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Polarization underwater imaging is of great potential to target detection in turbid water. Typical methods are challenged by
the requirement on degrees of polarization (DoPs) of both target light and backscattering. A polarization descattering im-
aging method was developed using the Mueller matrix, which in turn derived a depolarization (Dep) index from the Mueller
matrix to characterize scattering media by estimating the transmittance map by combining a developed optimal function.
By quantifying light attenuation with the transmittance map, a clear vision of targets can be recovered. Only using the
information of scattering media, the underwater vision under diverse water turbidity was enhanced by the results of
experimental data.
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1. Introduction

There have been growing interests in imaging for underwater
detection, marine rescue, and aquaculture[1,2]. Images taken in
such a kind of scattering media are characterized by loss of con-
trast due to light scattered back from the medium along with the
light of sight (backscattering)[3–5]. Pioneering work towards des-
cattering imaging has been developed including time-gating,
laser line scanning, structured lighting, polarization imaging
technology, etc.[6–10]. Noticeably, polarization imaging technol-
ogy has become a powerful imaging modality in descattering
imaging, benefitting from its simple structure, favorable visuali-
zation, and portability[10–12]. However, a fundamental issue
toward it lies in the requirement of two degrees of polarization
(DoPs) of both the object and backscattered light, which is a
challenging job. Targets composed of more than one material
makeDoP calculation complex and further currentmethods fail.
In this paper, the Mueller matrix was employed to develop a
polarization descattering approach free from calculating DoP
by quantifying how turbid water depolarized light with the
parameter depolarization (Dep) index.
The Mueller matrix is mainly exploited and used in biomedi-

cal studies benefitting from its distinctive advantages of high-
contrast imaging and abundant structure information[13–15].

It works for both linear and circular polarizations[16]. Research
exploited Mueller matrix imaging for cancer diagnostics,
anomalous tissues detection, and so on[17,18]. For instance,
researchers presented the relationship between the microstruc-
tures of different cancerous tissues and the parameters extracted
from the Mueller matrix[19]. It can also quantify Dep of the
optical system.
In this Letter, a polarization descattering imagingmethod was

proposed using a Mueller matrix for clear vision in turbid water.
It first exploited the Mueller matrix of waterbody for a Dep,
which characterizes how and to what extent the waterbody
depolarizes light. Dep, combined with an optimal function, is
then used to estimate the transmittance map, which enables
quantification of light attenuation in water. The proposed
method seeks only scattering information and does not depend
on target information and DoP of the medium and target that is
needed.

2. Methods and Results

According to the Jaffe–McGlamery imagingmodel[20], a deterio-
rated underwater image ITotal�x, y� is composed of two parts: the
object light IObj�x, y� and the backscattered light IScat�x, y�. An
ideal clear image should include only Iobj�x, y� in Eq. (1):

Vol. 20, No. 2 | February 2022

© 2022 Chinese Optics Letters 022601-1 Chinese Optics Letters 20(2), 022601 (2022)

mailto:xpshao@xidian.edu.cn
https://doi.org/10.3788/COL202220.022601


IObj�x, y� =
ITotal�x, y� − IScat�x, y�

t

=
ITotal�x, y� − I∞Scat�x, y�

t
� I∞Scat�x, y�, (1)

where (x, y) indicates a pixel location in the image, t represents
the medium transmittance map, which quantifies light attenu-
ation along with distance during propagation in water[21], and
I∞Scat�x, y� is the backscattering intensity at infinity. It is a con-
stant in a determined image and can be calculated by averaging
the intensities of the top 0.1% brightest pixels in ITotal�x, y�[22].
Therefore, attention should be paid in the estimation of t. The
major challenge is tomodel how it changes at different locations.
Though t models attenuation of light intensity, it is challenging
to determine it directly by captured intensity images. An
approach to estimate t was developed by exploiting polarization,
which was an intrinsic characteristic of light. For totally polar-
ized light, it depolarizes during propagation in water due to scat-
tering. This process can be quantified byDep index, which varies
from zero for the total non-depolarizer to one for the ideal depo-
larizer. Its calculation requires a Mueller matrix of the scattering
media, a 4 × 4 real-valued matrix describing how media change
light polarization[23], as shown by Eq. (2):

