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Abstract: To address errors in transmittance estimation, an underwater polarization image restoration
method based on transmittance-limiting correction is proposed. Initially, a coarse correction of the trans-
mittance parameters is applied to suppress noise, thereby reducing interference in target imaging. Subse-
quently, a fine adjustment of the transmittance parameters is performed to enhance contrast and improve
estimation accuracy. The corrected transmittance is then integrated into the underwater transmission mod-
el to produce the restored image. An independently developed underwater active illumination imaging ex-
perimental device was employed to conduct restoration experiments on various targets in waters of differ-
ing turbidity levels. Experimental results demonstrate that the proposed method improves information en-
tropy and contrast indices by averages of 33.89% and 69.01% , respectively, compared to the original im-

ages. Additionally, it outperforms other algorithms with respect to average gradient, signal-to-noise ratio,
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and information entropy. Target details were significantly recovered in turbid waters of varying concentra-

tions. Under active illumination conditions, effective restoration of underwater polarization images necessi-

tates accurate acquisition of the backscattered degree of polarization and the light intensity at infinity.

Rough estimations of these parameters may lead to transmittance errors, resulting in considerable noise

and pixel saturation in the restored images.
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Tab.1 Objective evaluation index results of low-concentration turbid water images

Coin Bottle Ruler
Method
Mean Gradient Entropy SNR ~ C  Mean Gradient Entropy SNR~ C  Mean Gradient Entropy SNR C

Original 35.87  3.41 5. 26 — 0.32 121.55 9.78 4.27 — 0.25 131.25 8.46 5.41 — 0.26
Yang[m 29.53 4.26 5.65 23.15 0.35 57.04 11.21 4.92 24.41 0.35 47.22 9.92 6.15 18.46 0.41
Schechner''”) 97.52  14.57 5.54  22.92 0.37 177.85 15.30 4.35 24.21 0.34 186.94 11.94 5.67 14.02 0.36
Wang[m 49.66 13.74 6.41 20.12 0.25 89.55 6.34 5.24 22.32 0.29 105.77 11.41 6.21 17.24 0.19
DCpH 2.99 1.63 2.22 5.88 0.22 14.48 4.43 4.43 15.21 0.22 16.39 2.47 4.97 12.58 0.16
Our 63.13 17.89  7.12 28.91 0.41 143.91 19.37 6.24 26.21 0.37 71.87 13.74 6.71 26.43 0.52
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Fig. 8 Comparison of recovery results of different targets in high-concentration turbid water
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Tab.2 Objective evaluation index results of high concentration turbid water images
Ruler Bottle
Method
Mean Gradient ~ Entropy ~ SNR C Mean Gradient  Entropy ~ SNR C
Original 99. 26 2.52 5.70 — 0.24 64.01 1.98 4.77 — 0.19
Yang " 102. 74 9.58 6.64  19.72 0.26  93.62 7.01 4.81 19.46  0.21
Schechner”  187. 61 12.62 6.50 25.49 0.33 186.76 14.72 4.70 24.65 0.28
Wang™”! 114.54 11. 36 6.29 22.85 0.27 105.76 15.89 5.79 21.62  0.20
DCP™! 18.82 1.92 4.80 9.73 0.22 14. 21 2. 14 4.24 9.83 0.16
Our 131.23 16.74 7.24 29.37 0.43 148.31 18.85 6.53 27.45 0.37
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Fig. 10 Comparison of image restoration results at different distances in simulated real water environment
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(c) Image of the ruler after the tr- (d) Image of the ruler after the tr-

ansmittance correction without ansmittance limitation correc-
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Fig. 11 Ablation experiment analysis of transmittance limitation correction
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Tab.3 Objective evaluation index results of ablation ex-

periment with correction rate limit correction

Figure Mean Gradient Entropy SNR C

11(a) 99. 26 2.52 5.7 —  0.24
11(b) 187.61 12.62 6.5 25.49 0.33
11(c) 122.37  13.87 6.8 31.28 0.35
11(d) 131.23 16.74 7.24 29.37 0.43

