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Underwater imaging is a crucial and challenging problem. The backscattering caused by
particles in turbid water can severely degrade the image. In this paper, A novel image dehazing
method is devised, which combines optics with image processing technology. This method can
directly remove part of the backscattering through polarization technology, and then quickly solve

the dehazing image through our algorithm. Experimental results show that our method is valid and
robust for targets of diverse materials, grayscale images and color images in diverse scattering envi-
ronments. Furthermore, our method takes only 2 percent of the time of the fast dark channel prior
(DCP) method when processing 1 K resolution images, which meets the requirements of real-time.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Underwater imaging has a crucial application value in the area
of seabed mineral resource exploration, submarine pipeline
inspection and underwater archaeology [1-3]. Generally speak-
ing, in an underwater environment, the contrast of the
acquired image is very low, so it is difficult to effectively pro-
cess and analyze the image information. On the one hand, the
absorption and scattering of light by the water body make the
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light containing the object information not ideally imaged,
resulting in blurry imaging of underwater objects; on the other
hand, the noise formed by stray light will superimpose on the
reflected light of the object, resulting in reduced image contrast
[4]. Therefore, effective restoration of underwater images and
improvement of image clarity have become hot and important
issues to be solved urgently [5-7].

At present, the methods to achieve underwater image
restoration and improve image clarity mainly include image
processing restoration technology and optical restoration tech-
nology [7-10]. Among them, existing digital image processing-
based restoration technologies predominantly achieves scene
detail restoration by processing a single image [10-15]. Image
enhancement and reconstruction technologies are two exam-
ples of such approaches. The purpose of image enhancement
technology is to improve the contrast of objects, without con-
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sidering the reasons for image degradation. The technology is
often simple algorithm, fast processing speed, obvious effect,
so the scope of application is wide. However, the technology
is greatly affected by the shooting conditions and environment,
and the image restoration ability is normal. Histogram equal-
ization technology [8], Retinex technology [9.11], and wavelet
transform technology [16] are examples of popular image
enhancement technologies. Image restoration technology is
based on the physical degradation model, which uses prior
knowledge and expectations to estimate the interference fac-
tors that impact image clarity, through the inversion of the
degradation process, eliminate the influence of interference
factors and improve the image clarity. In general, compared
with image enhancement technology, image restoration tech-
nology will obtain more natural dehazing images. However,
the algorithm of this technology is complex, and dehazing
the image takes a long time, rendering it unsuitable for real-
time processing, in the case of dense turbid medium with heavy
scattering, the recovery effect is reduced. Typical restoration
techniques include DCP technique [13,14], multi-channel
fusion technique [15,17], etc.

Different from image processing dehazed technology,
image restoration technology based on optical means focuses
more on the acquisition and processing of optical imaging sys-
tems and optical information. Such typical methods include
multispectral fusion restoration [18], polarization optical imag-
ing restoration [19-27], etc. Among them, the restoration tech-
nology based on polarization imaging is one of the most
effective optical restoration methods, which can effectively
suppress backscattered light to improve image clarity. As the
detection distance increases, the intensity of the scene light
attenuates and its polarization information almost disappears,
while the intensity of backscattered light increases and has
obvious polarization characteristics [19]. Polarization restora-
tion technology collects different polarization images of the
same scene, performs differential processing or accurately esti-
mates the backscattered light polarization properties, and then
deduce the intensity and transmission coefficient of scattered
light, and finally achieve the purpose of suppressing scattered
light and improving image clarity [19,20]. Moreover, since
the scattered light produced by scattering media, such as haze
and sand dust, often has partial polarization characteristics,
the polarization restoration technology is ideal for various
scattering media conditions with a wide variety of applications
[22,23]. Especially in the high concentration of scattering
media, it has advantages [20]. However, to achieve the purpose
of dehazing, two [28] or more [20,29,30] images with different
polarization directions are usually needed to estimate the
polarization degree of the image, environmental light intensity,
and transmittance distribution, and the final restoration result
usually requires different parameters to modify them [20,31].
There are many polarization imaging technologies and systems
that can meet the above requirements [20,32,33]. The Division-
of-Time method [34] is easy to apply and can achieve a high
spatial resolution, but the time resolution is always poor, ren-
dering it inefficient for fast-moving objects. The Division-of-
Amplitude method [35] and the Division-of-Aperture method
[36] will also produce multiple polarization images at the same
time, but the system is relatively complex and requires accurate
image registration and calibration. The pixel-level polarization
camera of the Division-of-Focal-Plane method [37,38] sacri-
fices spatial resolution and is very expensive.

