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Abstract: Polarization imaging techniques have more prominent advantages for imaging in
strongly scattered media. Previous de-scattering methods of polarization imaging usually require
the priori information of the background region, and rarely consider the effect of non-uniformity
of the optical field on image recovery, which not only reduces the processing speed of imaging
but also introduces errors in image recovery, especially for moving targets in complex scattering
environments. In this paper, we propose a turbid underwater moving image recovery method
based on the global estimation of the intensity and the degree of polarization (DOP) of the
backscattered light, combined with polarization-relation histogram processing techniques. The
full spatial distribution of the intensity and the DOP of the backscattered light are obtained by
using frequency domain analysis and filtering. Besides, a threshold factor is set in the frequency
domain low-pass filter, which is used to adjust the execution region of the filter, which effectively
reduces the error in image recovery caused by estimating the DOP of the backscattered light as a
constant in traditional methods with non-uniform illumination. Meanwhile, our method requires
no human-computer interaction, which effectively solves the drawbacks that the moving target is
difficult to be recovered by traditional methods. Experimental studies were conducted on static
and moving targets under turbid water, and satisfactory image recovery quality is achieved.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Underwater optical imaging techniques has the great applications in marine resource exploration
[1], seafloor topography exploration [2] and underwater ecological environment monitoring [3].
However, the severe effects resulting from the absorption and scattering of suspending particles
in water always causes a dramatic degradation of the imaging quality [4]. Therefore, it is an
urgent problem for underwater imaging to further suppress the interference of scattered light in
turbid water environment and extract more effective target information.

Based on the uniqueness and difference of the polarization state of light between targets and
water, polarization imaging has emerged as an effective method of suppressing backscattered
light to obtain clear underwater images [5–9]. Schechner [10,11] proposed an underwater
passive polarization imaging method utilizing the atmospheric scattering model to recover clear
underwater images, which treated the target light as non-polarized. Huang [12] then considered
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the degree of polarization (DOP) of the target light and obtained better recovery results by
accurately deriving the scene transmittance. To further improve the quality of underwater imaging,
Treibitz and Schechner [13] introduced active illumination to establish the active underwater
polarization imaging model, which realized the effective separation of background and target
information with active illumination. Zhao [14] utilized genetic algorithm to search the DOP
of the target light and the backscattered light simultaneously and acquired good de-scattering
effect without priori information. However, this method considers the DOP of the backscattered
light to be uniform, while in practice the intensity and DOP of the backscattered light are not
uniformly distributed, which lead to poor image recovery. Hu [15] skillfully employed the
extrapolation method and least squares method to estimate the spatial distribution of the DOP
and intensity of the backscattered light, and considerably improved the quality of underwater
image. But time-consuming manual selection for the background region is required, which will
hinder real-time detection and processing in underwater polarization imaging.

In this paper, we propose an underwater polarization imaging method for visibility enhancement
of moving targets in turbid environments based on the Schechner’s active polarization imaging
model [13]. The full spatial distribution of the backscattered light’s intensity and DOP are firstly
estimated by frequency-domain low-pass filtering with optimal threshold factor meanwhile the
target light’s DOP is calculated by using the image evaluation index. At the same time, histogram
stretching preprocessing technique of polarization relation [16] is used to obtain the polarized
images with a larger gray scale. Finally, the DOP of the backscattered light and the target light are
substituted into the model to obtain the recovery images. The experimental results show that the
restored static targets are clearly distinguishable and the corresponding image evaluation indexes
are greatly improved. Especially, moving targets under non-uniform illumination environment
are also clearly recovered.

2. Theory

Generally, the underwater images received by the detector can be considered as an incoherent
superposition of the target light and the backscattered light. The target light is the clear
target image we eventually want to get, which mainly contains the diffuse reflected light. The
backscattered light comes from the scattering effect of surrounding environment, which is mainly
caused by the particles in the water. Based on traditional underwater active polarization imaging
models [13], a clear underwater image can be modeled by

S =
1

Psca − Pobj
[I⊥(1 + Psca) − I∥(1 − Psca)], (1)

where S represents the target light, I∥ and I⊥ are the intensity of a pair of orthogonal polarized
images, Psca and Pobj are the DOP of the backscattered light and the target light respectively. Based
on the assumption that DOP of backscattered light as a constant, the DOP of the backscattered
light is often obtained by manually selected a target-free background region [10], which can be
expressed as ˆ︁Psca =

∑︂ I∥(Ω) − I⊥(Ω)
I∥(Ω) + I⊥(Ω)

/N(Ω), (2)

where ˆ︁Psca the average of the DOP in selected background region indicates, Ω is the selecting
background region, N(Ω) is the total pixel number in the background region.

