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Abstract. The images acquired in haze conditions are significantly degraded due to the pres-
ence of atmospheric particles. These images have low contrast, poor visibility, and some infor-
mation is lost as well. These characteristics severely hinder the further processing and the
applications in which the images are being used. The polarimetric dehazing methods are effec-
tive for direct imaging and enhancing the imaging quality. In addition, polarimetric dehazing
methods have the capability to cope with haze and other turbid mediums. Therefore, the polari-
metric dehazing methods are extensively developed and used in different applications due to
their superior performance. We present in detail the principles, the implementation techniques,
and the advancements in the polarimetric dehazing methods. We believe that this work is the first
in-depth review on the passive polarimetric dehazing methods. © 2021 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.60.3.030901]
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1 Introduction

Haze is a common atmospheric phenomenon, especially in industrial areas. The haze not only
poses a threat to human health but also degrades the performance of many technological systems,
such as optical monitor systems and remote sensing applications. Similarly, the images acquired
in such conditions are seriously degraded and have low contrast, which leads to information loss,
thus resulting in the poor performance of outdoor optical devices.'” Therefore, it is critical to
develop such techniques and methods, which are able to enhance the outdoor imaging quality
acquired for various applications. There are various methods proposed in recent literature for
enhancing the quality of images acquired in hazy environment. In general, according to the num-
ber of input images, the image dehazing methods can be classified into single image dehazing
methods and multiple images. The classification of the dehazing methods is shown in Fig. 1.

The single image dehazing methods only need single input hazy image. Among this kind of
dehazing methods, two categories can further be divided considering whether a physical model is
used or not. The first is the image enhancement methods without any model,>"” and the other is
image restoration methods based on a physical imaging degradation model in turbid media.?*
The image enhancement methods aim at highlighting the targets of interest and improving the
contrast regardless of the cause of the image’s quality degradation, such as histogram equali-
zation,>© retinex,”” wavelet transform,'%'? homomorphic filtering,13 and so on. In addition,
these techniques are based on simple algorithms and are highly efficient, thus making them
suitable for many applications. However, the dehazing capacity of image enhancement methods
is intrinsically limited, and these methods are only suitable for thin and homogeneous haze con-
ditions. Also, the image restoration methods are based on specific physical imaging degradation
models. These methods estimate the elements that play a role in degrading the image quality,
including atmospheric light and airlight. The dehazed image can be obtained by inversely
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Fig. 1 The classification of image dehazing methods.

solving the physical model. The image restoration methods outperform the image enhancement
methods in terms of dehazing capacity.’* However, the image restoration methods are difficult
to derive due to the presence of many parameters, some assumptions or prior knowledge
are required. It is notable that the image restoration methods are computationally complex
as compared to image enhancement algorithms and are used in fewer applications, especially
in real-time applications. Fattal,”® Tarel,>! Tan,?* dark channel prior (DCP)-based,”>*> Meng,?*
Bayesian dehazing,””*® Lu,?® and deep learning-based*>** are the most commonly discussed
image restoration methods. The deep learning-based dehazing methods are intensely developed
in last 5 years. Its main idea is to utilize convolutional neural network to learn and handle hazy
image, finally estimate parameters based on traditional physical imaging degradation model to
obtain dehazed image. The deep learning-based dehazing methods usually need plentiful clear
and synthetized hazy image to train, which is a complex task.

The multiple images dehazing methods require more than one input image of the same scene.
Until now, there are three kinds of multiple images dehazing methods: images obtained under
different visibility,>*3* images obtained with visible and near-infrared camera,**° and images
obtained with different polarizations.*'~*® The depth discontinuities and the scene structure can
be estimated through the changes of intensities of the images under different visibility with the
same scene. Then, the image contrast can be enhanced via the estimated scene structure. This
method is only suitable for static scenes. It is difficult to simultaneously acquire images with the
same scenes under different visibility for dynamic scenes. The visible and near-infrared fusion
dehazing methods rely on the fact that the near-infrared light propagates to a greater distance as
compared to visible light, due to low scattering in turbid media. We can obtain an image of good
quality by combining the color information of visible image and the high visibility of the near-
infrared image. However, the major obstacle in accomplishing this is the simultaneous acquis-
ition of the visible image and the near-infrared image. Furthermore, the efficiency of the fusion
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algorithm is another challenge in combining these images. The polarization-based dehazing
methods commonly known as polarimetric dehazing methods are designed on the basis of the
fact that the airlight is partially polarized. So, the airlight radiance is estimated using multiple
polarization images of the same scene for obtaining the dehazed image. The polarimetric dehaz-
ing methods show high information restoration capacity along with computational efficiency.
With the assistance of polarimeter, the polarimetric dehazing methods have been widely devel-
oped for achieving good results. In this work, we present what we believe is the first in-depth
review of the passive polarimetric dehazing methods. The major focus of this work is on the
basic principles, implementation techniques, and the progress in the development of these meth-
ods. Thus, the subjective evaluation of dehazed image quality is not included in this work, which
is another wide research topic and is out of scope of this paper.