32.65%,11.38%,15.22% #130.30% . HIRTE
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1E 5 B EAR A X F A 0 0 29 3145 (18 1E 35 I %
PR A2 5 1 AR AE V- 35 K B2 A P Y86 B2 15 DA
XS L BE 46 bR b o3& T T 7.24%,20.69% ,
6.47% F122.86% . HRARTEAS MR LLAE 45 L, 3B O
IR E 5 By EREAR T R BN 29 A8
1E 35 S FW S I 1 R B TR & O R b e
SR ARG AR MR 7 PTG R A3 i B2 G, H AR
ST IRAE BRI AR . AA K 11, &
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Tab.4 Processing time required by proposed method

Process Processing time/ms
Polarization image processing 52
Preliminary estimate of transmittance 11
Transmittance limit crrection 87
Calculate the output image 13
All processes 163
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PR A5 3K

S E WK

(1] ZF#, 5%, Tg, 5§ S0 B MK
TR MwARARIT]. ¥ H% T4, 2024, 32
(10): 1443-1455.

WU H D, ZHAI Y ZH, WANG H CH, et al. Re-
al-time video output method for underwater active

polarization imaging [J]. Opt. Precision Eng. ,

Bt AR AR i Pk T 8 BT 2% R T S 1) B D
P& B2 Je 055 1O 5 2 A By B R AG T BN
75 58 AT R 25 1Y R, AR SCHR Y T B IE OB A R
4997 7 , R HIUURE B A1 A R A IE DA 32 4% fi
LA, TE LA T 1R M8 46 A v 1 ) PSNR LB K 2
SN IEPON SR A T LR A CEE S = TP
Xt pR BOR B IR S R P A s 51 5 2
(] 4 56 J38 22 S AT B, I 4 i T R HB IR AR HE Y
LY RTT e N B SR TRBMEIE . [, A
B T KR E 8 B R S L TR
R JEE Y Qe KA R A AN ) P R L S T K R
PEAT AR MR o SIS SRR A ST kR & T
VL 5% 0% vl ALV RS BT A 2 LV i B b AR
I T ) FE A JLRR 73k 152 5 19 AR H AR
AR G W R D PR S ROX AR AS
BT WA PR o AR S 23 AU L AT 2% 1
A 2 FUAR S5O 8 B Pk T BE 2 B BUE
b RN TR R T2 R R de PR K A2 TR
i, BB S RB IR T N TR R, Rk
AT HO TR A B W TE , XA B R AT 0 1k, IF K
R B AAEIE A & VA OC A s, LU B
B g9k T HAREISR . Ak R R B R RT Y
AKAR DL RS2 56 H AR 5 00 A B A
BRALAN [R] AR S N 9K R B AR AR 3R B

EE kA=A
B4R AR TR B L4855
FhAB . HERE AL MEREE,
FAEMK.EHERFRLEEN;
1% F : F I AE N EF
T B AR IR AR AT
R E g REE,

2024, 32(10): 1443-1455. (in Chinese)

(2] X, #ed, REZ, F. ETERRES¥IM
TR AL B R T ik SR RS (D], b5 5 T
#2, 2023, 31(21): 3212-3220.
GONG W ZH, CHU J K, CHENG H Y, ez al.
Underwater polarization image fusion based on unsu-
pervised learning and attention mechanism[J]. Opt.

Precision Eng. , 2023, 31(21) : 3212-3220. (in



% 11 4] Be 45 R T B A AR BREE IE 1K T i 4R 18145052 1737
Chinese) Jr kR (I, b5 ok T, 2020, 49(6)
[3] GUANJ G, CHENG Y Y, CHANG G L. Time- 43-53.

[4]

[5]

(6]

[9]

[10]

[11]

[12]

domain polarization difference imaging of objects in
turbid water [J].
391: 82-87.