We suggest a new dehazing approach that incorporates
optics and image processing technologies to solve this prob-
lem. Firstly, the linear polarization light is used to actively
illuminate the underwater object, and then a linear polarizer
perpendicular to the polarization direction of the illumination
source is placed in front of the camera, so that a large part of
the backscattering light and a part of the object light of the
object with strong polarization maintaining can be removed
by optical means. Finally, inspired by He et al [13], we use
the average filtering to quickly solve the transmittance, thus
derive the final dehazing image. The results show that in a
scattering environment of differing concentrations, the algo-
rithm can produce a high-quality dehazing effect for artifacts
made of diverse materials, as well as for gray and color
images.

2. Theory

2.1. Image degradation model

Similar to the atmospheric dehazing imaging model, in an
underwater environment, the incident light that the sensor
receives is split into two parts [19,39]. The intensity informa-
tion of the target object is found in the reflected light of the tar-
get object, which is also known as direct light. Backscatter is
the key element in the creation of a haze environment, and it
is caused by light scattered by reflecting particles in the water
into the detector. Therefore, the obtained light intensity / can
be expressed as:

1(x) = Li(x) + I(x) (1)

where I, and Iy represent direct light and backscatter,
respectively. The object light (represented by J) is what we
finally need to retrieve, and its degraded version at the distance
of x is denoted as 1. I increases with distance, and when the
distance is infinite, I is represented by A4 at this time. There-
fore, Equation (1) can be written as [40,41]:

I(x) = J(x)t(x) + A(1 — 1(x)) (2)
where #(x) usually called as the transmittance. From Equa-

tions (2), J(x) can be derived as:

J(x) = ’(th% +4 (3)

When obtain 4 and #(x), the clear images after dehazing
can be reconstructed.

2.2. The principle of polarization removal backscatter

The Stokes vector can be used to explain the polarization state
and the intensity of radiation, which defined as:

1
2 @
g

where the radiation intensity is expressed as I and the Q, U,
I components denote the polarization state of the radiation,
the following equations can be used to express it:
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I=E +E
_ E2 _ EZ
S (5)
U = 2E,E,cosd
V = 2EE,sind

The E, and E, represent the electric field components of the
scattered wave perpendicular and parallel to the reference
plane, respectively, and J represents the relative phase.

The 4 x 4 Mueller matrix represents the depolarization
effect of the target or medium on the incident light.

The scattered light and incident radiation typically have
separate polarization states, and the change process can be
expressed as the matrix multiplication of M.
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where [;, Q;, U, V; are the Stokes vector components of
incident radiation, respectively. Where 7,, Q,, U,, V, are the
Stokes vector components of scattered light, respectively.

When the wavelength of the radiation exceeds the diameter
of the scattering particles, Rayleigh scattering occurs. In this
case, the normalized Mueller matrix of the medium is as fol-
lows [42,43]:

1 b0 0 0
bO) 1 0 0
M(0) = (8)
0 do) 0
0 0 do
where:
—1 4+ cos?0 2cosf
PO =Treosn 0= T3 cov0 ®

and 0 is the scattering angle.

Therefore, under the condition of backscattering with the
scattering angle is 180 degrees, the Mueller matrix of Rayleigh
scattering assumes as follows:

10 0 0
01 0 0

M= (10)
00 -1 0
00 0 -1

Therefore, with the aid of Stokes-Mueller formalism, it can
be deduced that under Rayleigh scattering conditions,
backscattering with a reflection angle of 180 degrees preserves
the vertical or horizontal linear polarization of the incident
light.

2.3. Fast dehazing method based on average filtering to estimate
the backscatter light

Through the method in Section 2.2, partial backscattering can
be removed by polarization, but complete dehazing cannot be
achieved. In order to be able to remove the remaining part of
haze, we use the method of quickly estimating atmospheric veil
based on average filtering to achieve rapid dehazing. The pro-
posed dehazing algorithm will be described in detail. Accord-
ing to Equations (3), the key to dehazing is to calculate the
transmission and evaluate the global atmospheric light.