2 Imaging Model in Haze

Imaging is a process in which the detector records the intensity and wavelength information of
light emitted from a source or reflected from the target surfaces. In clear conditions, the emitted
or reflected light from target surfaces is directly exposed on the detector without any scattering or
attenuation. Consequently, the resultant image contains the detailed information of the target
objects. However, in haze, due to the existence of haze particles, the imaging process is degraded
due to the presence of particles that scatter the light. The well-known imaging degradation model
used in the dehazing filed is shown in Fig. 2."
According to the imaging degradation model, the image formation is described as

I(x,y) = D(x,y) + A(x,y), €]

where [ denotes the total radiance reaching the detector, and it is the sum of the direct trans-
mission D and the airlight A. (x, y) denotes the pixel coordinates. The direct transmission D is
the attenuated object light L:

D(x,y) = L(x,y) + t(x,y), 2)

where t represents the transmittance of the atmosphere associated with the distance between the
scene and the camera, i.e., the amount of object light that reaches the detector. Note that the
relationship between the transmittance and the wavelength is not considered. The object light
L is the desired result in dehazing. The airlight is the scattered atmospheric light:

A(x,y) = Ax[l = 1(x,y)], €)

where A, represents the airlight radiance corresponding to an object at an infinite distance. Note
that it is a global constant.

Due to the scattering and attenuation, the light from distant target objects is unable to reach
the detector, resulting in poor visibility. Meanwhile, the airlight blends into the direct transmis-
sion and dominates the target signal, leading to low contrast. Therefore, the object light L, i.e.,

Detector Airlight Targets

28 o
« ')
i. Direct transmissio® ¢ , ®
e —————pe s A AN Y

B o dd Ei.'ﬁ
Haze particles (lw ﬂ

Fig. 2 The schematic of the imaging degradation model in haze.!? Direct transmission is the
object light after attenuation through haze. Airlight is the scattered atmospheric light.’
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the dehazed image is obtained as far as the airlight radiance is estimated and eliminated accu-
rately, and the attenuation of the object light is compensated. By combining Egs. (1)—(3), we
obtain the final dehazed image L as

I(x,y) = A(x,y)

Llxy) = 1—A(x.y) /Ay

“)

Since A is a global constant, it can be estimated easily. The key difference among different
dehazing methods is the way they estimate the airlight radiance. The airlight that the atmospheric
particles scatter is partially linearly polarized, which is determined by Mie scattering theory.*?
So, the polarimetric dehazing method estimates the airlight radiance using multiple polarization
images and focuses on improving the estimation accuracy of the airlight to achieve efficient
dehazing results.

3 Passive Polarimetric Dehazing Methods

3.1 Polarimetric Dehazing Methods Based on Polarized-Difference Imaging

The polarimetric dehazing method was first proposed by Schechner et al.*> The authors further
reported the details and experiments of this proposed method in 2003.** In this method, the
authors design three approximations that are widely used in later methods. First, the authors
only consider the degradation caused due to the attenuation of signal and the additive airlight.
Second, the authors only regard the scattering as single-scattering effect. Finally, the object light
is assumed to be unpolarized. On the basis of the aforementioned approximations, the method
proposed in Ref. 42 is designed on the basis of polarized-difference (PD) imaging, i.e., two
images with orthometric polarization. When a polarizer is mounted in front of a camera, the
total radiance that the camera receives fluctuates with different orientation of the polarizer, result-
ing from the polarized airlight. This is shown in Fig. 3. The images with the maximum and the
minimum radiance correspond to the “worst state” and “best state” and are denoted as /, and /|,
respectively. The typical “worst state” and “best state” images are shown in Fig. 4. It is evident
from the figure that the difference between the two images is very clear. Therefore, there is a need
to devise some special methods for the determination of positions, such as subjective