DepM�x, y� =
�������������������������������������������
tr�MTM� −m2

00�x, y�
p

���������������������
3m2

00�x, y�
p : (2)

The Mueller matrix is measured by employing the dual-rotat-
ing-retarder method, where two polarizers (LPVISE200-A,
Thorlabs) were used, and two achromatic quarter-wave plates
(AQWP10M-580, Thorlabs) were mounted on a motorized

rotation state (PRM1/MZ8, Thorlabs). Figure 1(a) presents
the experiment setup, where illumination is obliquely incident
on the target. We dissolved skimmed milk in 100 L tap water
to mimic scattering conditions in turbid water in a 50 cm ×
80 cm × 40 cm acrylic tank. The target includes two parts each
in different materials, a 15 cm × 2 cm steel ruler covered by a
piece of 3 cm × 2 cm paper. Four measurements are required to
calculate the Mueller matrix. Taken as an example, Fig. 1(b)
shows the sixteen images of a Mueller matrix, where the differ-
ence between the target and backscattering light is noticeable, as
well as between different materials. The Dep index is then cal-
culated by Eq. (2) and shown in Fig. 1(c).
Figures 2(a)–2(d) are the four measured images detected in

water with a 30.0 nephelometric turbidity units (NTU),
36.2 NTU, 41.0 NTU, and 50.0 NTU turbidity, respectively.
The visibility obviously deteriorated with the turbidity increase.
The backscattering intensity is denoted by grayscale values
extracted from regions where there is no target. The four colored
lines in Fig. 2(e) illustrate backscattering variation. It gets
stronger andmore uneven with turbidity increasing, and the cal-
culated grayscale values of the Dep index by Eq. (2) are also pre-
sented in Fig. 2(e). It also gets stronger under higher turbidity,
indicating stronger depolarizing conditions to light. However,
Dep is more robust to location than to backscattering, not sen-
sitive to objects and uneven illumination. It is determined only
by the medium. Figures 3(b)–3(e) present the distribution of
backscattering as a function of Dep in the selected area from
images in Fig. 3(a):

IScat�x, y� = a · DepM�x, y� � b, (3)

Fig. 1. (a) Experiment setup of the proposed method. P1, P2 are polarizers, and R1, R2 are retarders. (b) and (c) 4 × 4 Mueller matrix and Dep index images in the
water with a 45 NTU turbidity.
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where a and b are unknown constants. The transmittance map t
is determined based upon backscattering, which is directly
related to distance. Then, t can be modeled by Dep as Eq. (4)
shows:

t = 1 −
a · DepM�x, y� � b

IScat�x, y�
= 1 −ℑ · DepM�x, y� − σ, (4)

where σ is an empirical constant, and ℑ is a parameter varying
from 0 to 1/Dep. σ only changes the brightness of a recovered
image up to a scale and can be neglected in the calculation.
Therefore, major attention should be paid to determine ℑ dur-
ing t estimation. Then, the descattering model in Eq. (1) can be
optimized into Eq. (5):

IObj�x, y� =
m00�x, y� − I∞Scat�x, y�
1 −ℑ · DepM�x, y� − σ

� I∞Scat�x, y�: (5)

For estimation of ℑ, an underwater image quality measure-
ment (UIQM)[24] was exploited, where two parameters, under-
water image sharpness measure (UISM) and underwater image
contrast measure (UIConM), were used to evaluate underwater
images. Images with higher UIQM are better in image quality.
Given the fact that backscattering deteriorates image quality
and reduces UISM and UIConM, the optimization is completed
by Eq. (6) by searching the optimal ℑ enabling the maximum
UIQM:

ℑ̂ =max
ℑ

fUIQM�IObj�x, y�,ℑ�g, (6)

where

Fig. 2. (a)–(d) Intensity images in the water with 30.0 NTU, 36.2 NTU, 41.0 NTU, and 50.0 NTU turbidity, respectively; (e) intensity and Dep variation of (a)–(d) along the
colored lines.