He et al. [13] discovered that any pixels in at least one color
channel in most non-sky patches of haze-free images are still
very low in intensity. As a consequence, the DCP dehazing
approach is advised. The dark channel of the image is defined
as follows:

dark : . d
JUHx) = min( min J(y)) (11)
where Q(x) represents a local patch centered at x and J°
represents the color channel of J. This specific area of the dark
channel will tend to zero. Equations (2) and (11) are combined
to give the following expression for the transmittance z:

. o I(y)
o . 12
t(x) W}'renﬂl(r-wl’)(t'EQm(}gb} A ) N

where A4¢ is the atmospheric light of the image with pixel
intensity value between [0,1] in each color channel. The inclu-
sion of constant w (0 < w < 1) retains some haze, taking the
dehazing image closer to reality, which makes the dehazing
image closer to the real scene. The measured atmospheric light
and transmittance map can be used to restore the scene radi-
ance using the following methods.

_ Ix)—-4
) = s ), 1)

(13)

where ¢, is the minimum boundary of ¢, and its value usu-
ally set to 0.1. This is to avoid too much noise in J when ¢ is
close to 0. Using the transmission image obtained by Equation
(12) to recover the scene radiance may result in undesirable
dehazing artifacts, such as halo or block artifacts. The reason
for this phenomenon is that the transmittance in the selected
color block Q is not a constant. In order to mitigate this effect,
some scholars proposed a soft matting technique to refine the
transmission map, which solved this problem nicely.

As we mentioned before, the disadvantage of this method is
time complexity and high computational cost. For real-time
applications of image haze removal, time cost is a key issue
that needs to be resolved. To improve the performance of this
method, we can quantify the transmission map using the aver-
age filtering technique.

In Equations (1) the backscattered light can be express as:

Ip(x) = A(1 — t(x)) (14)
As a result, 7(x) can be estimated by Iy as:
~  I(x)

() =1-= (15)
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To approximate the backscattered light I3(x), we use the
image blur algorithm for /(x). Image blur can be achieved
by image filtering. For the source image f(x ,y) and the
weighting kernel w(i, /), the result image g(x, y) is their convo-
lution, which can be written as:

£(69) = 30 S + by ) i) (16)

i=—r j=—r

where r is radius of kernel, an odd number is selected gen-
erally. To meet the demands of real-time applications while
also increasing execution speed, we reduce the complexity of
the algorithm as much as possible, so we use the average filter.

We assume that the width and height of the image is width
and height respectively, and the radius of convolution kernel is
radius. Then the time complexity of convolution is O
(width * height Yo ¥ 2 * radius + 1)?).

In order to speed up the algorithm, the convolution kernel
is divided into two convolution kernels in a one-dimensional
horizontal direction and a one-dimensional vertical direction.
The entire convolution process is regarded as a one-
dimensional sliding window average filter on the row and col-
umn, so the complexity of convolution is reduced to O
(width * height * 2 * radius + 1) * 2). In the sliding process
of the one-dimensional window, a large number of elements
in adjacent windows overlap. The entire sliding process can
be seen as a process of continuously entering and leaving the
“queue”. Every time the window moves one pixel to the right,
it is equivalent to the leftmost pixel leaving the queue and the
rightmost pixel entering the queue. The filtering result of the
current pixel is the sum of the elements in the current queue
and then averaged, while the elements that have been in the
queue before and after do not need to be added repeatedly,
and the speed is increased by avoiding repeated calculations.
In this way, we get an algorithm that is independent of the fil-
ter size, and its complexity is O(width * height).

For the source image /(x), the filtered image I,(x) can be
obtained through the fast average filtering, which can be sim-
plified as:

I(x) = average,(I(x)) (17)

where sv is the radius of the average filter. We approximate
the backscatter light as:

I(x) = [i(x) — 7, (18)

where oy, is the standard deviation of /; .

In the previous researches, there are many methods to esti-
mate background light A. Tan [41], for example, assumes the
global atmospheric light A to be the brightest pixel value in
the scene radiation. He [13] takes the brightest 0.1% pixel in
the dark channel as the maximum haze area, and selects the
maximum value in the corresponding area in the original
image as the atmospheric light A. The average value of the
brightest 0.1 percent pixels in the original image is calculated
as atmospheric light A in this paper. We can substitute back-
ground light A and I into Equations (15) and Equations (3)
to get the dehazing image J.

3. Experiments and discussion

To validate the image recovery method mentioned in Sec-
tion 2.3, we conduct an underwater imaging experiment.

CMOS PSA

Target

\ PMMA tank
'9 °

Fig. 1
imaging.