"worst state"
I T =T +4*

At—-All= PA

Airlight

A - A+ AN

4 _24 "= 72440
"best state"

______ Direct transmission __ 7/2 _____________________.
0 ) . A 2 . A } N
a
&

Fig. 3 The relationship between the image radiance and the rotational angle of the polarizer. The
measured minimum /I and maximum /* intensity are function of a. The difference between and is
due to the difference between the airlight components Al AL, It is determined to the unknown
airlight intensity by the parameter P,. The total intensity /°*® is composed of the airlight intensity
and the direct transmission.*?
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(b)

Fig. 4 Images of the polarization components corresponding to the minimal and the maximal radi-
ances. The “pbest state” image has the best image contrast and the “worst state” image has the
worst image contrast.*®

4243 electrically switchable polarizer based on a liquid crystal device,*® and Stokes

49,67,68

judgment,
vector deduction.

We can derive the parameters from the two polarized images. The degree of polarization
(DoP) of the airlight is defined as p, and can be obtained as

_ AL—Ay L (sky) — 1) (sky)
AJ_ +AH IJ_(Sky) + IH (Sky) ’

P, 5)

where I(sky) represents the sky area of the image without objects. In this area / = A. Thus, the
airlight radiance for the whole image is expressed as

AJ_—A” _IJ_—I”

A=A +A =
L+A4) P, P, (6)
The global constant A, is obtained by the pixels in area representing the sky as
1
A =5 [ (sky) + 1 (sky)]. ©)

2

After obtaining the two essential parameters, we obtain the dehazed image as shown in Fig. 5.
Meanwhile, the method renders a byproduct, the range map, which indicates the distance order-
ing of the objects in the scene, with the assumption that the extinction coefficient is distance
invariant. The range map is defined as

Bz =—In[l — A/A,]. ®)

The range map of Fig. 4 is shown in Fig. 6. It is notable that this map is qualitatively con-
sistent with the scene.

The polarimetric dehazing methods achieve efficient results. However, there are some tech-
nical details that still require completion, such as the selection of sky area and the processing for
the specular objects. Namer et al. concluded that the sky area close to horizon is more reliable.
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Dehazed image E

Fig. 5 Dehazing results for Fig. 4. The dehazing image shows much better contrast and color than
the hazy images.*®

Range map

Fig. 6 Range map of the scene for Fig. 4. The farther the object, the darker the shading.*®

The authors proposed an automatic sky detector.*® The sky area detected by the proposed method
is shown in Fig. 7(a). Figure 6(b) presents the dehazed image. The cases in which the images do
not contain the sky in the field of view are discussed in detail.*”**’" Furthermore, the cases
where the third approximation is not satisfied are also deeply analyzed. The dielectric objects,
such as water bodies and shiny construction materials, reflect the light toward the camera that is
significantly polarized. Such pixels are overcompensated to strange colored pixels or dark pixels.
Namer et al. consider that the adjacent objects should show similar airlight value. Once the
algorithm automatically detects the areas in the airlight image that are very different from their
surroundings, the airlight is automatically re-estimated by simple interpolation of the airlight of
the surroundings. Figure 8(a) shows the specular objects in hazy image. The basic method pro-
duced black spots in these areas as shown in Fig. 8(b). However, the improved method success-
fully recovered the colors in these areas as shown in Fig. 8(c).*® Fang et al. proposed a

Fig.7 (a) The best polarized image /!l of a hazy scene. The automatic detected sky is marked by a
white line; (b) result of dehazing for scene (a), relying on the automatically selected sky line.*®
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(a) (b)

