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Underwater Imaging by Suppressing the
Backscattered Light Based on Mueller Matrix

Hongyuan Wang , Jiaqi Li , Haofeng Hu , Junfeng Jiang , Xiaobo Li , Kan Zhao, Zhenzhou Cheng ,
Mei Sang , and Tiegen Liu

Abstract—Polarimetric imaging is an effective way for en-
hancing the image quality in underwater environments. Previous
polarization-based methods for underwater imaging actually in-
volve both optical and digital processing, while compared with
digital processing, the importance of the optical method is not clear.
In this paper, we propose a polarimetric method for underwater
imaging based on the Mueller imager. In this method, in order to
optimally filter out the backscattered light and enhance the image
quality, the polarization states of illumination light together with
the polarization filter in front of the camera are synergistically
modulated in an optical way. In other words, the quality of im-
ages captured by the camera can be directly improved without
any digital processing. A series of experimental results show the
effectiveness of the proposed method, which indeed verifies its
superiority in scattering media.

Index Terms—Polarimetric imaging, underwater imaging,
Mueller matrix, scattering media.

I. INTRODUCTION

THE image quality in underwater environments can be
severely degraded due to the scattering by the particles

existing in water [1]–[4]. The backscattered light (veiling light)
is partially polarized [3]–[5], and thus in principle, polarimetric
imaging can effectively suppress the backscattered light and
enhance the image quality.

Up to now, various polarization-based methods for under-
water imaging have been developed to enhance the quality of
underwater images by suppressing the backscattered light and
enhancing the object radiance [6], [7]. However, most previous
polarimetric recovery methods in fact involve digital processing
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and are based on the polarization imaging model in scattering
media [8], [9]. This could induce considerable image distor-
tion (such as the uneven distribution of light intensity) [10],
and in addition, the mixture of digital processing makes that
the contribution of optical processing is unclear. On the other
hand, previous methods are based on the Stokes configuration,
which rarely consider the modulation of the illumination light
[11], [12], and thus the power of the polarimetric method for
underwater imaging is not sufficiently utilized yet.

In this paper, based on the Mueller imaging configuration,
we propose a method to suppress the backscattered light and
enhance the underwater image quality in an optical way without
digital processing. We first analyze the relationship between the
polarization states of the backscattered light and the illumination
beam. Based on this relation, we modulate the polarization state
analyzer in front of the camera to filter out the backscatter in an
optimal way. By this method, the quality of the image captured
by the camera can be directly improved, in other words, the cam-
era direct shows the “clear and recovered underwater images”.
We perform several experiments to verify the effectiveness of our
method, and we also compare the performance of the proposed
method with those of other methods.

II. THEORY

The typical model of imaging in the scattering media shows
that the light obtained by the camera includes two parts [13].
The first one is the direct transmission referring to the target
signal, which is attenuated due to the absorption and scattering.
The second one is the backscattered light, which comes from the
light scattered towards the camera by scattering particles in water
[14]–[17]. In fact, the decay of image quality in the underwater
scenario is mainly due to the backscattered light received by
the camera. Therefore, suppressing the backscattered light is
essential for underwater imaging [4]–[7].

In fact, the backscattered light is partially polarized [3], [13],
and its polarization state depends on the polarization states of
the illumination light and the turbidity of the medium [12],
[18], [19]. Therefore, it is possible to suppress the backscattered
light by adjusting the polarization states of polarization state
generation (PSG) and polarization state analysis (PSA). By
adjusting optical elements in PSG, we can obtain a specific
polarized illumination with the Stokes vector of Sin [29], which
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can be represented by the azimuth α and the ellipticity ε as:

Sin = sin0
[
1 P sT

]T
= sin0

⎡
⎢⎢⎣

1
P cos 2α cos 2ε
P sin 2α cos 2ε

P sin 2ε

⎤
⎥⎥⎦ (1)

where sin0 denotes the intensity of the illumination light, s =
[ sin1 , sin2 , sin3 ] is the normalized Stokes vector, and P is the
degree of polarization (DoP). Assuming that the Mueller matrix
of the turbid water is M , the Stokes vector of the backscattered
light Sback is thus equal to:

Sback =
[
sback0 , sback1 , sback2 , sback3

]T
= M · Sin (2)

Generally speaking, when the DoP of backscattered light is
higher, a higher proportion of backscattered light can be blocked
by the PSA. Therefore, in order to suppress the backscattered
light in an optimal way, one has to maximize the DoP of the
backscattered light by choosing an optimal set of azimuth and
ellipticity (αopt, εopt) corresponding to the polarized illumina-
tion light, which can be expressed by:

(αopt, εopt) =
arg

(αopt,εopt)

max {Pback (M,α, ε)} (3)

where

Pback (M,α, ε) =
1

sback0

[(
sback1

)2
+
(
sback2

)2
+
(
sback3

)2] 1
2

=
1∑3

j=0 M0jsinj (α, ε)

⎧⎨
⎩

3∑
i=1

3∑
j=0

[
Mijs

in
j (α, ε)

]2
⎫⎬
⎭

1
2

(4)

In (4), sinj (α, ε) means the Stokes parameters depending on
the parameters (α, ε). It can be seen in (4) that, the DoP of
the backscattered light is a function of azimuth and ellipticity
(α, ε) of the illumination light and the Mueller matrix of the
turbid water. Indeed, when DoP reaches the maximum value,
the optimal set (αopt, εopt) can be calculated by the derivative
analysis for a given Mueller matrix:

∂Pback(M,α,ε)
∂α = 0 and ∂Pback(M,α,ε)

∂ε = 0 (5)

In fact, the Stokes vector Sback can be decomposed into the
Stokes vector of the polarized light Sback

p and that of the unpo-
larized light Sback

u , which can be expressed as:

Sback
p =

[
Pbacks

back
0 , sback1 , sback2 , sback3

]T
Sback
u =

[
(1− Pback) s

back
0 , 0, 0, 0

]T (6)

LetAdenote the polarization eigenvector of PSA. IfA andSback
p

are orthogonal, then the backscattered light can be blocked by
PSA to the most extend. For this purpose, the eigenvector of
PSA should satisfy:

A =
1

Pbacksback0

[
Pbacks

back
0 , −sback1 , −sback2 , −sback3

]T

(7)
According to (3) and (7), a clear image with the maximal sup-
pression of the backscattered light can be obtained by adjusting
the states of PSA and PSG synergistically.

Fig. 1. Experimental setup of underwater imaging based on the Mueller
matrix.

It is well known that the typical PSA consists of a linear
polarizer (LP) and a quarter wave plate (QWP) [20], [21]. Let
the orientation of the LP be γ and the orientation of the QWP be
θ. The eigenvector of PSA can be expressed by the orientations
of the LP and QWP as:

A =

⎡
⎢⎢⎣

1
cos2(2θ) cos(2γ) + sin(2θ) cos(2θ) sin(2γ)
sin(2θ) cos(2θ) cos(2γ) + sin2(2θ) sin(2γ)

− sin(2θ) cos(2γ) + cos(2θ) sin(2γ)

⎤
⎥⎥⎦ (8)

Then the image captured by the camera is given by [22]:

I(x, y) =
1

2
ATS(x, y) =

1

4
{2s0(x, y)

+ s1(x, y) [cos (4θ − 2γ)+ cos 2γ]

+ s2(x, y) [sin (4θ − 2γ) + sin 2γ]

− 2s3(x, y) sin (2θ − 2γ)} (9)

III. EXPERIMENTAL RESULTS AND DISCUSSION

The Mueller polarimetric imaging setup for this work is
shown in Fig. 1. The targets (a plastic sticker and a “TJU”
black handwriting on a white plastic board) are put inside a
transparent PMMA tank (65 × 25 × 25 cm) filled with water,
and we make the water turbid by blending the clear water
with milk. Semi-skimmed milk contains more fat globules and
results in a Mie scattering system, while skimmed milk consists
mainly of small particles and results in a predominantly Rayleigh
scattering system. In Rayleigh regime, the characteristic length
of depolarization for incident linearly polarized light exceeds it
for incident circularly light, while the opposite is true for Mie
regime [30]. Long-term underwater experiments proved that the
scattering system formed by milk is similar to the scattering
system in seawater environments, and thus in this paper, the
semi-skimmed milk is mixed into the water to make the scatter-
ing properties of the medium in the experiment similar to the real
seawater. Semi-skimmed milk is composed of spherical particles
of 0.04-20 μm. The scattering coefficient for semi-skimmed
milk is 1.40c cm−1, where c is the concentration of milk in
water [23]. The scattering coefficient of turbid water decreases
as the wavelength increases in the visible light range. In order to
reduce the scattering effect, we employ a Light-Emitting Diode
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Fig. 2. Mueller matrix image of the scene in turbid water. The background
region is marked by the yellow rectangle in m00.

