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Abstract: As light propagation in water is subject to absorption and scattering effects, acquiring underwa-
ter images using conventional intensity cameras can result in low brightness of imaging results, blurred im-
ages, and loss of details. In this study, a deep fusion network was applied to underwater polarimetric imag-
es; the underwater polarimetric images were fused with light-intensity images using deep learning. First,
the underwater active polarization imaging model was analyzed, an experimental setup was built to obtain
underwater polarization images to construct a training dataset, and appropriate transformations were per-
formed to expand the dataset. Second, an end-to-end learning framework was constructed based on unsu-
pervised learning and guided by attention mechanism for fusing polarimetric and light intensity images and

the loss function and weight parameters were elaborated. Finally, the produced dataset was used to train
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the network under different loss weight parameters and the fused images were evaluated based on different
image evaluation metrics. The experimental results show that the fused underwater images are more de-
tailed, with 24.48% higher information entropy and 139% higher standard deviation than light-intensity
images. Unlike other traditional fusion algorithms, the method does not require manual weight parameter

adjustment, has faster operation speed, strong robustness, and self-adaptability, which is important for

ocean detection and underwater target recognition.
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Fig.2 Schematic diagram of polarization sensor
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Tab.1 Network structure configuration of under-water polarized image fusion algorithm

Modules Inputs Layers Convolut.ion Input Output ActiveTtion Outputs
kernel size channel channel functions
Conv 3X3 1 16 RelLU
Conv 3X3 16 16 RelLU
S, Conv 3X3 32 16 RelLU
Conv 3X3 48 16 RelLU
Feature extraction AttentionBlock — 64 128 RelLU Fs,
Conv 3X3 1 16 RelLU
DoLP Conv 3X3 16 16 RelLU
Conv 3X3 32 16 Rel.U
Conv 3X3 48 16 RelLU
AttentionBlock — 64 128 RelLU Froop
Feature fusion Fs, Fpop Concat — 128X 2 256 — Fra
Conv 3X3 256 128 RelLU
Conv 3X3 128 64 RelLU
Image reconfiguration Fi Conv 3X3 64 32 RelLU
Conv 3X3 32 16 RelLU
Conv 3X3 16 1 — I

3.2 FEHEBETT
T T AL — Al A A SR MR Y AL A

TER O BoTEs & 7 s 8 M s i ),
TE T T 7 RE A7 00 265 27 > 3 3 ) R A R



3216 err K TR

31 %

25 5 R Ak PELAS [ AR BCEE , DA T A6 30 8 5L S B 58
PGl A1 P 4 B S R R 45 5 5 Tl 2 18] 3 05 SR A
T o) B R R B A R0 B A B e 2
AR L o R oC s 2/ A=
BUZ B 2= B2 S 450 B 4 F s

Spatial
attention

Channel

attention

X »@ > > X'

- GlobalAvgPooling iConv+BN -ReLU

4 [ER S HILE

Fig.4 Structure of attention unit

Sigmoid

BE XERT ORI X'ERT R EE
BALTC Y ORI 0 R ) BT i T R AR
mF:

X'=0(F(X)PF.(X))®X+X, (12)
A2 o Sigmoid B R KL, FOM A R 15y
P RAEMEERN S ONTHINEZER.Q

Loss™V 5™ —=1 — 1 . 2

o w€[3,5,7,9,11]

=, Loss“m<x,y; w) T SSIM (1) 5t 2k bR
BORER D o LEGR My B Z5 AR 3L
Tk
LossSSIM(x,y; w):
(2w,@,+ C\)(20,0,+ C.)
(@ + w4 C)(02 4 o2+ C.)
SSIM J2 1 5t 9 i 45 AR 0L RS i 46 b, 42 45
SeFE X EE A5 R 3SR TE B 2 . SSIM [y B
B —1~1,SSIM B Hz3E 1, P4 R B AH L .
ZR R T 2 % O SSIM, ff e TR
AN R e v 1 S R S AN T
3,5,7,9, 11, ARl & H A] DL 4 BOAS ] RJE B9 ¢
ik o 0 4h 1 Los.s‘SSIM<IS‘,,I/»; w) pill

Loss™™(Iue, Iy @) 2 18] i AL 2 ¥, U R

(16)

FE R i AR E R X € R C 2 o) 38 18 7
B 15y 0 E e gl 4 R T B Ak 2 A5 5 38
FRAE X.eRVVL R G I Z 5B L PWConvy,
BN 21 ReLU Bl s B B RASTH 1 X1 X rid
i E FRAE P20 RS B PW Conv, 1 BN 214
FIRSF R 1 X 1 X CHylil d R EE X F.
TR