Fig. 8 Corrected dehazing result when specular objects exist in the field of view. (a) The best
polarized hazy image with specular objects; (b) dehazing result without re-estimate the airlight.
The color with specular objects area has distorted to black; (c) dehazing result with re-estimate
the airlight. The colors are well recovered compared to (b).*®

decorrelation-based scheme to estimate the DoP for the target objects. Figure 9 shows the results
before and after the consideration of the polarization effect of the objects.”” Huang et al. pro-
posed a method to estimate the PD image of the signal and search for the best dehazing result in
terms of quality. The improved dehazing results are shown in Fig. 10.”" In addition, there are
various works that discuss the effectiveness of the polarimetric dehazing methods for underwater
image quality enhancement.”>**7>® As shown in Fig. 3, it is found that the two polarized

WL vy o T Vm‘;ﬁ"‘"l )

2B -
e 'v‘v"“f‘ ™

| v

(b)

Fig. 9 (a) Dehazing results using Schechner's method in Ref. 42. (b) Dehazing result with
consideration of the polarization effect of the objects using the proposed method in Ref. 57.
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EME=23

(b)

Fig. 10 The dehazing results (a) before and (b) after the consideration of the polarization effect of
the objects in underwater.”’

images are similar and difficult to distinguish. Thus, the main difficulty for the PD-based method
is the acquisition of the “best state” and “worst state” images.

3.2 Polarimetric Dehazing Methods Based on Stokes Vector

The PD imaging-based polarimetric dehazing methods easily obtain the DoP of the airlight and
achieve effective dehazing results. However, the Stokes vector-based polarimetric dehazing
method further obtains the angle of polarization (AoP) of the airlight. This allows to further
improve the estimation accuracy of the airlight. So, the Stokes vector-based polarimetric dehaz-
ing method has attracted considerable attention.’*>!>8-6%7% The Stokes vector comprises four
parameters. It represents the polarization property of light on the basis of the intensity informa-
tion, which makes the representation and detection of polarized light much easier.*” In the dehaz-
ing field, we generally consider that the airlight is related to the linear polarization effect, i.e.,
only the first three parameters. In order to obtain the linear Stokes vector, three (0 deg, 60 deg,
and 120 deg)” or four (0 deg, 45 deg, 90 deg, and 135 deg)’®’! images with different polari-
zation orientations are required. Liang et al. adopted the four images captured by the polarizer at
orientations of 0 deg, 45 deg, 90 deg, and 135 deg, for extracting the DoP and AoP of the
airlight.’>>" The intensities of the four images are 1(0), I1(45), 1(90), and I(135). This is shown
in Fig. 11. The linear Stokes vector is

So = 1(0) + 1(90)
S, =1(0) —1(90) , ©)
S, = I1(45) — I(135)

where S denotes total radiance, i.e., I, S| denotes the intensity difference between the vertical
and horizontal polarized components, and S, denotes the intensity difference between the 45 deg
and 135 deg polarized components with respect to x axis.

According to the definition of the Stokes vector, the DoP and AoP are obtained as

/22
M 0:1 arctan [é} (10)

So 2 1

Based on the discussion in Sec. 3.1, it is evident that S, includes the direct transmission, but
S, and S, so not include it. Thus, the DoP is influenced by the direct transmission, whereas the
AoP is not affected by it. Consequently, the estimation of the airlight is more accurate using
AoP as compared to DoP. The AoP that exists in the highest frequency in the whole image
is defined as the AoP of the airlight (6,). Now, the DoP of the airlight (p,) is defined as the
maximum value among the pixels that satisfies 6,. For simplicity, the directions of 0 deg and
90 deg are defined as x and y axes, respectively. Thus, 8, represents the angle between the
polarization orientation of the airlight and x axis. A, denotes the polarized radiance of the air-
light. In this case, the polarized radiance of the airlight in x and y directions is expressed as
A=Ay - cos’6, and A py =Ap- sin? @,. Considering the fact that Apx and A, are also math-
ematically expressed as
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(a) (b)
(© ()

Fig. 11 The hazy images with the polarizer at the orientations of (a) 0 deg, (b) 45, (c) 90 deg, and
(d) 135 deg, respectively."!

Apx:IO_SO[l_p]/z Apy:IQO_SO[l_p]/Z’ (11)
we establish the following relation:

T =Soll = pl/2 _ Igo = So[1 —P]/2.

A 2 2
cos” 0y sin” 64

» (12)

Now, A is easily obtained by using A = A,/pa.

