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Abstract: To address the challenges of color distortion, blurred details, and low contrast in underwater
images caused by complex imaging environments, a novel restoration method that integrates color compen-
sation with dual background light fusion is introduced. This method begins by enhancing the traditional un-
derwater imaging model to reflect light absorption and attenuation in water more accurately. It incorporates
a color compensation technique inspired by Retinex theory and white balance algorithms to mitigate the im-
pact of the water’s background color. A novel dual-candidate background light fusion approach is then de-
veloped to precisely estimate the global background light, considering the intensity and color distribution of
background light. This is followed by the use of guided high-pass filtering to refine and boost the transmis-
sion across each channel, leveraging the connection between the water's background color and the scatter-
ing coefficient, without relying on specific water environment parameters. The method concludes with the

restoration of the underwater image through the reverse application of the imaging model. Testing on four
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diverse underwater datasets has shown that this approach surpasses several classic and advanced methods,

delivering images with more natural colors and enhanced, clearer textures. The color difference value im-
proved by 5.4%, while the UCIQE and FDUM metrics increase by 8.3% and 4.5% respectively, under-

scoring the method’s effectiveness in both qualitative and quantitative evaluations and its significant contri-

bution to enhancing the quality of underwater imagery.
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Fig.1 Flow chart of underwater restoration algorithm combining color compensation and dual background light fusion
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Fig. 2 Comparison of effects of estimating background color before and after color compensation using different algorithms
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Fig.3 Two candidate background lights and fused background lights
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P AT WL

R T2 VAR O R IR B A R AR
P, B AL 2% £5 UTEB $048 4 LA A [F K T 353
B EMR . I E 8 Firs , X TR B K EIE, UD-
CP F1 GDCP I il 1 € 4 , H. 45 5 1215 5% 14 fi 15
5 i 2 ; FUnIE-GAN, Shallow-uwnet £ Uless 4
SREIAT @ s DRDCP il Fusion 7 4 58 I fig Il

(h MLLE

(a) & (b) UDCP  (c) Fusion (g) Shallow- (i) Uiess  (j) A HE
(a) Raw image 2016 2018 2018 2019 GAN2020  uwnet2021 2022 2022 (j) Ours

K7 UIQS Hudiufk b ry L b 4L
Fig.7 Visual comparisons on UIQS dataset

(h) MLLE () A

(a) KA (b) UDCP  (c) Fusion  (d) GDCP (e) DRDCP (f) FUnlE- (g) Shallow- (i) Uiess
(a) Raw image 2016 2018 2018 2019 GAN2020  uwnet2021 2022 2022 (j) Ours

K8 UIEB %da e I iy ML o8 L 2
Fig.8 Visual comparisons on UIEB dataset
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FE KT BEMER By AT UL BE 5 TS Be 4 Al 5, JCHE o8
W BRI . MLLE fig % 45 %% 14 58 A% 1Y
AT UL EE AR 2351 A Jmy &R R, AR RN A 1R Y 0
A Z T, 4 07 vk s % K B 6 M , 76 3A ] 12
14 Jeb JRE G | R g R J S R I Y A O T A R
e AT UL o
4.2 EWIEMH

7E UCCS, UIQS Fl UIEB %4 £ I, i HI K
T # @ B R 5P (Underwater Color Im-
age Quality Evaluation, UCIQE) il 5k J& 2 % iy
KR A% B BT (A reference-free underwa-
ter image quality assessment metric in frequency
domain, FDUM) | & B " (Information Entro-
py, IE) . A #& B {4 i & 37 45 (Natural Image
Quality Evaluator, NIQE) fil {4, % %} kb J¥ 55 % &
8B (Colorfulness Contrast Fog Density Index,
CCF)5 N TEZH e tr k471 . Hh , UCIQE
25 VAl IG5 7 RN B I I A8 R R
L s FDUM 255 PG % X L BE A8, (6
K PTG o i e vy 5 TE i it R0 & L 03 AR A

A SRR R R 58 AR s NIQE J2 i 5115 A
SRR (ELBR /N O 58 55 S B 5 CCF 25 4 1Al
PR B XN L BE R 55 5 R BRSO AT
B T UIEB #$4 #is 4 17 78 40 X 18 1) 36 98 2 2% X L
P, %5 A1 i 45 4 A BL S (Structural Similarity
Index Metric, SSIM ) I W {5 {5 1 k™' (Peak Sig-
nal to Noise Ration, PSNR) P ™4 £ 2 45 fr #E 47
A o SSIM 5 & 1Ak IR 1 AH DU B2, R B K
P40k AH DL s PSNR 7 i i 4R 5 45 R MR Z | Y
155 5 W L), (8B K EIHR 5 B 4. 7E Col-
or-Check? %4 £ I, J§ CIEDE2000 47 ™'
TEVPAl BBy &5 Rrp S @ Shr e @2
/N B R O