But, the intensity and DOP distribution of backscattered light are non-uniform in realistic
turbid environments for the varying attenuation of the active illumination source caused by
random scattering, which will get worse with the increase of transmission distance. Therefore
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Eq. (2) should be modified as [17]

Psca =
(I∥ − I⊥) − Pobj[(I∥ + I⊥) − B̂]

B̂
, (3)

where B̂ denotes the whole intensity of the backscattered light.
Considering the low frequency characteristic of the backscattered light [18], we perform

frequency-domain low-pass filtering [19] on the entire image to accurately estimate the whole
intensity B̂ instead of selecting a target-free background region for calculation. The process is
that the intensity image is first transformed to the frequency domain by the Fourier function and
then multiplied with the filter’s transfer function, the result of the multiplication is then returned
to the spatial domain image by the inverse Fourier transform.

B̂ = F −1{F {I∥ + I⊥} × H(u,v)}, (4)

where F and F −1 denote the Fourier transform and the Fourier inverse transform. The transfer
function of the frequency filter is given by

H(u, v) =
1

1 + (D(u, v)/D0)
2λ , (5)

where D(u, v) is the distance from the data point to the center in the frequency domain, D0 is the
cut-off frequency and λ is the order of the filter. In this paper, we set the cut-off frequency as
D0 = 50Hz and the order of the filter as λ = 2.

However, this method has some effect on the low contrast region of the target, that is, the
backscattered light intensity obtained by the low-pass filtering on these low contrast regions will
have some errors. To further improve the contrast of image areas with detailed information, we
introduce a threshold to improve the accuracy of the estimated filter. The difference between the
whole intensity of the backscattered light and the original image intensity is defined as

DIFF = |B̂ − (I∥ + I⊥)|

= |B̂ − I |,
(6)

where I indicates the intensity of the initial image.
We set a threshold factor σ to improve the accuracy of the frequency domain low-pass filter.

When the DIFF>σ, the low-pass filtered result is kept as the intensity of the backscattered light.
In contrast, the intensity of original image remains unchanged when DIFF ≤ σ. The implement
process is described as: ⎧⎪⎪⎨⎪⎪⎩

B̂opt(x, y) = B̂(x, y), DIFF>σ

B̂opt(x, y) = I(x, y), DIFF ≤ σ
, (7)

where (x, y) represents the pixel position, B̂opt is the optimized backscattered light intensity.
For the optimized estimation of Pobj, we use the measure of enhancement (EME [20]) to

evaluate the effect for de-scattering. A high EME value indicates high image quality. As a
non-reference evaluation metric, EME can accurately evaluate image quality quantitatively in
most cases. Therefore, we search for the optimal value of the Pobj in steps of 0.01 within [0, 1]
and the value of σ in steps of 0.01 within [0, 0.3] at the same time:

(σ, Pobj)
optimal = arg max{EME(S)}

= arg max
1

mn

m∑︂
k2=1

n∑︂
k1=1

20 log
Smax;k1,k2

Smin;k1,k2

,
(8)

where the image is divided into m × n areas with the ordinal number (k1, k2), Smax;k1,k2
and

Smin;k1,k2
are the maximum and minimum values of image grayscale for each area respectively.
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Here we divided the image into 300 × 300 areas to calculate the EME values, so the values of k1
and k2 are from 1 to 300.

With the increase of the scattering environment turbidity, the interference of the backscattered
light will result in the imaging grayscale range sharply compressed, which make the desired
recovery worse. Therefore, we introduce the method of stretching histogram with polarization
relation proposed by Li [16] to preprocess two orthogonal polarization images, the intensity
histograms of a polarized image are firstly stretched, and then another polarized image is
calculated by polarization correlation of the whole scene. This method stretches the histograms
of the two orthogonal polarized images while maintaining the degree of polarization of the scene
unchanged. Instead of the original images, the two processed orthogonal images are applied to
obtain final reconstruction results.

The whole image processing is illustrated as Fig. 1. Firstly, the two experimental acquired
orthogonal polarized images are superimposed to get the intensity of scene image, and the
frequency-domain low-pass filtering is performed on the intensity image to estimate the intensity
of backscattered light. Then the estimation of the backscattered light’s DOP can be obtained
by Eq. (3) meanwhile the optimal value of the threshold factor and the target light’s DOP are
iteratively computed by Eq. (8). Finally, the clear recovery result can be obtained by substituting
the estimated parameters and the original polarized images after stretching histogram with
polarization relation into Eq. (1).

Fig. 1. Principal flow diagram of the polarization de-scattering algorithm.