WANG JJ, WAN M J, CAO X Q, et al. Active

non-uniform illumination-based underwater polariza-

Optics Communications, 2017,

tion imaging method for objects with complex polar-
ization properties [J]. Optics Express, 2022, 30
(26): 46926-46943.

DENG J X, ZHU J P, LI H X, et al. Underwater
dynamic polarization imaging without dependence on
the background region[J]. Optics Express, 2024, 32
(4): 5397-5409.

Fm e A THRFEBLBGKTEBEIL RS EHR
[D]. R Rk, 2021

QI P F. Research on Underwater Image Restora-
tion Method Based on Polarization Model [D].
Tianjin: Tianjin University, 2021. (in Chinese)
LIRH, CAOHT, FANYY, efal. Multi-Indica-
tor reconstruction for underwater polarized image de-
hazing method [J].
ing, 2024, 181: 108333.

#HE, AL, AR, F . ETL2REMAITHKT
i 4% AR 50 (7], & % R, 2020, 40(21) -
75-83.

FENG F, WU GJ, WU Y F, eral. Algorithm for

Optics and Lasers in Engineer-

underwater polarization imaging based on global esti-
mation [J]. Acta Optica Sinica, 2020, 40(21): 75-
83. (in Chinese)
ZHAO Y Z, HE W J, REN H, et al. Polarization
descattering imaging through turbid water without
prior knowledge[J]. Optics and Lasers in Engineer-
ing, 2022, 148: 106777.
TIAN F, XUE J M, SHIZ D, et al. Polarimetric
image recovery method with domain-adversarial
learning for underwater imaging [J]. Scientific Re-
ports, 2025, 15(1): 3922.
YANG L M, LIANG J, ZHANG W F, et al. Un-
derwater polarimetric imaging for visibility enhance-
ment utilizing active unpolarized illumination [J].
Optics Communications, 2019, 438: 96-101.
HU H F, ZHAO L, LI X B, et a/. Underwater
image recovery under the nonuniform optical field
based on polarimetric imaging[J]. IEEE Photonics
Jowrnal, 2018, 10(1): 1-9.

ROR R, BOEAL, Poaak, L KT R T MR

[14]

[15]

[16]

[18]

[19]

[20]

[21]

ZHAO Y Q, DAT H M, SHEN L H, et al. Re-
view of underwater polarization clear imaging meth-
ods [J]. Infrared and Laser Engineering, 2020,
49(6): 43-53. (in Chinese)

SHEN L H, REDA M, ZHANG X, et al. Polar-
ization-driven solution for mitigating scattering and
uneven illumination in underwater imagery [J].
IEEE Transactions on
Sensing, 2024, 62: 1-15.
WANG J L, DUAN J, XIE G F, et al. Sea sur-

Geoscience and Remote

face target image enhancement method based on
separable reflection and refraction[J]. Optics & La-
ser Technology, 2025, 181: 112012.

W hs, R, R, F L ETARmMIRG MY
KT i PR R B AR R EOR [T, b F S,
2018, 38(6): 162-167.

YANG, L M, LIANG J, ZHANG W F, et al.
Underwater polarization imaging target enhance-
ment technology based on non-polarized illumina-
tion [J]. Acta Optica Sinica, 2018, 38(6) : 162-
167. (in Chinese)

L. WAKMIELT]. & FF4R, 2024, 52(04)
1041-1082.

LI X L. Water-related vision [J]. Journal of Elec-
tronics, 2024, 52(4): 1041-1082. (in Chinese)
WA, LB . £ S B AL KR I 4R R A2
JEOrk[I]. % T34, 2023, 44(7): 2122-2131.
CHEN X F, RUAN CH. Underwater polarization
image restoration method using optimal multi-pa-
rameter reconstruction [J]. Acta Armamentarii,
2023, 44(7): 2122-2131. (in Chinese)
HUYNH-THU Q, GHANBARI M. Scope of va-
lidity of PSNR in image/video quality assessment
[J1. Electronics letters, 2008, 44(13): 800-801.
M, RATCR, Fe s, FOETHLE S0
MK T EF iR LT TR [T]. R FHEF LS KT
H B, 2023, 6(4): 435-441.

