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Fig. 1. Underwater active polarization imaging model.
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Fig. 4. Comparison of restoration results with different solution values: (al)—-(d1) Images of target signal light; (a2)-(d2) images of

backscattered light.
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Table 1.  Objective index evaluation results of re-
stored images with different solution values.
Index (a) (b) (c) (d)
MI(B, S) 2.529 2.969 2.062 3.093
C(9) 0.203 0.279 0.067 0.306
Entropy(S) 4.834 4.695 4.455 4.953
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Fig. 5. Comparison of restoration results of images with background.
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Fig. 6. Intensity distribution at the scribe lines of Fig. 5: (a) Scribe line of toy; (b) scribe line of metal ruler.
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Table 2.  Comparison of polarization inversion parameters of restored images with background.

Toy Ruler Cube-coin
Parameter
Treibitz Zhao Our Treibitz Zhao Our Treibitz Zhao Our
Py 0.190 0.249 0.248 1 0.503 0.501 1 0.668 0.649
Pat 0.291 0.271 0.272 0.479 0.495 0.445 0.659 0.651 0.586
| Py 0.101 0.022 0.024 0.521 0.008 0.056 0.341 0.017 0.063

074202-6


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

) 3B £ 3R Acta Phys. Sin. Vol. 72, No. 7 (2023)

074202

i 41 JBE R S R PE R E 7 -BE T, 4543 181 5(j) A1k 2
BHEAT LA, Treibitz JF i FRERARL MIMAE 5(k)
A (1) 7T BAF 1, Zhao J7 i FEROM e B
A, 8 e i e AR P P RS T X3 B P e
AR, TR it i 2 A P ) B 5 DX ) < T RS
SEATGE s BRI (5 B AR SORE AR R
TR DR, A2 BRT R BB B — R4 bR
A5, BeAT B B SR RETT X3, (L™ 8 1 RE T
DR AT, A B AR T IR P AR
SCTTEA VR R KA N e H 1, 2 R
BIECRIFIE bR, WA SR T AR IR
(NAIDISE R ESY
N T ER B TCR, BR T RGO LA
BV, ASSGE R JHEME L (SNR) FH SR FME 5
Al P(NTQE) 11 2 WL 95 s o & 5 45
RIATICAL, Horh NIQE AE R — ik 7 &4 1]
GEIT LA R G S AL RE 3E PV Mbrife, $f
BT AR PG B sy, LA T A o iy
HAREAE AL 3 s, AN [ % UL b o 2 DA
{EA AR, HEZFREAR, DASIHsiR 22 ik
O FERY, AR AR bR A T BN B, 5IAZNER
B (roc) LG PN IR EHR B AR THR, HA(E
R, AR R B ER G PR T 2, BRI
KanF:
f(roc) = 0.1 x SNR;o + 0.2 x Entropy,,,
+ 0.6 x Contrast,,c — 0.1 x NIQE,., (10)

A roe (rate of change) R ILRK.

M 3 AT LI ARSI T 20 TR i
FRPEBCEL I JERCR A T Treibitz 7k, fRHEH
BEAR T 11.3%, A A5 20 FXF L BE 43 ) 48 - T
22.4% F1 198%, NIQE {EFE% T 18.3%, & Ji K14
HLEa R T T 123.9%; i 5 Zhao LA,
XFELERRAIR T 10.0%, {F2 A5 He A5 B0 43 342
THT 11.7% 5 40.4%, NIQE {H &1 24.4%, & 5
KUR LB TRRRTE T 5.7%. AT LAFR ), ASCAr i
255 B PEH BREL S (roc) BE RS IE i 2835 5 I 1A
GIZEE TR TR, HAA A EUE S F L5811
WHAWIE . BT Treibitz JyEEXT T4 @ ROFE J7 -
B T MG R 8, AR HEUE AT LA, 3 4h , AR
Fr Ty gkt T ELA i B AR 0 4 TR R B R
RORAREL T Zhao ik, XFHEREMRT 69.2%, {HAH
WA LRI SRR AT T 114% 5 235%, NIQE

EHREAR T 4.8%, BIFEURLR A BT T 17.4%.
T AR SCIT 2 7 60 i A D i 3 Ve A5 o B Oy -
MY 52 SR RCRAH SR T Zhao J7 5, X BEFRAG T
56.3%, 1F{5 M tL ARG B AR 53T T 177% 5
202%, NIQE {HF#MK T 4.5%, 2R E G L4 &
PETT 24.8%. L8 LR, ARSI EME T Zhao
T e AR A2 R EUR 255 o i
%3 iR MR RV 4

Table 3. Objective index evaluation results of re-

stored images with background.