3. Experiments and results

The experimental setup for underwater polarization imaging is shown in Fig. 2. The light emitted
from the white LED source passing through the diaphragm and the polarizer hits the target under
turbid water with horizontal polarization state. The angle between the source LED and PPC
is set around 30°, this angle has been as far as possible to avoid the direct reflection of light.
Two underwater target images with orthogonal polarization states are recorded by a pixelated
polarization camera (BFS-U3-51S5P-C, 2448*2048) at the same time. The lens focal length
of camera is 12 mm and the turbid images in this paper were acquired under the conditions of
exposure time of 80-100 ms. In this paper, we do not consider the effect of the glass boundary on
polarization because we focus on the image recovery method under different turbidity degrees, in
which the conditions of the container are unchanged with the varying turbidity of the environment.
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Fig. 2. Polarization imaging experimental setup. D: diaphragm, P: polarizer, Tank: thin
glass material, PPC: pixelated polarization camera.

To simulate the underwater environment with different scattering levels, different amounts of
whole milk with protein content of 2.9 g/100 mL and fat content of 3.1 g/100 mL are injected into
the water. We mixed milk in a tank with 4 L water to simulate three different levels of turbidity
(milk concentration relative to water at 1 g/L, 1.5 g/L, 2 g/L), and an iron medallion is first
selected to evaluate the scattering suppression of the same target in different turbid environments
with our proposed method. For comparison, CLAHE [21] and Schechner’s active polarization
imaging technique are also chosen. CLAHE is a variant of adaptive histogram equalization in
which the contrast amplification is limited, thereby resulting in reduction of noise amplification
and it is a simple digital image processing method to enhance the contrast of images which have
a good effect on image enhancement. The corresponding recovery results are shown in Fig. 3
respectively.

It can be seen from Figs. 3(a) and (b) that the clarity and contrast of the original image has
been greatly improved, in which the medal details, such as the words of ‘NNU’ and patterns,
are clearly distinguishable. Although the contrast of CLAHE’s recovery images is somewhat
enhanced as shown in Fig. 3(c), the curtain effect caused by scattered particles has not been well
resolved. For the results of Schechner’s method shown in Fig. 3(d), scattering effect is somewhat
suppressed, but the recovery image is not clear due to the fact that the background information
is treated as a constant and the noise is amplified during processing. In contrast, our method
substantially removed the high-frequency noise of backscattered light by the full spatial low-pass
filtering. Even if the milk concentration increases further, clear recovery results are also obtained
by our method, which means effectiveness and adaptability to different complex environments of
our method. Especially, our method allows for automatic processing of polarized images without
human-machine interaction, which are clearly different from manual estimation in Schechner’s
method.

The grayscale histogram is a function of the distribution of gray levels in an image and it is
a count of the frequency of all pixels in a digital image, according to the magnitude of their
gray level values. The grayscale histogram reflects the general appearance and quality of the
image, and is also an important basis for image enhancement processing, therefore, we plot the
results’ grayscale distribution histogram of Fig. 3. The corresponding histogram of the results
for different concentrations is shown in Fig. 4, where the horizontal and vertical coordinates
represent the gray levels and the number of pixels, respectively. It can be seen that the grayscale
distribution of the original images affected by high scattering environment is concentrated in
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Fig. 3. Recovery results of the different methods under different turbidity conditions. (a)
Original turbid image; (b) Results of our method; (c) Results of CLAHE; (d) Results of
Schechner’s method.

narrow gray areas, which can only be stretched to a finite extent by CLAHE’s and Schechner’s
methods as shown in Fig. 4(c) and (d). However, it is evident that the grayscale distribution of
the images recovered by our method shown in Fig. 4(b) is much more uniform and the gray level
is much larger than that of the other two methods.

Furthermore, an aluminum ruler and a plastic QR code are chosen as the targets with purpose
to test the robustness of different materials of our method, where the milk concentration in the
experiments is set at 1.5 g/L. The images of corresponding intensity in clear water, the original
turbid images and recovery results are shown in Figs. 5 and 6. From Fig. 6(b), it can be seen that
the scale of the ruler and the words ‘YS-6415’ are clearly distinguishable. It is worth noting that
the recovered plastic QR code is not only recognizable to the human eyes, but can also be scanned
using a mobile device camera (e.g., mobile phone). Interestingly, Schechner’s method gives
clearer results for the recovery of aluminum ruler comparing with CLAHE method. However, for
plastic QR codes, the CLHAE method has better recovery results and the recovered plastic QR
code, which can also be scanned using a mobile device camera. It can be seen that both methods
have some dependency on the material of the target, but our method can achieve good recovery
results for both materials, which further indicate the superior applicability and robustness of our
method.