(LED) with the central wavelength of 625nm to illuminate the
scene, and the angle between the light emission and camera
axis is 21°. Both PSG and PSA are composed of one LP and
one QWP. The states of PSG and PSA can be modulated by
adjusting the orientations of LPs and QWPs. The images are
taken by a monochrome CCD camera (AVT Stingray F-033B,
with a resolution of 656 × 492 and a bit depth of 8-bit).

It should be noted that, although the optical elements in
Fig. 1 are the same as these in reference [12], there are essential
differences between these two methods. This is because in order
to filter the backscattered light to the most extend, both the states
of PSG and PSA in this work are optimized to maximize the
DoP value of the backscattered light, while these in Ref. [12]
are just used to generate the circularly polarized illumination
and to measure the Stokes vector of the reflected light from the
scene.

With the experimental setup shown in Fig. 1, we measure the
Mueller matrix of the scene in turbid water, as shown in Fig. 2.
The concentration of milk in water is 0.62 g/L. It can be seen
that the absolute values of the Mueller elements on the diagonal
are relatively greater, which indicates that depolarization is the
dominant mechanism in turbid water due to the scattering. In
addition, due to the scattering by the turbid water, it is difficult
to distinguish the details of the object in the Mueller images in
Fig. 2.

In order to investigate the relation between the DoP of the
backscattered light and the polarization state of the incident light,
we calculate the values of DoP in the background region without
the target (shown as the yellow rectangle in Fig. 2) at different
states of PSG according to the Mueller matrix in Fig. 2. The result
is shown in Fig. 3, in which the polarization state (Stokes vector)
of the incident light depends on the azimuth and ellipticity of
its Stokes vector. It can be seen from Fig. 3 that the DoP of the
backscattered light changes considerably with the polarization
state of the incident light. According to the color bar in Fig. 3,
it can be seen that the variation of the DoP of the backscattered
light is between 0.6 and 0.8. It means that the backscattered

Fig. 3. Variation of DoP with the azimuth and the ellipticity of PSG at the
concentration of milk in the water of 0.62 g/L.

light has a high DoP in the case of polarized illumination,
and its DoP changes significantly with the polarization state
of the incident light, which makes the proposed method more
effective. The purpose of adjusting the polarization state of PSG
is to get the maximum DoP, and the corresponding azimuth and
ellipticity are about (−87.05◦, 4.67◦) in this work. In practice,
the position at the target is clearly defined, and other positions
can be recognized as the background light position. If the region
of the background is not clear, the region of the target is also
not clear, and in this case, the average of the brightest 0.1% part
in the image can be selected as the average of the background
light [24], which can also achieve a relatively good scattering
suppression effect.

By adjusting the state of PSA to the optimal one described
in (7), we can filter out the backscattered light to the most
extent, and the image directly captured by the camera is shown as
“Mueller Step-1” in Fig. 4(a). The “Raw image” is taken in turbid
water without any polarized device by removing PSG and PSA,
while the “Clear image” is taken in clear water without PSG and
PSA. It can be seen that compared with the intensity image in
turbid water, which is the “Raw image” shown in Fig. 4(a), the
image quality of our method shown in the middle of Fig. 4(a)
is significantly improved. It demonstrates that the backscattered
light can be effectively suppressed by the polarization-based
optical filters, and thus the contribution of polarization to under-
water imaging is demonstrated to be significant.

In addition, we also compare our restoration result with the
traditional polarimetric underwater imaging method proposed
by Schechner [3], as “Schechner Step-1” shown in the right of
Fig. 4(a). It can be seen that the performance of our method is
better than that of the traditional polarimetric imaging method.
However, it should be noted that, although the traditional po-
larimetric method is based on the physical model, it actually
involves digital processing to enhance the quality of the image,
while our method improves the image quality only by optical
filtering. Besides, in the first step, since our method outputs
the improved images without any post-processing, it indeed
corresponds to a vision enhancement system. This is also an
important difference compared with the method in Ref. [12],
which actually focuses on processing multi-images to enhance
the image quality and needs more acquisitions to measure the
Stokes vector.
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Fig. 4. (a) Comparison of different images in turbid water; (b) Intensity level at the indicated places. Step-1 indicates the processing by our method or by
Schechner’s method, while Step-2 indicates the consequent histogram stretching.

