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Fig. 2 Image preprocessing results. (a) Original image; (b) preprocessed image
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Fig. 3 Background light estimation results. (a) High brightness image; (b) close image; (c) distant image
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Fig. 4 Refinement results. (a) Original image; (b) back scattering component transmittance; (c) refinement results of back scattering

component transmittance
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Image transmittance results. (a) Original image; (b) back scattering component transmittance; (c¢) direct component

transmittance of red channel; (d) direct component transmittance of green channel; (e) direct component transmittance of blue channel
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Fig. 7 Partial dataset images used in the experiment. (a) Color distortion images; (b) fog images; (c) images with artificial light;

(d) reference images

I] 37 5 K R RO S 00 UEAT L g, X 5 R R M ik A
% RDCP™ _ UDCP"™ . GDCP"™ | LBLA'™ H1
RWRH' "5,
4.1 FMEMTEMH
4.1.1 BEA A Z S

TE T2 05 1 v, WUz S8 R K T AR AL 1 0 oK A
X G B DR R LA BB R RS, Ry T 58 TR AR SO
B R, EAT T LT T R SC B0 - 1) I SR A AL 33 B R 1%
B2 (w/o TM) ;2) T $2 R A5 A G 20 0 (w/
o LLT) ;3) i $2 45 70 15 A5 35 5 5% 22 5 R0 A B o 5 0 1
(w/o TM & LLT). 43 %% UIEB #1 RUIE () % g
RFEM KT EGHEATIR, & et L mEs
FIF7R o

MIE 8 FT LA EE B - w/o TM 32 56 7= A= i1 KR 2
A T BTG AR EOR BE L BR AT SOGHEUR , R WRGE I
A T o 0 8 3R K RO S IR s w/o LT 5258
A ) R 5 BE 53 A AN 150, 3 BTN SR 16 2 U6l 101 RE 14 5
B sE g 22, W BRI ILSE ROR B A 2% 5 w/0 TM &
LT 5258 7% A PRS0 8 (AR BE R R A 8 1] 8 R A1
P T AL GEK T B L B R B JRROCR O AN B
R NRL S5 SR R A AR SORE R 30 JCAY 722 5 X A2 i
S5 Y HA B R
4.1.2 HEREMIL

T B BT R D5 vk BB R E PR RE L BEAT TOKTR
R R IE S0 . AR 9 TR, A ok B AR 5 — AT
LIS T K BEAR  0~255 1 6 Ff K B B 5 — =47/

1201002-6



243 % F 12 H1/2023 £ 6 A /HFZEH

B8 RS g AR () 58 5 (b) w/o TM;(c) w/o LLT;(d) w/o TM & LLT; (e) 277
Fig. 8 Results of ablation experiment. (a) Original images; (b) w/o TM; (¢) w/o LLT; (d) w/o TM &. LLT; (e) proposed method
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Fig. 10 Color difference comparison test results of each color block of the standard color palette
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Fig. 12 Comparison of atomization images. (a) Original images; (b) RDCP; (¢) UDCP; (d) GDCP; (e) LBLA; (f) RWRH;
(g) proposed method
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Fig. 13 Comparison of images exposed to artificial light. (a) Original images; (b) RDCP; (c) UDCP; (d) GDCP; (e) LBLA; (f) RWRH;
(g) proposed method
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# 1 UIQM FE b5 E 1 P &5
Table 1 Quantitative evaluation results of UIQM index

Image No. Original RDCP UDbCP GDCP LBLA RWRH Proposed
1 0. 5803 3.8156 2.9091 0.0448 1. 2660 1.1984 4.9269
2 1.5153 4.8464 1. 4402 1. 3559 1.1981 1.0347 5. 0406
3 3.1570 3.9106 3. 5585 5.0758 1.3601 1.2397 4.4701
4 2.0576 3.5915 3.3891 2.5204 0.7471 0.7359 4.0040
5) 2.5273 3.7141 2.6706 1.9531 1.5134 1. 1315 4.2791
6 0.4356 2.5247 1.1845 0.4042 0.8999 0. 9064 3.7879
Average 1.7122 3.7338 2.5253 1.8924 1.1641 1.0411 4.4181
# 2 NIQEJ&brE 5 i 45 53
Table 2 Quantitative evaluation results of NIQE index
Image No. Original RDCP UDCP GDCP LBLA RWRH Proposed
1 4.3694 3.7608 4.4438 3.3513 3.5237 3.8841 2.9661
2 7.9489 5.4665 7.3776 5.2037 4.8776 4.9649 4.7370
3 2.5498 2.4191 2.2614 2.1149 2.3179 2.4336 2. 0462
4 7.7675 5.95617 5.3319 4.9357 5.3731 5. 6443 4.7192
5 6.0356 5.9184 5.9872 4.8841 5. 2457 6.0016 4.9291
6 4.4971 4.6032 4.2685 4.0821 4.1805 4.6308 3.6473
Average 5.5280 4.6216 4.9451 4.0953 4.2531 4.5932 3. 8408
K3 AF R bR E BT 45
Table 3 Quantitative evaluation results of entropy index
Image No. Original RDCP UDCP GDCP LBLA RWRH Proposed
1 7.3555 7.3477 5.9985 7.4607 7.3682 6.9092 7.4924
2 6. 7400 6.9671 6. 5819 6.9766 6. 9899 6.7502 7.4372
3 7.3035 7.2526 7.4306 7.7030 7.5638 6.9302 7.6081
4 6.6763 7.1024 6. 9050 6.9757 7.4490 7.0918 7.4884
5 7.4079 7.5274 6.1195 7.3906 6.5641 7.5039 7.6971
6 7.1657 7.2985 5.4894 7.0088 6.7342 7.1984 7.6443
Average 7.1082 7.2493 6.4208 7.2526 7.1115 7.0640 7.5604
5 4 7w 5 % x
AN [ﬁ]ﬂ(?ﬁ]%ﬁ?ﬁ 4} @1%7?#@% U A [1] Li C Y, Anwar S, Hou J H, et al. Underwater image
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Underwater Image Restoration Based on Quadtree Hierarchical Search