Image SNR Entropy Contrast NIQE
Toy-Intensity 15.607 5.373 0.033  9.208
Toy-Treibitz 4120 5.949 0.096  11.008

Toy-Zhao 3.269  5.183 0.319 11.889
Toy-Our 3.653  7.279 0.287  8.989

Ruler-Intensity 24.047  3.826 0.011  10.126
Ruler-Treibitz 3.368  3.059 0.008  8.337
Ruler-Zhao 2954  2.079 0.448  15.465
Ruler-Our 6.318  6.971 0.138  14.719
Cube-coin-Intensity 17.751  4.951 0.018  7.982
Cube-coin-Treibitz ~ 1.281  3.294 0.014  7.046
Cube-coin-Zhao 2.535  2.532 0.407 12.732
Cube-coin-Our 7.028 7.635 0.178  12.154

Ry it — 2 B AR SC 5 R AR TC T S X A A%
R, ARSGETFRE T IH S mitss. s BindA
A ABTER S EMRG i 25 1 5 X 5, AR B B AR X
WAE A AES. B 7 JRR T 43 5lis B EURAL
P75 CLAHER? | Zhao 77 M FUA SCH5 %60 Bt
H | 4@ ROFNEE J7 R 1 1 52 DR Asf o, A 178 52 i %
RENITEMFER W 4. WTLUL P, ¥4 CLAHE
J7iEx T ILF B AR ERaE — 2 R LT RS
B RE, H 58K Zhao J5 I FIAS SCT7 s S RE T BR 1114
“EEIRC . o X TR R B AR IO L, A T
XF BN 71 B B2 SR ARIRAR S M AN, AELR XS 55 U
RS 4B R Zhao ik BAETLT B T
A0 G JE R R EUR, (R JEEUR P R R A
R AT LIRS | SRk B S A B B AN <ot i B4R i
AR AT RN 4w RO TR BRI 3k G T 3k )
A, HLA R 0 45 SR W, MRS 7K 7E W]
AN, X ICH S 0 S AR IR TR A R
Dy -RE T AR AR IR BE 0% JBE J7 5 o B R T S, BT LA
Zhao ARSI B 5H T ST B2 IR
FAR—. 557 5 PEIETT UL, Zhao Jrik{X
KX B X — B — SR bR PR S i S 8K, AT R
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Fig. 7. Comparison of restoration results of images without background.

SIS I ER B A WG 43 29 IR, Bl se i dlse,

M5 5 ARG, I IR I i D S T8 S M E AR i T4
AT, TR (R R POL AR S5 9k B A T
SR EGRHN LURE, EP 1 25 IEMR B A 1
b, e T 2GRS BT, REE RIS BN R
SE S IR

#4
Table 4.

stored images without background.

o SRR & PFA 45 3R

Objective index evaluation results of re-

Image SNR Entropy Contrast NIQE
Toy-Intensity 17.101 5.319 0.029  9.006
Toy-CLAHE 13.283 6.214 0.059  10.357

Toy-Zhao 6.314  6.083 0.127  15.829
Toy-Our 5269 6.914 0.145 16.152
Ruler-Intensity 15.794 6.284 0.062  9.391
Ruler-CLAHE 15.389  6.442 0.067  10.395
Ruler-Zhao 3424 1.154 0.492  15.277
Ruler-Our 9.889  7.421 0.128  19.501
Cube-coin-Intensity 16.477 5.313 0.023  7.727
Cube-coin-CLAHE  14.139  6.048 0.041  9.149
Cube-coin-Zhao 2.210  1.828 0.438 12.893
Cube-coin-Our 3477 6.753 0.187  12.269

#5 5 SR NG R S S H 00

Table 5. Comparison of polarization inversion

parameters of restored images without background.
Toy Ruler Cube-coin

Parameter

Zhao Our Zhao Our Zhao Our
Pyy; 0.223 0.199 0.328 0.334 0.656 0.687
Pyat 0.271 0.254 0.319 0.265 0.643 0.613
| Pyl 0.048 0.055 0.009 0.069 0.013 0.074