Moreover, considering that the outputs of the proposed
Mueller imager have less image distortion, the technique of
image processing can thus be applied to further enhance the
image quality. We perform the histogram stretching [4], which
is a typical and simple way of image enhancement with the
linear operation, for these images in the first row of Fig. 4(a).
The results are shown in the second row of Fig. 4(a). It can be
seen that after histogram stretching, the image quality can be
further improved. However, it can be seen from the result of
“Schechner Step-2” in Fig. 4(a) that the brightness of the image
is not uniform. For example, the central left part of the image
“Schechner Step-2” is obviously brighter. This is originated
from the fact that digital processing is involved in the traditional
polarimetric image recovery method which inevitably causes
image distortion. While the image quality for our result is better
with clearer vision and uniform brightness. This is because the
optical filtering without digital processing leads to a lower image
distortion, which lays a better foundation for the subsequent
image processing.

Of course, it needs to be clarified that we employ histogram
stretching in this work, which is the simplest image processing
method, as an example to illustrate that image processing can
further enhance the image quality. If we employ more advanced
image processing methods, such as dark channel prior [24]
and Realization of the Contrast Limited Adaptive Histogram
Equalization (CLAHE) [25], the image quality can be even better
than those in the last row of Fig. 4(a). In addition, we choose
two regions (A and B) in the image in Fig. 4(a) to compare
the image quality for different methods in more detail, and the
gray levels along line A and line B are shown in Fig. 4(b). It
can be seen that our method has a greater magnitude of gray
level variation, corresponding to a higher image contrast. We
calculate the local image contrast [4] for regions A and B, and
the local image contrasts for our method are 20.7% and 20.8%,
which are greater than those of 6.3% and 5.2% for Schechner’s
method. It also means that “Mueller Step-2” has a higher contrast
than that of “Schechner Step-2” in terms of objective quantified
metrics.
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Fig. 5. Underwater image restoration results and the histograms in different turbidities of water.

TABLE I
COMPARATIVE ANALYSIS OF DIFFERENT METHODS

In order to further evaluate the image quality and compare it
with the traditional method in terms of other typical objective
quantified metrics, we also calculate the values of measure of
enhancement (EME) [2], [4] and the standard deviation (STD)
[4], [26]. The corresponding values are shown in Table I. Then
the average values of the enhancement ratios for EME and STD

compared with the raw image are also listed in the last column
of Table I for the purpose of comparison.

In order to further verify the effectiveness of our method,
we also perform experiments in different turbidities of water by
blending the clear water with different volumes of milk, and
the results are shown in Fig. 5. The concentrations of milk
in water are 0.52 g/L and 0.69 g/L, and the maximum DoPs
of them are 0.7969 and 0.7985 respectively. It can be seen
that our method can effectively suppress the backscattered light
and significantly enhance the image contrast with lower image
distortion in different turbidities of water. In particular, even
when the water is dense turbid with a high concentration of
milk, the polarization filtering can also significantly suppress
the backscattered light. Moreover, with post-processing, for
example, histogram stretching, the image can eventually be clear
enough to reveal the details of scenes. In addition, we also plot in
Fig. 5 the histograms of corresponding images, which provide
another perspective to analyze the image enhancement. It can
be seen in the histograms that the raw images in turbid water
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have a narrow distribution of gray levels. While by the proposed
Mueller imager, the range of gray levels can be considerably
extended. This is because the backscattered light is suppressed,
and the details of the scene become visible. Furthermore, with
the post-processing of histogram stretching, the gray level covers
the whole range from 0 to 1, and the image becomes even clearer.

IV. CONCLUSION

In conclusion, we propose an image recovery method based
on the Mueller polarimetric imager for underwater imaging.
It enhances the image quality by optically filtering out the
backscattered light. In particular, we synergistically modulate
the states of PSG and PSA to remove the backscattered light
in an optimal way, and consequently, the backscattered light
in the images can be significantly suppressed. The foremost
advantage of our method is that it is pure optical without digital
processing, and thus there is less image distortion, which is
beneficial for further image processing to finally achieve supe-
rior image quality. Besides, another attractive advantage of the
proposed Mueller imager is the ability to realize the real-time
clear vision if the underwater environment is stable without
significant variation of the Mueller matrix of the turbid water.
In practice, this assumption is valid if we capture the images
in the shallow sea, or the water condition is relatively stable
during a certain period of time. Of course, since the polarization
property depends on various properties of the turbid media
(such as particle sizes, shapes, and concentrations, etc.) [27],
[28], investigating the corresponding effects on image quality
enhancement is indeed an interesting perspective. Moreover,
the method proposed in this paper can be generalized to color
images by employing it for RGB channels, and finally, the RGB
three-channel images can be combined into one color image.
Of course, color distortion could be considered for the color
images. The method we proposed has the effect of suppressing
scattering in real-time for the underwater environment where the
background scattering condition is stable.
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