and Transmittance Optimization
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650500, Yunnan, China

Abstract

Objective

As the primary means of exploring and transmitting ocean information, the acquisition and analysis of

underwater video images have undoubtedly become a research hotspot for many scholars in recent years. To solve the
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problems of color shift, low contrast, and blurred edge details caused by absorption and scattering of light propagating

underwater, researchers have clarified underwater images based on enhancement and restoration methods. By employing
digital image processing techniques, enhancement-based methods improve the quality of images from the spatial domain or
transform domain, such as histogram equalization, white balance, and wavelet transform. Recovery-based methods
restore image clarity by solving the underwater imaging model. The main methods include improving the dark channel
prior (DCP), fitting the background light scattering component, and suppressing inhomogeneous illumination. However,
the above-mentioned enhancement methods do not consider the physical propagation properties of underwater light,
resulting in localized over-enhancement of the images and poor subjective evaluation. The underwater imaging model
adopted in the recovery method ignores the difference in transmittance between the direct attenuation component and the
back scattering component, resulting in poor robustness of the model. In addition, during the parameter solution, the
complex underwater environment tends to interfere with the correct estimation of the background light and transmittance
parameters by these methods. Therefore, this paper builds a more robust underwater imaging model. To reduce the
interference caused by the image distortion to the parameter solution, it preprocesses the original image for red channel
compensation and completes the model solution through the preprocessing image, realizing the restoration of the

underwater image.

Methods Based on the traditional underwater imaging model, this paper investigates the parameter dependence of
transmittance in the direct attenuation component and the back scattering component and builds a dual transmittance
underwater imaging model. In solving the model, firstly, a red channel compensation algorithm is designed for
preprocessing the image through the pixel correlation among the three channels to reduce the interference of color distortion
to the parameter solution. Then, based on the quadtree hierarchical search algorithm, three background light candidates
are obtained using smoothness, color difference, and luminance features to search, and the background light values are
selected for the color channels according to the input image's luminance and edge intensity. The transmittance of the back
scattering component is obtained by improving the dark channel prior and adding the saturation component refinement, and
degradation-free pixel points are employed to obtain the direct component transmittance. Finally, the recovered image is
obtained by inversely solving the imaging model and using histogram stretching satisfying the Rayleigh distribution to

eliminate the effect of inhomogeneous illumination on imaging.

Results and Discussions The test dataset is classified into color distorted images, fogged images, and images with
artificial light by imaging scenes, and classified images as research objects. First, an ablation study is performed to verify
the proposed model's validity. The results in Fig. 8 show that the dual transmittance can more accurately describe the
underwater light attenuation characteristics, and the incident light attenuation term can improve the image's overall
brightness and darkness difference. Then, the underwater color correction experiment of the color plate (Figs. 9 and 10) is
further carried out and compared with the common underwater image restoration algorithm. Figs. 9 and 10 indicate that
the proposed method accurately restores the colors of grayscale color blocks and color blocks. Finally, three sets of
classified images are selected for testing (Figs. 11, 12, and 13), and the results of all methods are evaluated by UIQM,
NIQE, and entropy metrics. The experimental results show that the proposed method can not only accurately correct the
color distortion of the images in different scenes but also restore the detailed information more accurately, with precise

edge contours.

Conclusions This study builds a robust underwater imaging model with dual transmittance for the problem of color shift,
blurred details, and low contrast in the images obtained in different underwater scenes. A red channel compensation
algorithm is proposed to preprocess the source images based on this model which is solved through the preprocessed image
to restore the underwater image. The experimental results of subjective and objective indexes show that compared with
common underwater image clarification methods, the proposed method performs better in terms of color balance and more
realistic detail information restoration when applied to images collected from different underwater scenes. In this paper,
building the dual transmittance underwater imaging model plays a crucial role in image recovery. Before solving the
model, the preprocessing means can improve the parameter estimation accuracy but will reduce the operational efficiency of
the algorithm. It will be essential to work in the future on how to perform the noise reduction process for underwater

images more quickly and accurately.

Key words ocean optics; underwater image restoration; double transmittance; red channel compensation; quadtree; dark

channel prior
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