LIH X, ZHU J P, DENG J X, et al. Research on
underwater active polarization descattering based
on stokes vectors [J]. Digital Ocean and Under-
water Offense and Defense, 2023, 6(4) :435-441.
(in Chinese)

DUAN J, MO S X, FU Q, et al. Texture charac-
terization and classification of polarized images

based on multi-angle orthogonal difference[J]. Op-



1738 e RE LR 4 33 %
tics Express, 2023, 31(26) : 44455-44473. ea [J]. Laser & Optoelectronics Progress, 2023,
[22] EAkak, B4k, 4Hik, F . HT Mueller 58 FF 14 i 60(4): 66-76.
e i 5O Oy (7). A% F R, 2023, 43(20) [27] &%, Fadk, B &, F . 3 TRIREAE X5
162-174. fig R E Il Tk [T]. RS 4% 242, 2024, 32
WANG J L., DUAN J, FU Q, et al. Polarization (10): 1456-1469.
suppression reflection method based on mueller ma- DUAN J, FANG R S, CHEN G Q, et al. A
trix [J]. Acta Optica Sinica, 2023, 43(20) : 162- method for suppressing glare based on polarization
174. (in Chinese) feature region decomposition [J]. Optics and Pre-
[23] DUBREUIL M, DELROT P, LEONARD I, et cision Engineering, 2024, 32 (10) : 1456-1469.
al. Exploring underwater target detection by imag- (in Chinese)
ing polarimetry and correlation techniques[J]. Ap- [28] w44, kizd, REE, . ETHEWMESHK
plied optics, 2013, 52(5): 997-1005. BWK T BG L8O F k1] ¥ E R,
[24] WANGHY, HUHF, JIANGIJF, etal. Polar 2021, 29(5): 1207-1215.
ization differential imaging in turbid water via Muel- CHU J K, ZHANG P Q, CHENG H Y, et al.
ler matrix and illumination modulation [J]. Optics De-scattering method of underwater image based
Communications, 2021, 499: 127274. on imaging of specific polarization state [J]. Opt.
[25] EAE, &, F&, F. KT HIRRIE2Z 584 Precision Eng., 2021, 29 (5) : 1207-1215. (in
BB IE S SEBLT]. 6% %R, 2019, 39(11): Chinese)
160-166. [29] HUHF, ZHAO L, LI X B, e al. Polarimetric
WANG JJ, LIANG L, LI SH, et al. Correction image recovery in turbid media employing circularly
and implementation of underwater target polariza- polarized light[J]. Optics Express, 2018, 26(19) :
tion-difference imaging model [J]. Acta Optica Si- 25047-25059.
nica, 2019, 39(11): 160-166. (in Chinese) [30] #k®Ex, AMe, B, F . B TR0

[26]

X B, B SR A RT ARG RN
R DX Jol I 3 3 S 36 K R BRI A (D). sk 5
W F F it ,2023,60(4) :66-76.

LIU G D, FENG L H, LU JH, e a/. Underwa-
ter image restoration based on classification and

dark channel prior with minimum convolutional ar-

fEE @It

B O®O971—), B ERKE AL
+, A W, 2004 4F F AR OR 243K
AP 27, DA D AR R R
PG ak 25 455 U0 B oL 2 R IR
i B WF5E . E-mail: duanjin@vip. si-

na. com

K BH S LT
(15): 2181-2192.
ZHANG C L, ZHOU J ZH, ZONG Y, et al. Sun

glare suppression on the sea surface based on polar-

XF M F T A, 2023, 31

ization information [J]. Opt. Precision Eng. ,

2023, 31(15): 2181-2192. (in Chinese)

EREE(2001—), 5, AR RN,
TR SEAE L 2023 4F T bR K 2 4R
15 2 2 7, 8 BN FOK T i R SR
S R )
2634438285@qq. com

E-mail:



