%435 F 18 H1/2023 £ 9 B/ ¥ ¥R

K EHRIK

He TG (5 B MUK T ok AR B A

FE, RE EREL ARAL NRR L EREL AEEY
UK AR L T TR B, I 3000725
R UERRE HABE, K 300072

WE KT Bk T Xt B BN 5 BOE UK TR SR TR T B o i i 06 2 AR AR T T i A 15 B o B L AR
ot K T AR A BT o SR, BT BT D R 1818 AR 32 2 A s el 23 B A D6 AR 5 01, 6 T IO O B4 4 il
BB AT BR o I IO 6 A 5 7R 031 daR Y 22 S e, 2 7 X0 i I L A5 005 15 20 A9 Ak RS B 0 0 e S D' B A 2800
i DA 52 BT 0 A5 B 1 2 R T o A A [ e R B K AR BRI R X TR R R OT & T 2 2 928, S g 4 R R W, i
&7 HERH X T A% G B AT i 4 AR Dk AT b A g s TR G RN B A SO R 2 T2 BUAE TR IR AR PR BT R B

WA 10 A5, I JHE St v Y ek AR A B A 355 BT SR A &
KR WIRMER; KRR B 5 e
RESES 0438.2 XERFRERS A

1 gl E

TE VA BT 085 op S B M A9 O 2 B T TR
TE KT Bt il A 2 A G A O B
SC BRI T A A T e A R R ORL 2 0O A
BT A0k & DRIV INTTR S5 G UET I N N7 e A A A BT
B2 LB AR AR 0 B g 0 5 T o X T e A AT A
WEEN B AN A AZTH R, DU S B R
LR IUR R Sy SE 2t 1 G 2 4 EUAR BT I O A%, AT
B Pt figp phe 2 et K APPSR 1Y PR GR A TR) R J2 S
BT e KR PR 858 v G o i R T Y SRR R T 1

TE T8 M KR AR PRI b, S BRI R iR AL Y B
B B 1) O O T 1) O O 2 T 0 i AR
JE, B 1) EOE G i PR R S BRSO 04 D 4R
FEdE A 22 S TR, R T O AR 15 UL 1 2K ORI Ak
AT A 00y B B AR 5 0 AUG ) B O, DA S
1] T 'G5 W, e ¢ S B AR B Y B E R T
TE DA i 4R B A B A e 18R 7K T 36 T R ASR B A AR
TrikZ— o IR T IR AR H A A% Ll 2 400 ) I 1
SEE . B BT PR AR B R R TS 1 U
e H AR AE 56 2 I R 5 B B9 2 S P 40 ) O 1)
BREHE o SR, BARE S OL RS [ HBOUR 61 25 B b
s E AR, AU B ARE 5O MR [ HUS O 8 Ik 22
S M X 2L S 43400 1 O e O

B 3 — ] R, A SCMAARUIER 1) £ BE AT AR R )

DOI: 10.3788/A0S230463

B E R H BT (55 6 7E U 10 25 S DT R 0 —
ol T O I PR 14 090 3% b B A K M AR AR 7 s L 1 AR
235 6] 0 3 P15 9 S 30 P AT O 10 08 D b B,
S S5 1 OO, I ik — 25 45 K D AR R R
FEE L SCBLT U kK IR IR BT R AR . 1R [V
VR B A PR B 5 R 6 R TR R HE AT KT AR AR A% 52
B, 1544 G A A% AR B AR AT b, S 06 4 SR A6 T
T 45 07 1 1 A 28 R A
2 AR

WA 28 K T B BR B v G R A5 B L K R
AR AR WL W B B SR T (o, ) £ B AR IR A
SO (. y) ARG T B G B2,y ) B

1(2.y)=0(x.y)+ B(a.y)=
L(x,y)-zf(x,y)JrA” [1 — z‘(x,y)},

Ko F BRI R S B R 86 L (2, ) 28 5 45 % o8 5k
t(e, ) B A S O AU B 1 O 3R
O( . y)s B(a, y) J KT Fo55 i b (BD 5 5k ) J 11 L
BEOEHR A AL R (o, y ) BRI, KR B
VE R T X0 B IO 7 A 14 T OO B (2, y ) KR
FRAG TR A 1 3 BN, S 00 90R 1  3X  1T
i 41 1B AR T T KT A4 5 R A S

F 3 (1) BT 4 S 9 0k S B R 6 L (2, y ), BV

(1)