R TR VAR B 1 B T BB 7, 7E Col-
or-Check7 $t#i 4 I fii i CIEDE 2000 48 5 i 4% 5.
P AT AR B RANR 1PN I E . TR
B AL D10, 733, T8000 Al TS1 &4 I 48 b %
P, HAE A B AR 0P e br ik 3 T e fE
K- SR F W, X TS [ AH AL G K R
180, T4 B 1 359 AT i R R B b 3 R LS B

%£1 AEEXTE Color-Check7 # #7 5 | #9 CIEDE2000 i il {& 3% Lt

Tab.1 CIEDE2000 comparison of different methods on Color-Check? dataset

ok D10 733 T6000 T8000 TS1 W60 W80 Avg
UDCP 24.407 25.075 22.401 30. 886 24.644 22.533 27.934 25.412
Fusion 22.699 18.947 18.596 19.517 19. 342 21.303 24.544 20.707
GDCP 25.489 24.125 22.780 22.906 21.141 23. 036 30. 847 24.332
DRDCP 22.972 23.599 25.039 19.925 22.148 22.858 19.127 22.238
FUnIE-GAN 23.990 21.212 20. 294 27.015 28. 295 22.416 24.527 23.964
Shallow-uwnet 21.258 18. 857 18. 787 27.448 27.622 20.706 25.059 22.819
MLLE 22.249 26.136 27.543 19. 048 18. 000 22.729 21.578 22.469
Uless 21.111 21. 309 18. 880 23.545 21.461 19. 367 19.633 20.758
Ours 20.772 18. 257 19. 556 18. 380 17.010 22.343 20.793 19. 587

R2ER THEUCCSMUIQS Hudifk L HBCREA.

AR J5 ¥ 8 89 UCIQE, FDUM, IE, NIQE A
CCFHEAnas R . W&, BT $& 5k A B L &
%, 7E UCCS %4 % UCIQE, FDUM #il CCF
65 et AR HE An I 5 78 UTQS $ 4 4 b
UCIQE f1 FDUM 48 5 e ft , HAR$8br il . &5
A M RE B VEAR 25 S RTA0 BT R B B
14 I €A TE BB ), X AN [ 5 0 K T R ik

R4 2% 3 v UTEB $48 5 1 =t vl %0,
JTH 54 2 1 UCIQE, NIQE, SSIM #1 PSNR 45 #r
B, A bR AL, A% W 35 0 5 X LU B 2
IS L I VIR AT SR N S = AN
SREAD . 34 B 4 1) T S 25 48 A 1 1 W A I
e, 3N IRAR, 7843 1R B s BT 2 50 1 A % A5 b L
ORY/rE2 0
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Tab.2 Quantitative comparison of different methods on UCCS and UIQS datasets

) UCCS #ufi 4k UIQS i fii 4k
ok UCIQE FDUM IE NIQE CCF UCIQE FDUM IE NIQE CCF

UDCP 0.524 0.409  6.639 3.890  28.386 0.503 0.348 6.718 3.819 25.951

Fusion 0.540 0.344 7.612 3.581 22.802 0. 544 0.350  7.558 3.504  22.810

GDCP 0.549 0.490  7.070 3.748  27.128 0.544 0.460  7.093 3.680  23.637

DRDCP 0.520 0.497  7.177 3.709 26.184  0.528 0.488  7.296 3.620  25.120

FUnIE-GAN 0.490 0.350  7.055 3.260 17.581 0.501 0.361 7.074 3.187 18.604

Shallow-uwnet 0.412 0.189  6.403 4.328 12.128 0.433 0.209  6.525 4.259 13.491

MLLE 0.575 0.560  7.735 3.733  41.549 0.579 0.581 7.702 3.587 44.773

Uless 0.526 0.339 7.252 3.992 18.798 0.531 0.348 7.236 4.004 19.033

Ours 0.633 0.632 7.616 3.521 41.930  0.628 0.601  7.628 3.464  37.382

®3 AEEEEUVIEBRE=Z/MHIEE LR ERNERTLL
Tab.3 Quantitative comparison of different methods on UIEB and three datasets
“ UIEB $Hi 4 s

ok UCIQE FDUM IE NIQE CCF SSIM PSNR UCIQE FDUM IE NIQE CCF
UDCP 0.615 0.643 7.010 2.883 47.874 0.649 14.836 0.547 0.467 6.789 3.531 34.070
Fusion 0.595 0.554 7.446 2.756 25.088 0.806 18.135 0.560 0.416 7.539 3.280 23.567
GDCP 0.611 0.698 7.331 2.847 41.207 0.640 13.813 0.568 0.549 7.165 3.425 30.657
DRDCP 0.574 0.636 7.469 2.845 40.923 0.725 16.890 0.541 0.540 7.314 3.391 30.742
FUnIE-GAN 0.565 0.506 7.154 3.217 21.452 0.659 17.540 0.519 0.406 7.094 3.221 19.212
Shallow-uwnet  0.523  0.352 6.900 3.855 19.674 0.621 16.830 0.456 0.250 6.609 4.147 15.098
MLLE 0.613 0.800 7.560 3.251 61.499 0.688 15.914 0.589 0.647 7.666 3.524 49.274
Uless 0.595 0.508 7.307 4.098 23.305 0.673 17.647 0.551 0.398 7.265 4.031 20.379
Ours 0.654 0.795 7.497 2.754 50.797 0.844 19.532 0.638 0.676 7.580 3.246 43.370
4.3 HTIBEXTEE Xt E, A SRR, 4 3k A 12 T P B 4 R Lk