In order to cater the sky area, the authors proposed a new method for the estimation of A,.
The proposed method is effective and accurate for almost all conditions. The final dehazing
result is shown in Fig. 12.

Liang et al. also proposed a scheme for improving the performance of the polarimetric dehaz-
ing methods in dense haze condition.®! It is inferred that the quantization error of the camera is a
major problem in dense haze conditions. As a result, the noise is also significantly amplified. In
order to eliminate the influence of quantization noise, the local average filter is employed in a
small patch. Figure 13 shows the AoP distribution before and after the optimization. It is evident
that the results are more accurate after optimization. Figure 14 shows the dehazing results using
the optimized method and the basic method.’' The dehazing capacity of the optimized polari-
metric dehazing methods is effectively improved. In Ref. 82, the authors compared the exper-
imental performances of the polarimetric dehazing method based on three random angles and
two orthogonal angles. The experimental results show that the three random angles-based
method outperforms the two orthogonal angles-based method. Moreover, the former method
does not require accurate angle, thus making this method more feasible for other applications.
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Fig. 12 Dehazing result dealt with the proposed method in Ref. 51.
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Fig. 13 (a) The AoP value of the incident light before optimization. (b) The AoP value of the inci-
dent light after smoothing each pixel value of the four raw images.®'
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(b)

Fig. 14 Dehazing results using (a) the optimized polarimetric dehazing method in Ref. 81 and
(b) the basic polarimetric dehzing method in Ref. 51.

3.3 Polarimetric Dehazing Methods Incorporating Digital Image Processing

Image enhancement is a basic and effective technique in computer vision. Various image
enhancement algorithms can be designed into the polarimetric dehazing method to improve the
dehazing capacity. Liu et al. considered that in hazy images, the objects and haze differ in spatial
frequency distribution. The low and high spatial frequency components reflect the effects of haze
and objects, respectively. In the method proposed by Liu et al., the hazy image is decomposed
into different spatial frequency layers using the wavelet transform. First, the low spatial fre-
quency components are processed with the polarimetric dehazing method. Then, the high spatial
frequency components are manipulated with a nonlinear transform.®*®* The corresponding
dehazing results are shown in Fig. 15. There are other works presented in literature that have
made efforts in making a synergy of digital image processing algorithms and polarimetric dehaz-
ing methods.®*%" The main obstacle for this method is the algorithm complexity. More effort
should be made for real-time application.

(©) (d)

Fig. 15 Dehazing results. (a) Hazy image; (b) dehazing results with the proposed method; (c) mag-
nified region on the green rectangle A in (a); (d) magnified region on the green rectangle B in (a);
(e) magnified region on the green rectangle A in (b); and (f) magnified region on the green rec-
tangle B in (b).®®
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3.4 Polarimetric Dehazing Methods Based on Visible and Infrared Image
Fusion

In general, the haze (including mist) particle size is almost <1 um, where the light propagation
obeys Mie scattering theory. The near-infrared light propagates to a greater distance as compared
to visible light due to low scattering. An image of good quality is obtained by combining the
color information of visible image and the high visibility of the near-infrared image. However,
the quality of the near-infrared hazy images can also be improved after the processing the image
using the polarimetric dehazing method.* Liang et al. proposed the polarimetric dehazing
method that fuses the visible dehazed image and near-infrared dehazed image to advance the
visibility.® This dehazing process for a color hazy image consists of two steps: (1) applying the
basic polarimetric dehazing method to visible and near-infrared hazy images separately; (2) com-
bining the visible and near-infrared dehazed images to obtain the final dehazed image using a
fusion algorithm. Figure 16 shows the original groups of visible and near-infrared hazy images.
As presented in the figure, the near-infrared image inherently contains more information and
better visibility as compared to the normal image. This is consistent with the discussions pre-
sented in Refs. 39 and 40.