To objectively quantify the quality of recovery images with different methods, we use full-
reference and no-reference image quality evaluation metrics to analyze the recovery results in
Fig. 6. The full-reference image quality evaluation index uses the peak signal-to-noise ratio of the
image (PSNR) [22], in which the larger PSNR indicates the clearer image. No-reference image
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Fig. 4. The histogram of the results for different concentrations and different methods in
Fig. 3. (a) Original turbid image; (b) Results of our method; (c) Results of CLAHE; (d)
Results of Schechner’s method. Where the horizontal coordinate represents the gray levels
and the vertical coordinate represents the number of pixels.

Fig. 5. Image of the target in clear water. (a) Aluminum ruler; (b) QR code.

quality evaluation metrics include contrast ratio [23], the value of the measure of enhancement
(EME) and information entropy [24]. The calculation results are shown in Table 1.

Table 1. Quantitative comparison of results in Fig. 6

Different methods
Aluminum ruler Plastic QR code

PSNR Contrast EME entropy PSNR Contrast EME entropy

Original 4.52 0.09 0.52 5.65 9.51 0.04 0.39 4.83

CLAHE 8.29 0.11 1.83 6.09 10.38 0.07 1.43 5.70

Schechner 8.98 0.28 3.67 6.98 8.86 0.08 1.84 5.92

Our 13.26 0.53 6.45 7.46 15.07 0.30 5.50 7.30

Among the methods mentioned in Table. 1, the recovery image indexes as PNSR, Contrast,
EME and entropy of our method for two targets of different materials are the maximum, where
the clarity and detail information of the recovered image are greatly enhanced Interestingly,
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Fig. 6. Targets of different materials in the scattering environment (milk concentration at
1.5 g/L) and recovery by different methods. (a) Original turbid image; (b) Results of our
method; (c) Results of CLAHE; (d) Results of Schechner’s method.

Schechner’s method gives clearer results for the recovery of aluminum ruler comparing with
CLAHE method. However, for plastic paper QR codes, the CLHAE method has better recovery
results the recovered QR codes, which can also be scanned using a mobile device camera. It
can be seen that both methods have some dependency on the material of the target, but our
method can achieve good recovery results for both materials, which further indicate the superior
applicability and robustness of our method.

Schechner’s method requires manually selecting the background to estimate the DOP of
backscattered light. This estimation method is very convenient and can obtain clear recovery
results under uniformly illuminated environment. But different background regions selected
may have a bad impact on the recovery results under non-uniform illumination. What’s more,
the implementation of manual selection reduces the speed of real-time image processing and
make it difficult to use for the recovery of moving targets under turbid water. In this paper, the
proposed method can estimate the full spatial distribution of the backscattered light intensity by
domain-frequency low-pass filtering, which avoids human-computer interaction and is applicable
to environments with non-uniform illumination. Therefore, our method can be applied to the
recovery of moving objects because we can process each single image fully automatically. The
experimental setup used in Fig. 5(a) is also adopted. We move the ruler horizontally in the tank at
a speed of 10 cm/s and capture 50 frames of polarized images continuously by PPC (Maximum
frame rate is 75fps) with the frame rate at 40 fps. The average processing time of each frame is
around 0.16s with a computer with I5-10400f CPU. The recovery results of some frames (1st,
20th, 30th, 40th and 50th frame) are shown in Fig. 7.

The original image of the ruler moving through the turbid water is shown in Fig. 7(a). Besides
the blurring of the target image, we can also see that the light intensity is not uniformly distributed
throughout the field of view, with the right side being significantly stronger than the left side. The
recovery results of moving target are shown in Fig. 7(b), which indicates that our method not only
achieves effective recovery of moving target, but also is not affected by non-uniform illumination.
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Fig. 7. Five frames of recovery results of moving target. (a) Original turbid image, where
the milk concentration is 1.5 g/L; (b) Recovery results. As the target moves through the tank,
its image is recovered in real time (see Visualization 1).

4. Conclusion

In this paper, we propose an underwater polarization imaging method for visibility enhancement
of moving targets in turbid environments. Firstly, we estimate the full spatial distribution of
the backscattered light’s intensity and DOP by frequency domain low-pass filter with optimal
threshold factor meanwhile the target light’s DOP is calculated by using the image evaluation
index. At the same time, the histogram stretching technique of polarization relation is used
to obtain the polarization images with a larger gray scale. Finally, the calculated DOP of the
backscattered light and the target light is substituted into our proposed model to get the recovery
images. Experimental studies have been conducted on static and moving targets respectively. The
results show that the quality of the recovered results for static targets is significantly improved, with
more than 60% improvement in contrast and more than 50% improvement in PSNR compared to
traditional method. In additions, moving targets have also been recovered clearly in non-uniform
illumination environments. In conclusion, our method estimates the full spatial distribution of
backscattered light parameters without human-machine interaction and is adapted to the recovery
of moving targets. We believe that this method has great potential in real-time recovery of
polarized images in complex underwater environments.
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