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Abstract: The underwater image restoration based on polarization information has achieved
good results in improving the image quality in scattering media. However, the previous meth-
ods are difficult to obtain the true distribution of degree of polarization in the scene. In this
paper, we combine synthetic aperture imaging with polarimetric imaging, and propose a
method for retrieving radiation of object based on the degree of polarization and intensity
of backscattering at the multi-view image. In addition, compared with the previous methods,
the proposed method can achieve simultaneous acquisition of four-dimensional light field
information and polarization information, effectively increasing the information dimension
obtained by single imaging. In order to verify the effectiveness and superiority of the pro-
posed method, we have established a relevant experimental platform and compared with
the experimental results of the previous methods, and obtained the expected experimental
results.

Index Terms: Synthetic aperture imaging, polarimetric imaging, underwater image
restoration.

1. Introduction
The image quality in turbid media may be limited, because the reflected light of the target scene is
partially absorbed by the turbid medium, at the same time, some undesired light scattered into the
optical path [1]. Both of these two effects can adversely affect the quality in the underwater imaging.
However, underwater imaging is of great significance in practice [2], [3]. Consequently, in order to
eliminate such negative effects and enhance the quality of the underwater images, many dehazing
methods have been proposed, and some of them are really effective [4]–[9].

There are many representative methods for underwater image restoration, such as: dark channel
prior [5], confocal imaging [10], [11], self-tuning restoration filter [12], and so on. In particular,
the polarimetric imaging method proposed by Schechner in 2001 is considered to be an effective
method for recovering the image in scattering medium [6]. However, this assumption may not be
suitable for all situations in practice. The previous work of polarimetric imaging in turbid media
typically defines the degree of polarization(DOP) of backscatter and the backscattering intensity at
different locations of the image as a space constant [13], or uses local information in the image to
fit the global backscattering intensity and the degree of polarization of backscatter [15]. However, in
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particular, the degree of polarization is different at different spatial viewing angles. Especially, in the
case of active illumination, a non-uniform light field is generated in the water, which is even more
dramatic, and thus there could be significant errors in the recovered image [16].

In this paper, we focus on the variation of the degree of polarization of backscattering in space
during underwater imaging. We analyzed the limitations of previous polarization-based underwater
image restoration methods, proposed a method for estimating the spatial distribution of DOP of
the backscatter and the irradiance of backscatter at infinity based on synthetic aperture imaging
techniques. We built an experimental environment and carried out practical experiments of multiple
sets of polarimetric underwater imaging to prove the feasibility and superiority of the proposed
method.

This article is described in the following sections: Section 2 presents prior work, Section 3 details
our technical methods, and Section 4 describes the experimental setup and experimental results.
Finally, Sections 5 and 6 analyze and discuss the experimental results and give recommendations
for future work.

2. Related Work
In recent years, polarized underwater imaging technology has been well developed, by consider-
ing the polarization state of transmitted or backscattered light, the visibility of the image can be
effectively improved.

In 2001, Schechner et al. first proposed the use of polar imaging to improve the quality of images
taken in foggy days. In the following years, his team further refined this theory, in 2009, they com-
pleted the underwater experiment of polarimetric imaging and achieved pretty good experimental
results [6], [16].

Xu et al. analyzed the degree of polarization attenuation during underwater light transmission,
and evaluated the performance of polarized underwater imaging [14].

Hu et al. proposed a method for recovering the underwater image based on the transmittance
correction, which transforms the transmittance for the low depolarized objects from negative values
to the positive values that optimize the image quality with a simple algorithm of polynomial fitting
[13].

In 2018, Hu et al. proposed a method of retrieving the objects radiance based on estimating the
degree of polarization and the intensity of backscatter at different positions of the image [15].

However, previous work of underwater polarimetric imaging typically assumed that the degree of
polarization of the backscatter and the intensity of backscattering at different locations of the image
are constants in space, or that the global backscattering intensity and the degree of polarization of
backscattering are fitted using local information in the image.

In practice, there are many factors that affect the degree of polarization of backscatter and the
intensity of backscatter, so whether you assume them as a constant or a local distribution to fit the
global situation, it does not reflect the real situation. A typical example, in an underwater active light
illumination environment, a non-uniform light field is generated due to the influence of illumination.
In this case, the intrinsic parameters of the underwater imaging conditions will vary with the viewing
angle changes.

In recent years, with the development of computational imaging theory, light field imaging has
begun to be used in the field of underwater imaging. K.Skinner et al. has previously proposed a
method for 3D reconstruction of underwater scenes with a light field camera, but this method was
tested in pure water [17]. A. Skinner et al. used the Lytro first-generation light field camera for
underwater imaging, and then used the Dark Channel Prior algorithm to dehaze the sub-images
[18]. Tian et al. present a new single image restoration algorithm, and apply it to each view in the
light field, to recover a single image of higher quality than what is possible from a single view [19].

The use of light field imaging in the underwater imaging process can achieve the acquisition of 4D
light field information in one imaging process, which effectively increases the amount of information
of the image. However, Previous studies typically use the single light field camera for photography
and then use a single frame image dehazing algorithm for image recovery. Although it has been
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Fig. 1. Algorithm workflow.

proven to be superior to conventional underwater imaging methods, there are still some limitations.
On the one hand, the existing light field camera has a small aperture and low resolution, resulting
in a small field of view and low resolution of the restored image; on the other hand, the image
restoration algorithm is not suitable for real-time processing because of the time-consuming of
de-hazing processing, and the prior knowledge or premise assumptions involved in the technology
are mostly limited,which makes the application scope of the technology limited.

3. Optical Models of Underwater Imaging
The framework of the proposed algorithm is displayed in Fig. 1. Synthetic aperture imaging ac-
quires 4D light field information by acquiring the target images at different viewing angles by linear
arrangement of multiple cameras. We can obtaine two sets of multi-view images with orthogonal po-
larization states by placing a linear polarizer in front of each camera and imaging in two orthogonal
polarization states by rotating a linear polarizer. The polarization information and the 4D information
of the light field are completely recorded, which can be expressed as L ‖(u, v, s, t) and L ⊥(u, v, s, t),
where u,v indicates that the camera array consists of u × v cameras, and s, t indicates that the
image resolution of each camera is s × t. Using these two sets of images, each sub-aperture image
is first dehazed, and then the synthetic aperture algorithm is used to optimize the defogging and
deocclusion.

3.1 Subaperture Image Dehazing Algorithm

We will begin with a basic model of polarized-difference dehazing in terrestrial applications and
describe an extended model of underwater dehazing for multi-view images of the light field [20]. The
total intensity of each subaperture image of the synthetic aperture is an incoherent superposition
of the direct transmitted light intensity and the backscattered light intensity. The target transmitted
light D(u, v, s, t) and the intensity of backscattered light B(u, v, s, t) can expressed as:

D (u, v, s, t) = L′(u, v, s, t)t(u, v, s, t)

B (u, v, s, t) = A∞[1 − t(u, v, s, t)] (1)

Where L ′(u, v, s, t) indicates the restored image, A ∞ corresponds to the intensity of backscatter,
t(u, v, s, t) represents the light transmission transmittance in the water.
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Fig. 2. (a) The amount of information captured in the traditional way is limited by the field of view.
(b) The camera array has a larger field of view, which can detect occluded areas and enrich the amount
of information acquired.

So the each subaperture image with orthogonal polarization states L ‖(u, v, s, t) and L ⊥(u, v, s, t)
can be expressed as:

L ‖(u, v, s, t) = D ‖(u, v, s, t) + B ‖(u, v, s, t)

L ⊥(u, v, s, t) = D ⊥(u, v, s, t) + B ⊥(u, v, s, t) (2)

The degree of polarization of backscattering at any viewing angle can be expressed as:

Pscat(u, v, s, t) = B ‖(u, v, s, t) − B ⊥(u, v, s, t)
B ‖(u, v, s, t) + B ⊥(u, v, s, t)

= �B (u, v, s, t)
B (u, v, s, t)

(3)

Combining equations (1), (2), and (3), the transmittance is expressed as:

t(u, v, s, t) = 1 − �B (u, v, s, t)
Pscat A ∞

(4)

Similar to the calculation process of �B , �D is expressed as:

�D = D ‖(u, v, s, t) − D⊥(u, v, s, t) (5)

In previews works [6], [13], the polarization of the object radiance is ignored. So, here we define
the value of �D as 0. In this case, �B can be expressed as:

�B (u, v, s, t) = L ‖(u, v, s, t) − L ⊥(u, v, s, t) = �L (u, v, s, t) (6)

According to the equations above,the restored sub-aperture image expression L ′(u, v, s, t) can
be deduced as:

L ′(u, v, s, t) = L ‖(u, v, s, t) + L ⊥(u, v, s, t) − A ∞[1 − t(u, v, s, t)]
t(u, v, s, t)

(7)

In order to acquire the object irradiance L ′(u, v, s, t) according to the algorithm in (4) and (7), a
major problem is to estimate the values of A ∞ as well as the DOP of backscatter Pscat .

3.2 Estimating the Spatial Distribution of A ∞ and P scat

In the process of solving Pscat and A ∞ in the traditional method, since its image acquisition process
is limited by the field of view,it is generally considered that the values of Pscat and A ∞ are constants,
which are global parameters across the whole field of view [20], [21]. In this paper, we use synthetic
aperture for image acquisition, because of its larger field of view, we can capture information that
is not available in traditional imaging methods, getting the global information [22], see Fig. 2. The
multi-view image acquired by the synthetic aperture is used to fill the distribution of Pscat and A ∞ in
the target area, and the global distribution of Pscat and A ∞ is obtained. In this way, the radiance of
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Fig. 3. (a) The spatial distribution of the degree of polarization of backscatter. (b) Fit results of the
degree of polarization of backscatter.

the restored sub-aperture image can be expressed as:

L ′(u, v, s, t) =
L ‖(u, v, s, t) + L ⊥(u, v, s, t) − �L (u,v,s,t)

ω ∗ Pscat

1 − �L (u,v,s,t)
ω ∗ Pscat A ∞

(8)

Since we ignore the polarization of the object radiance, it may affect the experimental results, so
herewe employ the parameter ω to modify Pscat . In our experiment, the value of ω was 1.08.

The spatial distribution of the Pscat is shown in Fig. 3(a), in Fig. 3(b) we show the distribution of the
degree of polarization of the backscatter fitted by the method in [15]. Whether it is a fitting method or
a constant replacement, the distribution of the degree of polarization of the backscattering cannot
be truly reflected. The distribution of the degree of polarization of the backscatter can be more
accurately described using our method. As for the solution process of A ∞ is the same as Pscat , it is
not described here.

3.3 Image Recovery and Foreground Occlusion Removal

After completing the above initial dehazing operation,we noticed that there is contain noise in each
dehazed sub-aperture images. Using the synthetic aperture algorithm, the sub-aperture images
that have completed the initial dehazing are respectively accumulated by the same field of view
and then averaged to obtain a final de-haze image. This process is similar to the mean filtering,
the difference is that the mean filtering is used in the plane of a single image, and we are using it
in the epipolar-plane of synthetic aperture multi-view image [18]. As shown in Fig. 6, compared to
the initial dehazed image the noise influence is effectively suppressed, and the image restoration
effect is optimized.

We have recovered a dehazed image with improved quality compared to the initial dehazing
estimate. However, in these dehazed images the foreground object obscures the target. In order to
solve this problem, the synthetic aperture refocusing algorithm is used to remove the foreground
occlusion [23]. In order to solve this problem, the synthetic aperture refocusing algorithm is used to
remove the foreground occlusion. Focusing the synthesized virtual aperture at the target location
using a refocusing algorithm, because the depth of field is very shallow, the foreground occlusion
is severely weakened, and the occlusion effect can be achieved.

4. Experiment and Results
4.1 Experiment

As shown in the experimental setup, the imaging device is a color CMOS camera (MV-EM500M/C)
with a pixel count of 2592 ∗ 1944. The camera is fixed on the displacement platform and a rotatable
linear polarizer is placed in front of the camera as an analyzer. The camera array is simulated by
driving the displacement platform at equal intervals to obtain light field information. In this paper,
we simulated a 1 × 19 camera array for image acquisition. The light source is a white light LED

Vol. 11, No. 1, February 2019 6500309



IEEE Photonics Journal Underwater Imaging Based on LF and Polarization

Fig. 4. The experiment system.

Fig. 5. From left to right: Image taken in clear water, the co-linear image, the Polarization map, recovered
image by our method.

diffusing light source. A glass water tank measuring 45 cm × 65 cm × 45 cm is used, and the water
tank is lined with an opaque black curtain to prevent the reflected light from the inner wall of the
tank from affecting the experimental results. To simulate the backscattering conditions in water, we
pour 102375 cm3 (45 cm ∗ 65 cm ∗ 35 cm) of water into the tank, then add 80 ml of milk, mix well.
The target object is placed at the end of the tank at a distance of 1 m from the camera plane.

4.2 Experimental Results

Fig. 5 shows the results of our pipeline for two target objects. Note that each light field image
consists of 19 multi-view images, but only the center image of each light field image is shown here.
The left image shows a high-resolution image taken in clean water for visual reference. Next is
the co-linear image L ‖(u, v, s, t). It display the attenuation typical of underwater images, where the
haze effect dominates the image. And the next represents the Polarization map. The final image
is the result of our proposed method after performing polarized-difference dehazing operation and
synthesizing views. The resulting images have reduced noise and maintain the details of the imaged
objects.
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Fig. 6. The recovered images by different methods,from left to right: UDCP,traditional polarized-
difference dehazing(PD), our polarized-difference dehazing, Synthetic aperture dehazing.

TABLE 1

Quantitative Evaluation of Experimental Results by Different Methods

In order to verify the superiority of our model, we compared the initial results of dehazing and
the final dehazing results by Synthetic aperture with the results of the Underwater Dark Channel
Prior (UDCP) and the experimental results of using the polarization difference method described in
[15], we call it the conventional polarized-difference dehazing (PD), to better display the details of
the image, we display in Fig. 6 the enlarged views of parts of the card and the toy monk. It can be
seen that the result of using UDCP has obvious color deviation in the image region. The initial result
is that although there is still noise influence in the image, it has better effect than the traditional
polarization differential dehazing. Finally, by analyzing the final dehazing effect map of this paper,
we can find that the image quality is significantly better than the previous methods.

Additionally, we quantitatively evaluated the above experimental results in terms of Peak Signal
to Noise Ratio (PSNR) and Structural Similarity Index (SSIM),see Table 1. The data once again
proves the superiority of the method in this paper.

Using the method of this article, we obtained nineteen multi-view dehazing images. We apply the
synthetic aperture refocusing algorithm to these nineteen images. This allows us to make a partially
occluding foreground object disappear, revealing the object hidden behind it. Fig. 7 demonstrates
this idea, using a toy monk behind the plant and a card behind the plant.
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Fig. 7. Synthetic aperture de-occlusion effect diagram.

5. Discussion
Through experiments, we found a method to recover underwater images by obtaining the spatial
distribution of the degree of polarization of backscatter and intensity from multi-view images, and
proved the feasibility and effectiveness of this method in underwater imaging process. Underwater
image dehazing and fog imaging have always been a great challenge in the field of computer vision.
This is due to the scattering and attenuation of light due to the existence of scattered particles in
water or air, resulting in the loss of effective information in the target scene. Synthetic aperture
imaging technology is used to obtain multi-view images of the target scene, which increases the
amount of information of the target and can achieve deocclusion. Combined with polarization
differential technology, it can effectively eliminate the influence of scattering particles and restore
effective information of the target scene.

In order to obtain a polarization difference image, we need to manually rotate the polarizing plate
at the front end of the camera, which has certain limitations on real-time dehazing of dynamic
scenes. So in the future work, we will focus on solving the above problems. In the future, we will
combine the camera array and the polarizer array to reduce the complexity of operation and realize
the real-time dehazing of the single shot image of the camera array.

6. Conclusion
In this paper, an underwater image dehazing method based on synthetic aperture imaging and po-
larization difference imaging is proposed. The degree of polarization of backscatter and the intensity
of multi-view images are obtained to retrieve the object radiation, and the dehazing operation of the
collected light field image is realized. The expected experimental results are obtained. Future work
will focus on improving our experimental model, considering the combination of polarizer arrays
and camera arrays to achieve real-time imaging. Finally, we hope to test these methods on more
complex scenes where the occlusion environment is more complex and the target depth difference
is larger, to find an effective way for light field imaging in underwater image restoration and 3D
reconstruction.
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