The visible and near-infrared dehazed images are processed by the basic polarimetric dehaz-
ing method®' as presented in Fig. 17. It is evident that the contrast of the visible and near-infrared
dehazed images is enhanced significantly as compared to the images presented in Figs. 16(a) and
16(b). In addition, the resultant image obtained by fusing the visible and near-infrared dehazed
images are enhanced and the color information is also restored. This is shown in Fig. 18(b). On
the other hand, the resultant image of directly fused visible and near-infrared hazy images is
shown in Fig. 18(a), which can be roughly regarded as the visible and near-infrared fusion

O O

(b)

Fig. 16 Original groups of (a) visible hazy images and (b) near-infrared hazy images.®
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(b)

Fig. 17 Dehazed images of Fig. 16 by polarimetric dehazing method. (a) Dehazed visible image
with color; (b) dehazed near-infrared image.®

(a) (b)

Fig. 18 (a) Fused image of visible and near-infrared hazy image. (b) Fused image of visible and
near-infrared dehazed image, i.e., the final dehazing result.®®

method.’>! The process of directly fusing the hazy images together is unable to enhance the
quality of hazy images in dense haze conditions. The experimental results demonstrate that the
visibility of the final dehazed image is improved at least 100%. Two shortcomings of the pro-
posed method limit its further application in dehazing field. On the one hand, the simultaneous
acquisition of the visible and near-infrared images with the same scenes. It usually needs addi-
tional image registration to make them consistent. On the other hand, the computational com-
plexity requires several hours for processing an image of 100 megapixels.

Optical Engineering 030901-13 March 2021 « Vol. 60(3)
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Fig. 19 The overall flowchart of the proposed method.®°

3.5 Fast Polarimetric Dehazing Method

Many practical applications, such as the traffic monitoring and navigation system, require real-
time processing. In addition to the image acquisition systems, the efficiency of the polarimetric
dehazing method is of significance for the real-time image dehazing. Zhang et al. proposed a fast
polarimetric dehazing method in HSI color space and for color correction.®” In HSI color space,
the intensity channel is only related to the RGB intensities.”’ So, the polarimetric dehazing proc-
ess is only implemented once in the intensity channel. The color distortions, which result from
different scattering coefficients, are dependent on the wavelengths and are corrected by the white
patch retinex method. The overall flowchart of the proposed method is shown in Fig. 19. The
experiments indicate that the quality of the dehazed image obtained using the proposed method
is similar to that of the polarimetric dehazing method in RGB color space. Table 1 shows the
execution time of different methods. The proposed method outperforms Tarel in terms of effi-
ciency, which is developed as a fast-dehazing method and shows the advantage in computational
efficiency.®

3.6 Real-Time Polarimetric Dehazing Method Based on Imaging Polarimeter

In order to perform the true real-time image haze removal, the real-time image acquisition and
real-time processing should be guaranteed. In case of polarimetric dehazing method, the simul-
taneous acquisition of polarization images relies on the imaging polarimeter. The imaging
polarimeter is a device that can obtain four different linear polarization images simultaneously

Table 1 The consuming time of the different methods.®®

Image size (h* w) Meng MSRCR Tarel HE RGB PDM Work in Ref. 89
727*1150 10.78 s 777 s 3548 s 1.24s 86.27 s 30.99 s
950*1300 11.52 s 11.02 s 68.85 s 127 s 140.31 s 5291 s
970*1300 1157 s 1153 s 69.71 s 1.36 s 142,53 s 52.96 s
690*1180 8.29 s 6.90 s 38.98 s 1.11s 88.12 s 31.27 s
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(b)

Fig. 20 (a) The optical construction and (b) the prototype of the division of amplitude near-infrared
polarimeter.”

(linear-Stokes polarimeter) or three linear polarization images and one circular polarization
image (full-Stokes polarimeter) with optimal designed structures.”' The polarimeters are usually
based on different technological aspects, such as division of time,”> division of amplitude,”®
division of aperture,®®’ division of focal plane,”®'%° and Fourier-based.!”''** The imaging
polarimeter has been thoroughly reviewed in Ref. 91, thereby we only focus on the development
on polarimeters related to image dehazing. Mudge et al. presented the real-time dehazing results
based on a division of amplitude near-infrared polarimeter.***® The optical construction is shown
in Fig. 20(a). The four channels focus on one sensor with the resolution of 640 x 512. The proto-
type is shown in Fig. 20(b). Figure 21(a) shows the hazy image provided by the polarimeter, and
the quality of the dehazed image is shown in Fig. 21(b). The resultant figure shows that the
quality of the image is improved. However, the prototype is controlled by a laptop computer
using LabVIEW, and MATLAB is used to process and display the polarimetric dehazing images,
which is not real-time dehazing in true sense.