Wi B 2023-01-10; EE B 2023-02-11; RABH: 2023-02-24; MEBHELZBH: 2023-03-09
ELWB: EEAKRPAILS(62075161) ) VG A1H 9K 30 & L 10 G R AA21077008)

BE1EE . "haofeng_hu@tju.edu.cn

1811001-1


https://dx.doi.org/10.3788/AOS230463
mailto:E-mail:haofeng_hu@tju.edu.cn
mailto:E-mail:haofeng_hu@tju.edu.cn

W B K T AR RS T 2R o
Hzy)—A1— iz
Llsy)— (z.v) [1—¢(a yﬂo .
[<I,y>

K i P AR 2 AR B T IE S AR AR T, (2, v ) R
T (2, y), G54 1A 4 B0 ke 5 B 43400 7 W
R IRE et R (2) H i (o, ) R E L
i 4 I AR BIL A A 3 £

I(x,y):I//(I,y)+IL(x,y):
[O,(x,y)+B,(x,y)]+ (3)
[O (z,y)+ B (x,y)],

FH T 7K AR (% SR A A, BT AR AR 1Y) A I 1 3E i B
IR, y) BT (e, y) 349 00 LA o 8 4 BRI 463 1
K R R R 155 o SR P 3K 79 M 5 D 9 PR 12
HEAT I 45 0 4 P49 52 J5E U0 LA A5 8 5 ik 1 I 1%
BOR . SEbR b, B AW R SOCAR SO R A BE
) 0 7 O 45 P 140 6 9135 b 7 A 2 57 < X 8 B
T A BT 2 1) 5 O 3 A v e AT 04 I B A
s T H ARG 5 O6AE BN T2 B th R AR A A3
PR A T L3 e 3590 30 0 30 4 0 I 5 fR 9 [ 140
A7 FAb 3, B B A8 A AT H AR AR SO0 5 5 L
BT E

T BT F 30 IR WLk G O 1 1 R /b Ot 3 [
1 (e, ) S oy A4 (45 3 b b A 8 T 1
W, DRI I A A A B A L KT () B
R L O e A U, O R AT R AR Do Y e e e
W, T o 8 e/ 1) WO O, 15 3 H AR 5 AR AR
o R R 43 o 4 P A AR i T v DR R S A BB E R
) f5e NER LT (2, y)

I'(z,y)=F"'

f{li(x,y)}{l

exp{DZu;:‘;v)}}, (4)

Ao O A s D (u, ) AR 3 A P 1 5 (]
BB .

Y1 I8 T B D T S 41 T4 0T =2 I 7 A T A £
2 2 L T = W AR P (2, y) om . MBS
VT 45 X ] A1 57 5 5 [0 f O 91 5 28, B0 98 il U 4 —
6 TF 32 0 % P40 59 0 4R B2 P (o, y ) B AR AR 87100,

CL(x,y)— 1 (x,y)  I(x,y)—I'(z,y)
P(x,y)= = o
I(x,y)+ 1 (x,y) I(x,y)+1(x,y)

(5)

S T AR WEIR R (5) B 1 336 P R 4% 06 &, 76 b 3
TR T, (2, ) IS T X H 4 W AT 85 497 oo 3 0
e Ak TR A 8 R B /N BRI 10 (e, y ) HEAT

% 43% % 18 81/2023 £ 9 A /K2 2IR
I P BE PR F5 I QBRI &, TAL B S A & KOG 58 B
I}}(I,y)j'\]

