) 32 % 3R Acta Phys. Sin. Vol. 74, No. 4 (2025) 044201

BT R LEIERIK TR R =85 R

K ot D#

F B 2O#

A5 091

1) (MEUTERZZIMNFEBE B TR, M 225300)
2) (PSR AL B FE R, fa 210023)

3) (hEREG R B U S Y BE TR BT, B ADEEE R E SRR, KE  130033)
(2024 4£ 11 1 12 Bk, 2024 4E 12 F 7 HURE B k)

it 4 BAR B AAE 2 B3 5 1) O O T T2 A AR B X I A e B X A B e B £ R BR
S FH Y0 RS2 I BB 7 018 T T, A SR T 10 e S DXl P A A1 A5 5 12 %07 VR 2 T S D iR AR A
S AR 25 B ASETRY R A BILH W 2 1 P45 2 e DA A O I £ J6 TG {4 15 S0 P00 20, LA i AR 5 80 9988 23R A
E AR RSB T 0 4% (5 B AR B T Stokes Jc i B [, 455 15 G AR E RSB L . SLR
AN SR T R A R R W], A SO A e A L BRORER 23 i Bt HORA H R0 S, REAS BY J1 5t
SLIRFRAE T BT BUAR B, 7RI JE B IR ER DN 55 F 5 A5 U ELAT T ) B o7 T 35

KA AL, A RIRS, KB, BEAREE

PACS: 42.25.Fx, 42.25.Ja, 42.30.-d
CSTR: 32037.14.aps.74.20241582

il

1 3

IKF G BUR B ARAE SRR K P AR
FAIEE N | VAR IV b R PR S5 el ) I ) g
58 BRI, KR PR i JCAL AN TE R AR 1Y
“IREM N " 2R 1 UG BT 1. PR, BB GsR
SR ER BAROUE R, FBAIRE mEUHDE T2
TR G AT ) B R AR.

TEA PR UG T B8 f ik 152 A1
ANFEDGH R 22 5, BT BT e, AR AE
BT K AR S R e 0 2 — 1. Schechner
A5 12 TR AR AY | ] S 80 DR L35 )
BRI R. fErItat - Z M mIREE N H
Fr, Huang 55 031 8405 | A S EERAEA R R R Pk

DOI: 10.7498/aps.74.20241582

1 H ARG BOG, LT ZmiRREr: B A 0 285U
Hu %5 M3 T B 5 2R E AR R, BUS 78
T R AR Wei 45 19 B TFIRBEE B IK R
Lambertian SRR STHL T #sh UG GRRE, B
15 T EIF RO SUR SR . TEIRIEY) 5, Treibitz
F1 Schechner' 3% F 3= 8l k6 iR & 5 7K F 3
SR SAGARL. FE I IERE b Wei 55 17 JLF a7
BT o iR T — AP X H AR R AR Y A I PR
PR R T 5. SR, LA T e S5O0 T fe 0 DX dak
TG RBURE R B, mCbrig s PP R
SR AR SR X . I R A T 2 4 s () i i
Mr B BOCHE mIBUHEAE B, BRIk TE
SRR H AT BEXE LA B

B DA B 7 R G X BT i T B BR
SrcHOHE LATE N 1Y [R) . AR SCES G F B i iR RN

*OEZE A AR (S 12174196) AR R S B I TR G R B LA - 4 IR 5 BT B DI 2 R s e s (S

SKLAO2022001A17) %5 B
# RS TTRRER
t BIE1E#E . E-mail: zhuqingzhu@njnu.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

044201-1


http://doi.org/10.7498/aps.74.20241582
https://cstr.cn/32037.14.aps.74.20241582
mailto:zhuqingzhu@njnu.edu.cn
mailto:zhuqingzhu@njnu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 4 (2025)

044201

SR TR, 3t — R A T S A0 X sl K
MRIRELHON T, B, B AL YOG R
SR B i (5 SR TE i 5 S vk 43, BAT B
PRA5 B HE 2R L Sl R AR B A T35
TR I B IRIR o8 F TR A W B AR
f BOLMIREE; 2T 2 Al TH AT 1) B 't fh
R JC A5 58 73K Stokes KA FE 4 1Y
/R BRI B, 450 B AR LU
TR T Yo, SCs B S5 0 R A5 R 3R W,
TSR AR L DI, A SO IERIREA UL BRR
FROT IR TR G, IR T T MR B LLRE R . [R]
W, BA—@ EAR L, R8I ) S 2 2K T Y
B,