Zhang et al. proposed a true real-time polarimetric dehazing visible polarimeter.®® The polar-
imeter is based on the division of aperture structure and four optical channels, which measure the
full-Stokes parameters and focus on one sensor with resolution of 2048 * 2048. Figure 22(a)
shows the polarization-state distribution on the sensor, and the photo of the prototype is shown
in Fig. 22(b). Theoretically, the four subimages are uniform with resolution of 1024 *x 1024.
However, due to the misregistration in four optical channels, shown in Fig. 23, the polarimeter
must be precisely calibrated to mitigate the mismatch of angles of the polarizers and the three
linear polarization images in intensity. Figure 24 shows the final dehazed image provided by the
polarimeter. It is notable that the quality of the image is significantly improved, and the color
information is recovered as well. The dehazing algorithm is loaded into the FPGA modules
assembled in the polarimeter that processes the images automatically at a rate of 25 fps. It only
needs power supply to operate and a monitor to display the dehazed image.
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Fig. 21 (a) The hazy image provided by the polarimeter; (b) dehazed image automatically
dehazed by the polarimeter.*®

7
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[ ] |
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Fig. 22 (a) The distribution of the polarization-state on the sensor. (b) The photo of the full Stokes
polarimetric camera.5°

Fig. 23 The original image obtained on single sensor directly without any additional processing. It
contains four polarized images, including three linearly, and one circularly polarized images.®
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Fig. 24 The final dehazed image dealt with the polarimeter.®®

4 Comparison Study for Various Dehazing Methods

4.1 Experimental Results

In this section, we perform some experiments to compare the dehazing capacity of the polari-
metric dehazing methods and classic single image dehazing methods. The single image dehazing
methods include He’s dark channel prior (DCP),? Meng’s method (Meng),26 Rahman’s multi-
scale retinex for color restoration (MSRCR),® Tarel’s method (Tarel),>! and Cai’s deep learning
dehazing method (DehazeNet).*® The polarimetric dehazing methods utilize the method in RGB
color space (RGB PDM)™ and in HSI color space (HSI PDM).* Other reviews of image dehaz-
ing methods only compare the performance of some classic single image dehazing methods,**'%
this is because they are difficult to obtain the polarized images and the results handle by polari-
metric dehazing methods. In our experiments, the original hazy images are captured and the
dehazed results are handled by ourselves for all methods. The image dehazing results are shown
in Figs. 25-27 for scenes 1 to 3, respectively.

4.2 Objective Evaluation

From subjective evaluation, it is obvious that all the image qualities are all improved after dehaz-
ing. The visibility of dehazed results handled by polarimetric dehazing methods is better than
that of single image dehazing methods. Tarel’s method gives rise to color distortion. The Meng’s
method may obtain the best visibility among the single image dehazing methods.

Objective evaluation should be employed to objectively assess the image quality after dehaz-
ing. The quality evaluation of dehazed image is another intense research field, especially for the

®

Fig. 25 Comparisons of some classic dehazing methods with scene 1. (a) Hazy image; (b) DCP;
(c) Meng; (d) MSRCR; (e) Tarel; (f) DehazeNet; (g) RGB PDM; and (h) HSI PDM.
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(b)

® ® ()

Fig. 26 Comparisons of some classic dehazing methods with scene 2. (a) Hazy image, (b) DCP,
(c) Meng, (d) MSRCR, (e) Tarel, (f) DehazeNet, (g) RGB PDM, and (h) HSI PDM.

Fig. 27 Comparisons of some classic dehazing methods with scene 3. (a) Hazy image, (b) DCP,
(c) Meng, (d) MSRCR, (e) Tarel, (f) DehazeNet, (g) RGB PDM, and (h) HSI PDM.

situation that the ground-truth haze-free image is not available, i.e., the no-reference image qual-
ity assessment (NR IQA). Some NR IQAs have been proposed for objective evaluation, such as
the first two indicators (e, 7) of the blind assessment,'*® image visibility measurement (IVM),'"’
image contrast,'” visual contrast (VCM),'” natural image quality evaluator (NIQE),''"” image
structure similarity (SSIM), and universal quality index (UQI).'!! However, few assessments can
assess the overall dehazing quality. These eight objective quality evaluation indexes were used to

Table 2 The objective image quality comparison of dehazing results of Fig. 25 with different
evaluation indexes.

