fourier amplitude vs discrete frequency
——Fitting curve 1

Natural log of Fourier amplitude

-100 60 20 20 60 100
Discrete frequency
5 —alvl® L4 45 R

Fig.5 Fitting result of —alvl*

4 BGERIBRERDN

4.1 BBREENTE

e O T 1% 12 DA 2B B (2) 4

(1) X 3% S £ ik Je Mg 6 B 5 0RO 308 5%
ey — sk K MO M (2) MRS T SC o AT, B B=5/6;
(3) i FH R FH AT (0045 W = £ JE 455 8 & & InlFY (0,01,
SR i FH s/ 3 LAl T oo (4) T FH 4E 90 08 Uk FRT
ARAT ALY PR B SR BB R

1 [H(u,v)I?
H(u,v) |[Hu,v)*+K

F(u,v)= G(u,v) (14)

H K M HBAEEF A 0.001~0.01,
42 EBERER

S 1) B 6 i AR LENR B 7 o Soh
B R ER , HAE 8 «=0.001335; K 8 4 APEX 5
Pt 0 S HOR B R ER Al 2=0.003 069

I 6 %y AR AL R ()
Fig.6 Input degraded image(aerial image)

7 S BTk R R R (IR

Fig.7 Restored image by proposed algorithm(aerial image)

FE 8 APEX 53 i Al I i i 4 i ok 008 52 I TR (A1)
Fig.8 Restored image by APEX algorithm(aerial image)

4.3 i M

S5 2R K V- S 86 B GMG Az 3% 7 30
JE LS B g & AT i F N . GMG {H 8K %R
P8 X b B B B R A BB 18, LS R R
D) P 5 83 AT, %% 6 B £ B L GMIG 1 LS {BLEY 3T 58 2
ey (1 N



% 4 8 23

BLF KRB E R A R B AL AR B R B AR T

1331

Sum%;g |GG ELIST (5
summ=§ [8+ §(i4j)~g(i~1)g(i=1)—g(i+ 1))~
g0+ 1)=g(i=1 j~))=g(i=1 j+1)=g(i+ 1 j~1)-
g(i+14+1)] (16)
M=y =iy (7

A g IRFTEH EE , HRSE MxN,

T LR KW . SOR AN T APEX 5k fiE
b RS B S R K, SRR B A
GO . RIS 3 1 FIR 2 N 45 R ik — 2D
UESE T SCHRRE B X RS . R A R AR K
B Ol R A i A A PR 18T B 4 ) A2 JRURIOCR:

1 BLEKGMNERESRHY GMG &

Tab.1 GMG value of original and restored images

Algorithm in
Ref.[9]

Algorithm in

GMG .
this paper

Degraded image

Aerial view 6.029 7 12.081 3 12.245 4

2 BUBEGMERESGE LS &

Tab.2 LS value of original and restored images

Algorithm in Algorithm in

GMG Degraded image Ref.[9] this paper
Aerial view 19.1108 37.4703 50.079 0
5 & it

SCE o T R | R 2R R FAR K

BB TLHT T WS AR Ak, 4R T — A S = A
TEREARY . JF 0T a5 9 8k A A i . B AR e Rk T
APEX B3k 8t X B AR R Ak BHMR PSF Al 1113 22 1 K
4 1) 8,3 3k KA T AR b ) I eR A T A
B, BB AR R BRSO
Uf % W VF i 25 AR UE S T SC R TR A A L

S E Bk

[1] Curt P F, Bodnar M R, Ortiz F E, et al. Real-time

embedded atmospheric compensation for long-range imaging

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

using the average bispectrum speckle method [C]//SPIE,
2009, 7244: 04/01-04/12.

Zhu Wenyue, Ma Xiaoshan, Rao Ruizhong. Optical
turbulence effects on electro-optical sensors[J]. Infrared and
Laser Engineering, 2006, 35(3): 354—358. (in Chinese)
ARICHE, g, B ER h L RO A e U D R I g8
REYSZ IR [J]. 2050 5 06 T/, 2006, 35(3): 354-358.
Labeyrie A. Attainment of diffraction-limited resolution in
large telescope by Fourier analyzing speckle patterns in star
images[J]. Astronomy and Astrophysics, 1970, (6): 85-87.

Bocquet B, Ait-Abdelmalek R, Leroy Y. Deconvolution and

Wiener filtering of short-range radiometric images [J].
Electronics Letters, 1993, 29(18): 1628-1629.

Fred D L. Optical resolution through a randomly
inhomogeneous medium for very long and very short

exposures [J]. Journal of the Optical Soceity of America,
1966, 56(10): 52-61.

Carrano C J, Brase J M. Adapting high-resolution speckle
imaging to moving targets and platforms [C]//Proceedings of
SPIE, 2004, 5409: 96-105.

Aubailly M, Vorontsov M A, Carhart G W, et al. Automated
enhancement from a

video stream of atmospherically

distorted images: the lucky-region fusion approach [C]//
Proceedings of SPIE, 2009, 7463: 0C/01-0C/10.

Brauers J, Seiler C, Aach T. Direct PSF estimation using a
random noise target[C]//SPIE, 2010, 7537: 0B/01-0B/10.
Fu Changjun, Xu Dong, Zhao Yan. Blind restoration of
turbulence-degraded image using maximun entropy algorithm
[J]. Infrared and Laser Engineering, 2008, 37(3): 542—
546. (in Chinese)

A, PFZR, BRI IR AL R A B R H R 5
L[], L0455 HOE TR, 2008, 37(3): 542-546.

Seghouane A K. Maximum likelihood blind image restoration
via alternating minimization [J]. Proceedings of the IEEE
International Conference on Image Processing, 2010: 3581 —
2584.

Carasso A S, Bright D S. APEX blind deconvolution of
color Hubble space telescope imagery and other astronomical
data[J]. Optical Engineering, 2006, 45(10): 04/01-04/15.
Torralba A, Oliva A. Statistics of natural image categories[J].
Network: Computation in Neural Systems, 2003, 14(3): 391-
412.