Schematic of the experimental setup for underwater

Fig. 1 illustrates the experimental setup. A light source made
of white LEDs illuminates the target. The imaging system is
a 12-bit digital CMOS sensor (MC023CG-SY-FL) with
1936 x 1216 pixels. A polarizer is placed in front of the light
source and CMOS respectively. We filled a transparent con-
tainer (400 mm x 200 mm x 400 mm) with water and mixed
clear water with skim milk to make the water turbid.

In the experimental device, the LED light source passes
through the linear polarizer PSG to become linearly polarized
light, then reaches the surface of the object through the water
body, then passes through the linear polarizer PSA after reflec-
tion, finally enters the CMOS. In the experiment, a mixed solu-
tion of skimmed milk and tap water was used to simulate the
impact of the underwater environment on the imaging results,
the skimmed milk mainly contains biological protein particles
(particle size is about 0.04—0.3um). The mixed solution can
well simulate the Rayleigh scattering of light waves during
the propagation of seawater. The results of this experiment
were collected in two solutions with different concentrations.
The first concentration consisted of 15L tap water and 15 ml
milk, while the second consisted of 15L tap water and 20 ml
milk. The experiment is divided into 3 cases: (1) the image is
obtained when the linear polarizer PSA is not added; (2) the
polarization direction of the polarizer PSA is adjusted to be
parallel to the polarization direction of the polarizer PSG to
obtain the image; (3) the polarization direction of the polarizer
PSA is adjusted to be cross-perpendicular to the polarization
direction of the polarizer PSG to obtain the image.

3.1. Polarization removes part of the backscattered light

We use a plastic plate with the letter K as the observation tar-
get. The surface of the target is relatively rough and has strong
depolarization. As polarized light hits a target, the reflected
light loses its polarization. The images obtained in the experi-
ment are as follows.

As we can see from Fig. 2 that in the three images on the
top row, the targets in (a) and (b) are relatively blurred, and
the visibility of the targets in (c) has been greatly improved;
In the three images in the bottom row, the target in (d) and
(e) is almost invisible, and the target can be seen in (f). The
findings of the experiments demonstrate that the polarizer
cross-perpendicular to the polarizer parallel and without the
polarizer can obtain better imaging results, because the polar-
izer can filter out part of the backscatter when the polarizer is
cross-perpendicular. At the same time, the results derived in
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(C)) (b) ()
(d) (e) 4}

Fig.2 Target images acquired in a turbid solution, where the top row is the image acquired in a low turbidity conditions, and the bottom
row is the image acquired in a high turbidity condition. (a) and (d) are the images obtained directly without the polarizer; (b) and (e) are
the images obtained in the parallel state of the polarizer; (c) and (f) are the images obtained in the cross-perpendicular state of the

polarizer.

Section 2.2 are also verified: in Rayleigh scattering, the
backscattering of linearly polarized light maintains the original
polarization direction.

In the next, we use the value of measure of enhancement
(EME) to calculate the image quality [44], and define the
EME as

ky ki

1 irar)lamk I(xv y)
kiks ; ; glﬁin;k,z(x:y) +4q (19)

The underwater image is equally divided into k1 x k2 small
blocks according to the pixel distribution, (k,l) represents the
position sequence where each small block is located,
It (X, ) and ip. o (x, v) represent the maximum pixel value
and minimum pixel value in the (k,I) small block ® in the
image sequence. q is an extremely small constant to avoid
the denominator being 0. The higher the EME value, the
higher the image quality. As can be seen in Table 1, cross-
perpendicular polarization images produce greater contrast.

Table 1 The EME value of the images in Fig. 2.

Fig. 2(a) Fig. 2(b) Fig. 2(c)
EME 0.8440 1.0831 1.9527
Fig. 2(d) Fig. 2(e) Fig. 2(f)
EME 0.5406 0.8369 1.5101

3.2. Our method dehazes gray-scale polarization images

Because only part of the backscattering can be removed
through Section 3.1, the algorithm described in Section 2.3 is
applied to the obtained polarization image to improve its clar-
ity even more. The target is a ceramic water cup, and the fol-
lowing are the outcomes of the algorithm processing.

As seen in Fig. 3, the clarity of (c) is greater than (a), (b)
and the clarity of (f) is higher than (d), (e). It shows that the
backscatter that cannot be removed by polarization can be
removed by our algorithm. Our algorithm has a good effect
on the dehazing of gray-scale polarization images.