PL3E 4 B s T IR 5, XA 41 2 R 1 B
H RSO AR T34l ) CLAHE 07 1§ b B
Tk, (ML AR T 60.3%, {HA5 B RN L 2
BT T 11.3% 1 146%, NIQE {E T+ 55.9%, &
SRR LA TR TE T 78.3%; 25 F = f 4
JE e 4 RUFR G R PR 5 - T, AR SO A
BT A CLAHE J7 ikl & Ji BHR 25 & it it 43
FHRTE T 51.4% 1 205%. WA SCHEAHKT Zhao
Tk, MR IR B B, X E BE AR B 4
SHRTET 14.2% 1 13.7%, 15 M LR T 16.5%,
NIQE {6#2F} 2.0%, BIREIGLRG et 1 9.4%;
AL, X R e i B R A ORI A R R
J7-RET, A S VAT Zhao J5 28 B R KR
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LR TR IIRTE T 80.4% il 25.6%. L4 E WM
W R VR EUR SR A TR TR0 B3, i B
TR B = AR, ToI A A T o X, AR SO AR e
WA AR R R EUS 2 A s, HLE SRR T

AICLL Zhao 55 M RS GO0 5 A, 5 IE
B B — AR B AT i FR AR S B e o Y BR
i, 48— PP T XUZ ZHEAR ALK T PR 5
Jiik. I 3 BhEDR, e 1 2 HE AR AR IR S
SRR ; B EE 2 2R e R R AR ik
TR T, RIS IR SGES B2, 7K T
PRI B R IR &R T R BB, dt—2
PeTHI R R BRE . X LU | (5 B0 L AR R LA
NIQE {H45 & WIT M S8 pn At R it 1 ER LS
JiEE R T4 RS, 38 T AR SRR AN TR Y
FARYIEA T SC g 0 UE. 45 & L E O LA R 1R
ZRE BURR TR R BRI, TR EUR R AR TS 5
DX, TE1e H AR R i IR L P S i D IR
P, RSO E IFRCR AR AR, BARTSRIE
JEEUGR L5 B I T Zhao Jik. A8 SO 44 AL
BIRHAL N 22 AR AU AR AR ), B 5 T
MHLEEE, Bfr T EHRER G Tt , BAT 5 R ) B
PV FERE 4 i) B2 B R 540, Bt L RE RN B
— PR PRRFE FARB RN, AR AR DRSEAR ST I fR
WA 2 IR ARASE FAR A4 R A S JEOR.
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Abstract

Underwater imaging is of great significance in exploring seabed resource , monitoring marine environment,
implementing underwater rescue and military reconnaissance, etc. by providing clear vison. Among various
underwater imaging techniques, the polarization imaging is considered to be an effective way to improve the
quality of underwater imaging. It can realize underwater image restoration by using the difference in
polarization characteristic between the target light and backscattered light. A classical underwater active
polarization imaging method was presented by Treibitz [Treibitz T, Schechner Y Y 2009 IEEE Trans. Pattern
Anal. Mach. Intell. 31 385], in which the degrees of linear polarization (DoLPs) of target light and backscattered
light are used to recover clear image. A variety of improved methods have been derived from this, but most of
them require background areas and human-computer interaction. Then, a new underwater active polarization
imaging method without prior knowledge was presented by Zhao [Zhao Y, He W, Ren H, Li Y, Fu Y 2022 Opt.
Lasers Eng. 148 106777], in which the DoLPs of target light and backscattered light can be automatically
obtained without background region. However, sometimes the above two parameters are very close and thus
introduce a lot of noise into the restored images, for this method takes only the contrast into account.

In this work, an underwater active polarization imaging method based on two-layer multi-index
optimization is proposed. First, the mutual information and contrast are taken as the upper objective functions,
and the Pareto optimal solution set is obtained by the multi-objective genetic optimization algorithm. Second,
the information entropy is taken as the lower objective function to obtain the optimal parameters from this
optimal solution set. Based on the optimal parameters, the restored images are obtained. According to the
difference between the DoLPs of target light and backscattered light, these restored images are further
improved by the digital image processing method.

The experimental results indicate that our method can not only enhance image details effectively but also
balance various evaluation indexes of the imaging quality to obtain high-quality restored images. The proposed

algorithm is suitable for underwater targets with low and high DoLPs, with or without background regions.
Keywords: underwater imaging, polarization, scattering, two-layer multi-index optimization
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