2 R R R B R K T e iR = B
o7k
FEIK R B G R R AIMLIECE B S rT LA
S BARME B0 5 U AT R T
BIMAYLER. KR BRI R N e BT ) s
FEHFZ I, PR 1 — P 22 6% ) . AE AL )
S T 2 oy 18]
W(z,y) = T(z,y) + B(z,y), (1)
Ho W (2, y) 2 BRI A REFINEE (v,y) &
FIJERER A, T Fm BAR(E EOLRRE, BV M
1 HAR ER. B IS MU, RITL
PRICIR IR G, 25 3 HARE BORME MU e A
JET A mAR Y, PRI AR (1) R 24 555 b
W(z,y)=T,(x,y)+By(z, y)+Tu(2,y)+Ba(z, ), (2)
Hob 1, 1 B, b HA iR fs B BARME BOEHS
B, W T AN B, JE TR B bR(E EOCARS Mk
S R (2), WM BArgsan (3) RPTR:
T(z,y) = Tp(z,y) + Tu(z,y)
=W(z,y) — [Bp(z,y) + Ba(z,y)] - (3)
HFORTE K R ARSI 2 & A 280, 456 HARE Bok
SISO RIR 2 5 ARG S SR LU R
P 01224 5 (3) B 2SN

W(CL‘, y) —k [Bp(xvy) + Bn(x’y)]

;o (4)
CXp Bp(IZ?,y)+Bn(I,y) _1

k

T(I7y) =

Forp I3 BHABL T U B SOE R S e

kTSR, KA 75 0

N—-1M-1

I

y=0 =0

()

255

= arg max [ Zn

Hrp, () ZARETEEAER Y, KEE R IHEER
B L. M AT N i 3Ros R A TR 4K
p[T(z,y) = 1) HFERREL, M T(x,y) = IHHEN 1,
B 0. FHFAE E iR B 05 1 U B
By (x,y) FM3RIT A TC, RYE Stokes I i 4k
e/ MR B G A T AR

(1) logan (1) 1

x

Y
_ L Z Z Lnin (z,9). (6)
e
BT ESMmIRGRTY, By (x, y) AT LAFR A 19
1

Dscat — Pobj

- Imin (’I’, y) (1 +p0bj)]7 (7)
/E\:rh DPobj %D Dscat j:’ B $ﬁ1§4§\%%n}ﬁ f’ﬂﬁﬁﬁﬁ‘l’:ﬂ@ﬂﬁﬂfﬁ
g- Imax *[] Imin j‘j%jﬁﬂﬁ%gﬁg E1%ﬁ§ilj\%y§
SR AR [R5, AT LLJE T Stokes K sA133. T H
B0 52 Ze 180T RS ) BCR G RYAE I S0 19
B4 TS A U IR IR EE , PR pobj F pcar I
M HHTN Poyj (,y) B Py (2,y) . I TR,
Picat (z,9) FTLAFRIR A
b
B (z,y)

- Pobj (Iv y){ [Imax (ZL', y)

BP (xay) =

[Imax ({E, y) (1 - pobj)

Pycat ([L'7 y) = {Imax (:E, y) — Inin ({E, y)

o (@) =By} )

Hor B (a, y) FAG T IS 08B0 S 3 . AR
JGTE R L 2 B I ot 21, Al A e S 1K 0l
UGBS B (,y) 2. % EE S 0] O i i B
2 B AR R IR MBS IR R

1 — tan? Bonj (2, V)

Py (z,9) =
obj (-’177 y) 1+ tan2 oobj (l_7 y) ;

(9)

. _ P(xay)so(x7y)7sl (Qj’y)
tan aobj (x,y) - 52 (x,y) :
Hrr Sy, Syl Sy K Stokes Ki, P ARIREE.