For the purpose of comparing the execution efficiency of
the algorithm, our method, DCP and Fast DCP (He has pro-
posed a new method called Guided Image Filtering [45] to
replace the Soft Matting), the three algorithms are all imple-
mented in matlab code, process 4 resolution images on a com-
puter with an Intel Core i7 and clocked at 2.20 GHz. In order
to eliminate the contingency factor, the time consumption of
the algorithm is obtained by averaging the time of processing
10 images of the same resolution. The final average time con-
sumption is as follows.

It can be seen from Table 2 that although the speed of fast
DCP has increased a lot compared to DCP, it still cannot meet
the needs of real-time applications. Our method significantly
reduces the processing time, and the time consumption is only
about 2 percent of fast DCP for experimental images. For 1 k
resolution images, real-time requirements can be fully met, and
if the algorithm is changed to a more efficient C code, then
higher resolution images can be processed in real time.
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Fig.3  The acquired grayscale water cup image, where the top row is the image acquired under low turbidity conditions, and the bottom
row is the image acquired under high turbidity conditions. (a) and (d) are the images obtained directly without the polarizer;(b) and (e) are
the images obtained in the cross-perpendicular state of the polarizer;(c) and (f) are the images obtained in the cross-perpendicular state of

the polarizer and then restored by our dehazing method.

Table 2 Time-consuming comparison of three methods.

Image size 608 x 968 1216 x 1936 1824 x 2904 2432 x 3872
DCP(s) 7.334 31.506 76.659 156.394

fast DCP(s) 2.506 8.518 20.230 35.117

our method(s) 0.041 0.173 0.387 0.702

3.3. Our method dehazes color-scale polarization images

We then test the dehazing effect of the color image to verify the
versatility of the algorithm. Here, we do not consider the
absorption of light waves by water bodies, and it is approxi-
mately considered that the backscattered light of the three
channels of the color image is equal. There are three stages
in the estimation process: first, the color image is converted
to a grayscale image, and then the grayscale image is calculated
using Equations (17) and (18) to obtain /g, finally, each chan-
nel of the color image uses I to solve the dehazing results sep-
arately. The school badge is used as the goal, and the following
are the results of the algorithm processing.

The color image has the same dehazing effects as the grays-
cale image, as seen in Fig. 4, and the combination of the polar-
ization and our algorithm can achieve the best dehazing effect.
Since the small protein particles in the solution mainly scatter
visible light with shorter wavelengths, it can be seen in (a), (b),
(d), and (e) that the solution is slightly blue, while (¢), (f) after
dehazing can also be seen to be blue, so dehazing the color
image using our algorithm will not change the color of the
original image.

4. Conclusions

The most representative image processing dehazing technology
based on the physical degradation model is the DCP, which
can obtain a more natural dehazing image. However, the algo-
rithm is more complicated, the dehazing processing is time-
consuming, not suitable for real-time processing, and the
recovery effect is limited under strong scattering media. The
image dehazing technology based on polarization imaging usu-
ally needs two or more images of the same scene with different
polarization directions to estimate the polarization characteris-
tics of backscattered light, and in order to obtain better dehaz-
ing images, the bias parameter is usually required to resolve
issues relating to the quantum noise of sensor. However, the
bias parameter is different in different scattering environments
or three different channels of the RGB image, which reduces
the robustness of this method, and acquiring multiple images
will either sacrifice time resolution or spatial resolution. We
propose an optimization algorithm in this paper. First, use a
linear polarizer to filter out a part of the backscattering of
the strong scattering medium through an optical method,
and then use the average filter technology to estimate the
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Fig. 4 The acquired color school badge image, where the top row is the image acquired under low turbidity conditions, and the bottom
row is the image acquired under high turbidity conditions. (a) and (d) are the images obtained directly without the polarizer; (b) and (e) are
the images obtained in the cross-perpendicular state of the polarizer; (c¢) and (f) are the images obtained in the cross-perpendicular state of

the polarizer and then restored by our dehazing method.

remaining part of the backscattered light to quickly restore the
image. Our dehazing method not only overcomes the limita-
tion of its limited recovery effect under strong scattering
media, but also the time-consuming is only 2 percent of fast
DCP method when processing 1 k resolution images and meets
real-time requirements. The procedure is effective and robust
under various imaging conditions, according to the findings
of the experiments.
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