F (X )=

BN(PWConw((S(BN(PWConvl(GAP(X)))))),

(13)
Horp: o o8 RelLU 0% R 4, GAP b 42 Jmy - 34 ith
fb . 5 IE R D)4y AL, 7E 2 i 2 TR R
153 3B, e 3X 34 Conv,, BN JZ Fil ReLU
BTG RS R R SE o H X W X r B HRAE E 1
21k 1X1 % L PWConv, il BN 243 2| K<)
HX WX CWzaFEE I RIEE X, F, &
RN
F.(X)=
BN(PWConv2<8<BN<CU71v1(X))))).(14)

3.3 HEKEHE

A S B A A% oK AL A SR 0 A 25 A8 AH 8L
P (Structural Similarity Index Measure, SSIM)
12K BB (MSW-SSIMD ™ 11 F

<yw-LossSS]M<ISH, I a)) Jr(l — ym)-L()ssSSIMUDUH), I w)), (15)

BT o0 Mo, WhE ,ESCINT

g(diﬂ)
glol)+g(at)
Ho:g(2) R By 1k 5515 B0 15 5 0 A 07 ek 5,
g(x)=max(z,0.0001). X% NS, FGE
ZE R F XN DoLP BHE Y 75 = 1), Ui B S, BI& 1
Jri B DX IR EA T 2 i R A, S S AL &
By, B K

IEA , MSW-SSIM uf L5 84 & 445 L, (3%t
Y57 119 O 25 N BUBR AR By 5 B0 B 1 o0 | e LUK
B5 L EEIUR R B G, T LU IE Rl 45 S 1
SERE . L BB PR AR IR

(17)

w

L().s:s'I"ZﬁH I(wg*l,»Hl, (18)



5 21 PUSCHT 4 LT T W o

>J FTE B LAY KT D 4 141 45 3217

M ATN J3 531 5 FAR B0 o5 B8 RTS8 B L I, M I,
F Tpoe B9V M0 o B A0 R BCRT LR Oy
LM*= g+ Loss™Y ™ 4 (1 — @)+ G,+Loss™, (19)
2P s S MSW-SSTM 481 4% o KR 5 1 fin £
Lo Bk i B 2 R AL B /Yl 2 40, I
0. 84,

4 FRH5LERHH

4.1 LRHEE

R T AR BB L FEATOK T R S, S
e KA R WL L TR, 3 AL FE AR AH AL B 5
JKAE i PR OGIEAN H AR YA e IR AR BLALS R
PHXO050S-P, H #5453 B 2 2 448 X2 048, K H
B T i 6 RS, B2 Sk A2 HE A 10,5 mm, 1] A —
UCHA 4 4 7 A 4 A B2 53 5] R 07,457, 90°F1 13571y
S I 5 B RS o R % W B B K A8 R R AR
v I TE KRS P RE AT o 2R S0 A0, DL RE R B D
FIN BE SR T4 o 4 H bR A I K Y 3
B K BT, 3R BUOG 5 RN 2 I PR B RS, e &M
T AL 150 41 MR A BN A o B 4 ISR R
149 16 5 P RN 2k g B B2 P AG A, BB RS o 1 224
pixel X 1 024 pixel, H 1 100 4 1E 0 I 2R 46 |, ) 4%
50 41 Sy 56 ik A R AR o % RO A R AT B
B IR BN 80X 80 K/ FHAE M 2% Il 2 1 iy A
Y %5 32 B2 7E 5K 8 NVIDA GeForce RTX 2080
Tifg M55 &8 L iEAT . AESEATRUE W Ga A5, 18
mini-batch K /N & 128 ) Adam I 1k £% # 47 1
b o 2 ) KA ) BE N 0,000 1,3 L 0. 99 Y ik
R FOE I, i K Epoch 1% # 24 200,
4.2 HERHH

BT 0 Wi B 24 > R 2 1 AL X X 4% 0t A7
YR, IEXPK T B G R T, BT %
A7 £ A R 0, SR B B (END s
22 (SD) \HAF B (MI) F 25 44 A LR (SSIM ) 4 Fif
EIEIE M HE b5 o 5 B0 R R BRI P39 (5 B,
Hit® AT .

H(X)= [1ng ZP )logp(a
(20)
fr BB UK (5 BB R . IR EES G 2
EJZ.T?K FEL IR R BE I wAE SR T LA e s AR Ak

P o 22 i T AR AR 3R P AEL AR X T 32 (B 09
BUOPEE o e vfi 22 MK, 3R T TRT 45 v K B8 & A
IR, PR BB g, A 0

o= [y (i) )

- . (21)

#:*ZEF@J)

i—1j—

7 {3 T B O A D 0 A LR D
ARG T 2 /DR EG G B, Bi5 B
S 2R T PR AR B O 42 VR PR AR 035 B
HF L 0 R0 135 B FICA) RIBE 23 K 0
H(A,B)JeE B .