S 240 B4 45 K 4001 00 T o R K R TR OE R PO T T R B S 2B L s RO T, 1 G s 45
FE W9 TR, 5 F LB Y 20T 6 R A 24015 7 T 2 B 4, A0 75 A I 7S AR DX

() 7 (b) UDCP  (c) Fusion (d) GDCP (e) DRDCP (f) FUnIE- (g) Shallow- (h) MLLE (i) Uiess (]) $3‘(ﬁ&‘
(a) Raw image 2016 2018 2018 2019 GAN2020  uwnet2021 2022 2022 (j) Ours

PO AN 5 A LT A

Fig.9 Visual comparisons of detail enhancement
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Y E A A, 7 Windows10 #:1E R 4,
B 7 35 55 4y Intel i5-12400CPU  16GB W 77 VL &
12GB & 17 19 GTX3060 & K , ffi F§ MATLAB
R2018b #1 PyCharm X {1 , B #Il % H UTEB %4 4i5 5
1100 5K 256 X 256 (14 B AT s 8] 3 55 X% LG
SR ME AR, BT GPUMNEE, B TR E
2 ) 1 07 PR AE R Oy i B A L #, )R Shallow-
uwnet fl MLLE 53k 0942 17 i 0] /N T fr $2 5809
{EL BT 2 5 ¥ BB LA /D ) 4 P 32 B S B Ry i
1 G ROARE | o 1 R 1 T4 5 SR AR T 3k
PR VE o AN, TR EE 2% 2 51k Shallow-uwnet 77
TR B BRI 2 it R) JF HL o A TR B A
g/
4.5 HELZXIE

SRy U UE B 4% A I A3 B A A R B A
AL MR AT I AT Y . SRR AT

®4 AEEEHIBITH E
Tab.4 Running time of different methods (s)

RS i J]
UDCP 0.781
Fusion 1.481
GDCP 0.502
DRDCP 0.438
FUnIE-GAN 0.482
Shallow-uwnet 0.116
MLLE 0. 106
Uless 0.623
Ours 0.427

ARy TR TS B BR R AR R PRk
LRI SOLRA IS 8k LR E S R AL L &
AL T A B AR SO, SR A SR ANk 5 A
10 7R

, £ £ f::
(a) J& (b) TR AMERE LR (o) TH LA (d) FTEIEHTH AL (e) FrfR B
(a) Raw image (b) Without color compen-  (c) Without background  (d) Without transmittance  (e) Proposed algorithm
sation component light fusion optimization

K10 Ji Rl s a2 2R

Fig. 10 Results of ablation experiment

o1 P10 R0, 5 AR LG, B 4R 58 ik R BR
T AL B i T 8O0 L JRE A5 21 8 5 | {H R REEAT

PR IE 5 BT 4R 5005 BRSO & 1 BGT H
JEE 0 0 B A 80 8 3 (ELA) A A €8 i S T A T8 G B
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G A€ i L R 2ok B2 3 o8 1) BR G2 5 i $ 3k 2%
W 75 5 3 A0 A 10 TS O0F L B2 15 3 A7 R 58, (HLAT)
FEAE B 23 (0 Qi LA S HROIR DR B 4% 5 635 T A A ke
(9 AR SO 10 PR B S AR 0 L 275 31 8
FAR A R I W, L SE RO e A

DT T A DA 5 A B Bk A T Y
R, I 2 22 H IR 5 A TS AR AR AR
0 TH RSB B PP AR AR IR S PR . LIRS
REW A BB B T 7w Bk v ae A SO

ST R AETERE

£S5 HEEXEMNEWIEMNIEIR

Tab.5 Objective evaluation indexes of ablation experiment
ok UCIQE FDUM IE NIQE CCF SSIM PSNR
JE A 0.454 0.333 6.986 2.724 18. 445 0.387 14.377
T R A M AR 0.526 0.423 7.264 2.373 27.319 0.553 14. 807
B RotE A 0.616 0.635 7.694 2.397 39. 964 0.696 18. 200
PvriE ) KL 0.625 0.610 7.708 2.399 36. 336 0.785 19.451
JE vk 0.632 0. 641 7.735 2.330 41.242 0.788 19. 026

4.6 KM

S 8 E BT B A1k B9 AR R SURF
VPG R AE R VETE o R AR 5 DL R T S AL

(a) JF A

(a) Raw image

B U A% O AT 55 22—, TG 0 TR I 3 A
DT E (Y 5 AR S R 2 o 11 BT, BE 3
AR R PR B A7 S 30 %) L, LR AR 5 DE TE %R

11 AR RE
Fig. 11 Feature point matching

() A
(j) Ours
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