Quality evaluation DCP Meng MSRCR Tarel DehazeNet RGB PDM  HSI PDM

e 15.1843  36.6753 2.4049 8.3691 5.9937 38.0851 32.1501
T 1.1097 2.8316 2.6109 2.7721 1.2186 3.4595 3.142
IVM 4.4097 10.2015 1.4675 2.8339 2.2071 9.6982 8.4591
Contrast gain 0.0885 0.3024 0.0445 0.1216 0.0515 0.3073 0.2648
VCM 39.3762  25.731 28.0707  28.2651 39.5712 37.4269 32.3587
NIQE? 8.0489 6.8863 5.7373 6.4582 7.2732 4.9634 4.0948
SSim@ 0.8326 0.7702 0.776 0.8212 0.9654 0.7177 0.716
uQre 0.7133 0.748 0.7115 0.9434 0.9351 0.8081 0.6907

@Higher value represents a lower quality.
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Table 3 The objective image quality comparison of dehazing results of Fig. 26 with different
evaluation indexes.

Quality evaluation DCP Meng MSRCR Tarel DehazeNet RGB PDM  HSI PDM
e 10.8615  26.0831 0.2466 0.8098 9.391 27.1473 26.1381
T 0.8459 2.3314 2.2104 5.8016 1.2342 2.492 2.4632
IVM 4.438 8.9944 1.9363 6.1408 4.0719 10.7555 10.6554
Contrast gain 0.0892 0.237 0.0271 0.2854 0.1593 0.3166 0.3096
VCM 34.6154 23.8866  53.2389 30 49.5951 37.0445 33.1984
NIQE? 7.3487 5.6763 5.4389 5.0839 7.0417 4.7936 4.1832
Ssim? 0.7684 0.7876 0.8121 — 0.9112 0.7287 0.7181
uaQre 0.7119 0.7495 0.7347 — 0.8332 0.7302 0.7092

@Higher value represents a lower quality.

Table 4 The objective image quality comparison of dehazing results of Fig. 27 with different
evaluation indexes.

Quality evaluation DCP Meng MSRCR Tarel DehazeNet RGB PDM  HSI PDM
e 12.4207 38.3588  9.5969  35.0644 7.8212 39.041 39.3792
T 1.3419 2.7161 1.9169 2.91 1.3482 2.8812 2.9927
IVM 3.4179 11.0702 2.909 8.2451 2.3648 4.6748 4.7851
Contrast gain 0.0987 0.1878 0.1319 0.1903 0.0611 0.1861 0.1951
VCM 26.9512 80 34.6341  36.0976 25.3659 34.7561 50.122
NIQE?® 6.9146 5.6518 5.3835 5.3769 6.1311 3.2395 2.7853
SSiM? 0.8793 0.7788 0.8844 0.7935 0.9504 0.7248 0.6989
(Ufe]l 0.8366 0.7205 0.9406 0.9159 0.9433 0.7343 0.7166

2Higher value represents a lower quality.

compare above dehazing methods, and the comparison results are shown in Tables 2—4 corre-
sponding to Figs. 25-27. The comparison results show that the polarimetric dehazing methods
outperform the single image dehazing methods in most of the evaluation indexes, although these
evaluation indexes assess the image through different characteristics. This may be the intrinsic
advantage, because more input images contain much more information about the scenes.

5 Conclusions

In this work, we present the image degradation model caused due to haze. This model is widely
used in the computer vision and dehazing applications. The polarimetric dehazing methods are
based on this degradation model. These methods make an effort to restore the object’s light and
enhance the image visibility by restoring the information. The basic principle of the polarimetric
dehazing method is to estimate the airlight radiance with multiple polarization images, which
shows that the partially linearly polarized property is determined by Mie scattering theory. We
present a complete review of the techniques, the advancements, the implementation methods,
and the algorithms of the polarimetric dehazing methods. Experimental results further verified
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dehazing capacity of the polarimetric dehazing methods. We believe that this review can

significantly assist the overall understanding of the polarimetric dehazing methods.
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