MI(A,B)=H(A)+H(B)—H(A

30 M 035 2458 -

MI:%MI(ISH,If)+lMI(Il,OI,1>,If). (23)

SSIM & — A~z 1 1 By R BT = oF i 45
P, B R T R A5 £ 45 B v ) 45 4
MHEE’H&LXO SSIM 42 3T 1, A BL e g, il
B . ASCRAITEAX N

1 1
SSIM:E-SSIM(ISU, I)+ E-SSIM(IDM, I)).

B). (22)

(24)
BG5S SR AN 18 5 B, T Uk B, Ol s [
BB 22, by st A 1 AR AL ™ AR A R K]
BEATRA IS, FUAR W) 2 45 S0 o, 41 RL Ay 20 B
B 5 RE A2 3 2 R o AR SR B R A8 B 2
FE PP RS R A5 B EE T 24. 4800 brifE 22 9
TH139% , R WA TT vk nl $E T K R B

(b) DoLP[E{&
(b) DoLP image

K5 mlG e
Fig.5 Fusion result

(a) S,
(a) S, image

(o) A& EE

(c) Fusion image

W AN, BEAT T I Rl SE I, R A A B Y
Fili 5 R 5 HA LR R fil & 7 s AT T LA,
A1 55 il 3 28 0 (Curvelet Transform, CVT)™! F#
[ 5% (Gradient Transfer, GTF)"" £ 4y Hf R 7



3218 b2 - Ko 5 31 %

5t {H 4> f# (Multi-resolution Singular Value De- 15 B X L R 4 RE ) 20 PR AH T AN 9% i I 5 AR
composition, MSVD)"* L il % 4 735 A5 4t (Ra- SO E R B B SR O R ] R B B
tio of low-pass Pyramid, RP)"" | B Hl /N I 48 #e SR L HLOGE B 52 00 A BSCR B AR TR BR
(Discrete Wavelet Transform, DWT)"" L K& # T2 7 50T 1Y I 2 A 407 5 T S AR 4
BRiEE oo /a Mg, anlE 6 s, RP 1Y 45 53 R T LI PEAL T 2k i P RE L 1 Z BT R
BB 22 O ROCR B R i 5 R 52 35 43 1 7 AT PR VEAN T8 b5 xRS o g SR T VA 3
BT —EREN, HM A8 Z,CVT,DWT LEERBCP B, R NMFE 2R . AT EERER
FIMSVD 145 R A — 72 B2 1 UKL, HX LG B2 T bR E2E MIAT SSIM 3 Fh B IFAfr 48 b 2 2
T A, 6 T BA 52 I A BRAL 22 s GTF B9 45 R B A BIUF R, g — 2D T 07 B A R

(@) JeiEg (b)) LlRiRE (o) HivEAH () HERR (o) Z4HET O REXEE (o) BEUNE () BRRIEEN () ACHE
(@) S, =l () CVT (d) GTF e R FEE AR i AR i JGHIRIT (i) Proposed
(b) DoLP (e) MSVD (f) RP (g) DWT  (h) Hidden algorithm

attention

P64 I A RS [ 5 35 il 45 R0 L

Fig. 6 Comparison of fusion results of different methods for partial test set images

R2 ARAEMNBEREGHENEEER

Tab.2 Quantitative results of polarization image fusion by different methods

Method EN SD MI SSIM
CVT 6.1123 17.87 0.7374 0.4953
GTF 6.9818 42.62 1.2725 0.354 2

MSVD 6.059 1 17.11 0.7574 0.4959

RP 6.4815 21.93 0.3600 0.2409
Wavelet 6.083 4 18.21 1.4717 0.504 9
Hidden Attention 7.2841 37.96 1.617 3 0.503 3
Proposed method 7.307 3 40. 46 1.680 8 0.5186

& J5 , 7 i B & NVIDIA GeForce RTX i o WA 794 Python it 5 F 28, R £
2080 Ti, 3.1GHz Intel Core i9-9600X, 128G 2H WOV Y E, AR SCO7 ¥4 1 Ab B B R 0. 051 s, 1
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Tab.3 Operating time of different methods

Method Operating time/s
CVT 1.0420
GTF 0.0680
MSVD 0.356 8
RP 0.0820
Wavelet 0.508 6
Ours 0.0510
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