1+§i§¢ULwo (6)
28 3 BRIk T AL S R OE 38 R B AR X
D)y ) RT (o, y )40 65 JRUUG BEARU0335 v i 25 40 308 4
B3k 8 —F8 43 J 1) HOR O DT R T 22 Y H AR AR
5L o BT U i A 3 Y I A e AR AR X 4 A
12 5 A H F3CSRF A0 A AR AL, AT LS 4 1 S B B bR
PR EME I 5, BAR D BRI T .
Jei [ HCS G R PR BE P P BY AT BY T RAS
= B? — Bil (7)
B+ B
1 58 KT it 1 J80 AR A BB B I 1) B35 Y Sy 38 3 D
PG, B AR A AR e 4R 6, 78 38 2o O A 1) =X A i
SFFOGIRE I 1o FRCSRT OGO i P 8 i X 7 ) 9 G B AR B
T B Ry 50 R B AR O o FE 5 7 b BRI B
S 1 K5 1] B3OS 6 i % FE P, DA T S5 B 5T 4 109 S
. b PR BY (2, y) B B (2, y) B0
PR, 6T IH — AR EE A L BT AT B A P
45 K (44 7 BY (2, ) T K B BY (2, ) dik /0 i O
3o A TR ARG Py e K, b4
B‘}/:max{max[lﬂx,y)}}
BY = min{min[l’((x,yﬂ} )
i A% PR B (e, ) B 22 R 2 A (D) T,
M, y) ¥ T OB, 655 3 40 J5 i BOHOE A 7T iy 2(9)
A IS
B2 y)=A[1— (2. y) ]~ A". (9)
& G A E H ARG i 41 B2 ) DL 22w, 0 B bR
JEHY IR AR 2243 B B AO = 0, BEAF 25 4 20 (1) KX (7) P
Al E e R g (2, y )

I (2, y)=

bs

B'(z,y) AB'(z, )
h L L 1
AI]\
(I,y) (10)
P, A"

st AL G R T 52 R 2 22 . A 14 (2, y)
B % T 55 22t Ak IR 1] B 06 AP A S (2) BT 49 59
(R B S LR

I 4 o B 4 5 P 0 4 A 5 R Tk B o
SO 5 330 2 L TR D M Ll 52 B AR g
95 SRR, 6 B 4 B O L R DY o f /I
0 E RA 1( y ) 5 i NGB B T (2 y)
AR L 552 BT 1 1 3 O 45 6 KB % A 0 T R
AR B0 B e P10 A 2 0V 0

1811001-2



$£43% F 18 HI/2023 £ 9 A/ REFFR

1 O l.(n(:ii(; ,,,,z(I’y)

Jowe = nyn; ;2 20log Z'Enwui; m,/(r,y )+ q
%o BURAE (m, D) PIASHEBE F 580K my X om, B9t
RS @ bR XG5 5t o (s y )R a0 (2, v ) 53000 346
R o PG O R A R KEH S5 & /ME ¢ 8 — 5
a3 /N, T TE IE 23 BE AT RESH O AR B0 , X fene
ENR A C8 SN (= N S NS e
P A% o g

A58 2 4 TR E AR A B0 1) () S5 LR
e /Ol v & IL(I,y) O, 15 2 A B R Ij(x,y)—F
IA(x,y)XﬂL H Ar 9 1 0 %6 50 40 1 A T 1 R 2 B
10 y) (3 PR B e 0175 00 22 9
Pl v AR 0 A 40 775 5 JE 7 R i TR o s il L 5 A, R AE

, (11)

step 1
obtaining orthogonal polarization images

step 2 "
polarization-correlated frequency domain filtering I

search for the optimal cutoff !
frequency of the filter using thel

16 30 30 8 AT 0 O A 0 10 (e, y ) T B S A
A 20 A BRI B0 055 S oo TSR U6 G 61 08 137
3 2% 9 L A3 D g S B Ak B o 5 69 95 00 76 1
Dy
LR“::T%Inax{ﬁmiIL(rhy%+Ij(Ihyﬂ}o(12)

FH 35 AR 48 1R 353 Do % R 9 10 (o, y ) G IBE H 48 IE
Je B 1 (e ), I T oK T i 4% A9 80 A 1F S G 0F
A Gk B 345 3 AR ki S IR L (2, y )

"2, y)— Af‘{l — Z“(l‘,y)}

L(x,y): ; -
l (1‘,y>

AR A Ak 5 A R O IR 4 4 1K R [
1552 SR AR 0 ] 1R

(13)

1 step 3
image recovery based on the processed
orthogonal polarization images

pass filtering
H(u,v)

calculate
the DoP

after the frequency EME value as an indicator | |
domain enhancement T f EME
I @)+, @y) ==
find the optimal cutoff
frequency d, h
2(x,y)
1 estimate
- . A, P
Gaussian high- | {FFT AB @ [

maintain
the DoP

I'(zy) E 3

processed by '
the relevance
of DoP

recovery of the
underwater image

(EIIE S N T iU R L R RPN

Fig. 1 Flowchart of the underwater polarization imaging algorithm based on spectral information
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Fig. 2 Underwater imaging experiment. (a) Experimental setup; (b) intensity image in clear water
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Abstract