Fig. 3. (a) Four measured m00(x, y) images at 30.0 NTU, 36.2 NTU, 41.0 NTU, and 50.0 NTU; (b)–(e) fitting results of backscattering intensity as a function of Dep
values at 30.0 NTU, 36.2 NTU, 41.0 NTU, and 50.0 NTU, respectively.
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UIQM = 0.29 × UISM� 3.57 × UIConM,

UISM =
2

k1k2

Xk1
l=1

Xk2
t=1

log

�
Imax ,k,l

Imin ,k,l

�
,

UIConM =
1

k1k2
⊗

Xk1
l=1

Xk2
k=1

Imax ,k,lΘImin ,k,l

Imax ,k,l
L

Imin ,k,l

× log

�
Imax ,k,lΘImin ,k,l

Imax ,k,l
L

Imin ,k,l

�
: (7)

Here, an image is divided into k1 × k2 blocks, and
L

,⊗, and
Θ are the parameterized logarithmic image processing opera-
tions[24]. Finally, with the estimated ℑ, the clear image can be
reconstructed by Eq. (5).
Taking the experiment in 50.0 NTU turbidity water as an

example, we show the captured intensity image and the recon-
structed image in Figs. 4(a) and 4(b). The image contrast has
been greatly improved after recovery. In particular, the paper
stripe and metal ruler are simultaneously clearly visible. In
the zoomed-in view of the region of interest in Figs. 4(c) and
4(d), the ruler in the intensity image presents a blurred appear-
ance, especially the tick mark and edges. In contrast, after recov-
ery, it is possible to distinguish the exact edges, and even tick
marks on the ruler are clearly distinguishable. To quantify clarity
improvement, Fig. 4(e) presents extracted details from Figs. 4(a)
and 4(b), which is the intensity variation versus the vertical

position 521 denoted by the vertical line passing through the
Arabic numerals and alphabets. The recovered image provides
an obviously intense intensity variation, indicatingwell-recovered
target information and enhanced image contrast where backscat-
tering is well-removed. This benefits from the fact that Dep ena-
bles accurate t�z� estimation, since it is robust to location as
discussed before. In detail, take the letter “E” as an example.
The intensity variation in Fig. 4(e) fits well to its shape. These data
preliminarily prove that the method can handle scattering prob-
lems in underwater imaging and then improve vision.
Further experiments were conducted under five different tur-

bidities: 30.0 NTU, 36.2 NTU, 41.0 NTU, 45.2 NTU, and
50.0 NTU. Besides the ruler, another set of targets composed
of two coins, copper-zinc alloys of 0.5 Chinese Yuan (CNY) and
nickel alloys of 1 CNY, were tested and shown in Fig. 5. The raw
intensity images in the two bottom rows all present an increasing
veiling effect with increasing turbidity. However, all of the recov-
ered images keep good vision. For the ruler, clearer details
regarding the Arabic numerals as well as enhanced contrast
are available after descattering. The two coins as well as their
details are clearly visible in the recovered images, where image
contrast is also enhanced. In addition, we employed UIQM to
quantify image quality before (the dotted line) and after recovery
(the full line), as presented by Fig. 5. UIQM works in a similar
manner as a human observer, which comprises a sharpness
measure (UISM) and a contrast measure (UIConM). It is worth
noting that no matter how the water turbidity changes, the

Fig. 4. (a) Intensity image; (b) recovered image with the proposed descattering method; (c) and (d) the zoomed-in view of the region of interest in (a) and
(b) marked out with red rectangle; (e) the intensity value variations of (a) and (b) along the colored lines.
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recovered images keep a significant improvement in image
quality. There is a minor fluctuation in the quality of the recon-
structed images. Thismainly results from the polarization differ-
ence caused by water turbidity, even though the overall results
are hardly affected. Besides, structural similarity (SSIM) is cal-
culated with the recovered images at 30.0 NTU as reference.
The developed method presents robustness to the turbidity
increase. Therefore, the developed method is advantageous in
robustness to water turbidity.

3. Conclusion

In conclusion, we proposed an underwater descattering method
using the Mueller matrix to detect targets in multiple materials.
It exploited the linear relationship between Dep derived from
the Mueller matrix and backscattering intensity. An optimal
function was introduced to estimate the transmittance map
and then recover clear underwater vision. Experimental results
show that the method can assist in detecting targets in multiple
materials in turbid underwater. It also may inspire new under-
water imaging strategies and has potential to be applied to
underwater detection.
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