ARICTT A TANIE 1 R,

044201-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 4 (2025) 044201

Polarized azimuthal images
acquired by the camera
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Fig. 1. Underwater polarization de-scattering steps independent of target-free regions.
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Fig. 2. Experimental system for underwater polarization

imaging.
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Fig. 3. Results of underwater polarization imaging experiments: (al)—(a3) The intensity imaging results with ambient turbidity of
25 NTU, 35 NTU and 58 NTU; (b1)—(b3) the imaging results of the proposed method in this paper, the yellow and red rectangles

show the imaging details.
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Fig. 4. Comparison of imaging results using different methods independent of target-free regions: (al)—(a3) The intensity imaging;
(b1)—(b3) Schechner’s method; (c1)—(c3) CLAHE method; (d1)—(d3) PDS method; (el)—(e3) the proposed method in this paper.
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Fig. 5. Comparison of imaging results using different methods in the presence of target-free regions: (al)-(a3) The intensity ima-
ging; (b1)-(b3) Schechner’s method; (c1)—(c3) CLAHE method; (d1)-(d3) PDS method; (el)-(e3) the proposed method in this paper.
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USRI T AR A BB L AR RALIF F Schechner #7773k, Fr it [a] {4 H: 32.46%.
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Fig. 6. Comparison of imaging results using different methods in various scenes: (al)—(el) The intensity imaging; (a2)—(e2) Schech-
ner’s method; (a3)—(e3) CLAHE method; (a4)—(e4) PDS method; (a5)—(e5) the proposed method in this paper.

F 1 6 UGS E T S AL, B ERIRBRTE, IR R
Table 1.  Quantitative analysis and comparison of imaging results from Fig.6, the best values are highlighted in bold, and
the second-best values are marked in *.

Figures Evaluation Intensity Schechner CLAHE PDS Our
Entropy 7.0835 5.2074 7.1600 6.3775 6.9319*
(al)—(ab)
Contrast 0.2933 —o® 0.3620 0.7076 0.4968*
Entropy 7.1815 7.2357 7.2334 7.0689 7.3007
(b1)—(b5)
Contrast 0.3495 —o® 0.4143 0.6053 0.5608*
Entropy 6.6501 6.8566 7.3142 6.0976 6.9915%
(c1)—(ch)
Contrast 0.1996 0.7476 0.3625 0.3573 0.4523*
Entropy 6.6219 6.0931 7.1348 6.5029 6.7891*
(d1)—(d5)
Contrast 0.1947 —oo 0.3249 0.4311 0.4566
Entropy 6.8163 6.2458 7.1551 6.9662 7.1863
(el)—(eb)
Contrast 0.2249 o 0.2909 0.3916 0.3725%
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* 2 A6 BRG] He gL, BRI R

I AR
Table 2. Comparison of single imaging average
times for Fig. 6, the shortest time is marked in bol-
ded.
Schechner PDS Our work
Average time/s 5.33 12.73 1.78
4 %
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Abstract

Underwater optical imaging technology possesses broad application prospects in fields such as marine
resource exploration, underwater ecological environment monitoring, and seabed topography detection. The
technology employs the polarization characteristics of light, particularly those of the background and target, to
achieve a clear image. However, the traditional methods rely on target-free regions to compute the
backscattered light information, which is infrequently present in the actual scene captured by the camera. Then
the full-space resolution of target information light and backscattered light information are required. At this
time, the traditional methods may be difficult to adapt in practical application.

In this work, an underwater polarization de-scattering method independent of target-free regions is
proposed by combining active polarization imaging and transmittance de-scattering model. Initially, the total
light intensity within the camera’s field of view is decomposed into its polarized and unpolarized components.
By removing the backscattered light with polarized and unpolarized information from the total light intensity, a
clear underwater target can be obtained. Based on the active polarization imaging model, the backscattered
light with polarization information is calculated, in which the polarization angle of the backscattered light is
considered to be zero in the full-space. Thus, the polarization degree of the target information light occupying
the camera’s entire field of view can be derived. According to the polarization correlation, the polarization
degree of the backscattered light can be characterized, and the intensity of the backscattered light with
polarization information in the camera’s entire field of view can also be obtained. Then the unpolarized
component is calculated using the minimum intensity image with Stokes vector transformation. Finally, the
underwater scene is obtained by combining the transmittance de-scattering principle and introducing
adjustment parameters.

Experimental and real-world underwater imaging results demonstrate that the proposed method can
effectively remove the majority of the backscattered light and improve the image contrast and entropy,
regardless of whether there are target-free regions. Additionally, this method possesses a certain rate advantage,
which can facilitate the real-time complex underwater imaging technology.
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