Objective Scattering and absorption of light by suspended particles in scattering media can lead to significant degradation
of image quality. In the imaging environment of turbid water, the interference of backscattered light leads to image
degradation, and the light is partially polarized. In order to obtain clear images, it is necessary to suppress backscattered
light, which is also the core of underwater polarization imaging technology. Most of the existing underwater polarization
imaging methods distinguish scattered light from signal light in the spatial domain based on their polarization information.
However, overlapping in the spatial domain makes it difficult to fully suppress the backscattered light only by using the
polarization characteristic difference between the target signal light and the backscattered light. In fact, the two kinds of
lights are distributed differently in the spectrum of a linearly polarized image. The backscattered light, which is the main
cause of image degradation, is relatively concentrated in the low-frequency components of the spectrum, while the
information of the target signal light is mainly distributed in the high-frequency components. In this paper, an underwater
polarization imaging method based on polarization image spectrum processing is proposed, which effectively suppresses
backscattered light by the frequency domain filtering and polarization correlation processing of orthogonally polarized
images and improves the contrast and clarity of underwater images. The method proposed in this paper and the results are

of great significance to the research on polarization image enhancement and underwater clear imaging.

Methods The proposed method mainly utilizes the spectrum distribution differences between the target signal light and
backscattered light. With the help of frequency domain filtering and polarimetric recovery, this method separates and
suppresses scattered light in steps and finally achieves high-quality image recovery. First, the cross-linear image in
orthogonal polarization images is processed by a high-pass filter, which contains more target information, so as to
automatically search for the optimal cut-off frequency of the filter. By extracting high-frequency components, the target
signal light and backscattered light are preliminarily separated. With the high-frequency components of the cross-linear
image, polarization-related processing is performed on the co-linear image. In fact, there is a polarization relation between
the two orthogonal polarization images, which can be represented by the degree of polarization (DOP). In order to maintain
this intrinsic polarization relation, it is necessary to keep DOP constant and process the co-linear image based on the high-
frequency component of the cross-linear image filtered by the optimal filter. Then the processed orthogonal polarization
images are employed to estimate parameters including the DOP of backscattered light, the value of backscattered light
from infinity in turbid media, and the transmission based on the improved traditional polarimetric recovery method, and

then the recovered image of the target objects in underwater can be finally obtained.

Results and Discussions The results of polarization imaging experiments of different objects in water with different
turbidity show that the proposed method can efficiently restore the images of target objects and improve the underwater
imaging quality. In experiments of the panda-pattern target, search results of the optimal cut-off frequency of each filter are
visualized in Fig. 4. By analyzing the intensity histogram at the dash of the result images (Fig. 5), it is found that the
proposed method is superior to the Schechner’s method. Several methods are used to recover a series of images of another

target, and the result shows that the proposed method displays better performance in restoring object details and improving

1811001-8



% 43% £ 18 #1/2023 £ 9 A/kZFFR

the overall visual effect (Fig. 6). Meanwhile, according to the value of enhancement measure evaluation function(Fig. 7),

the proposed method has achieved the highest value representing the most significant improvement in image quality.
Further experiments are carried out to verify the effectiveness of the proposed method for different objects in highly turbid
water. Compared with other methods, the proposed method can better suppress scattered light. Therefore, the result

images by the proposed method are more evenly illuminated, and the details are clearer (Fig. 8).

Conclusions In this paper, in order to obtain clear images, a turbid underwater polarization image enhancement method
is proposed based on frequency domain processing and polarization preservation, and the difference between the scattered
light and the signal light in the frequency domain is utilized. By applying a high-pass filter on the orthogonal polarization
image pair in the [requency domain, the backscattered light concentrated in the low-frequency component is initially
separated and removed. Here, the optimal parameters of each filter in different concentrations and scenes are automatically
searched to obtain more accurate target object information. Then the polarization degree is maintained to correlate more
accurate orthogonal polarization image pairs. Finally, on the basis of the traditional physical model, the images of objects
have been successfully recovered. This paper has carried out a series of experiments on different objects in underwater
environments with different turbidity, and the results show that the proposed method based on frequency domain
processing can effectively suppress the impact of scattered light on polarization imaging and highlight the signal light of
objects. Compared with the traditional underwater polarization imaging methods, the proposed method can improve the
uneven illumination problem in turbid water and significantly enhance the contrast and clarity of images, especially for

highly turbid water.

Key words polarimetric imaging; underwater imaging; spectrum; backscattered light
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