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Abstract: To improve the robustness of current polarimetric dehazing scheme in the condition of
low degree of polarization, we report a polarimetric dehazing method based on the image fusion
technique and adaptive adjustment algorithm which can operate well in many different conditions.A
splitting focus plane linear polarization camera was employed to grab the images of four different
polarization directions, and the haze was separated from the hazy images by low-pass filtering
roughly. Then the image fusion technique was used to optimize the method of estimating the trans-
mittance map. To improve the quality of the dehazed images, an adaptive adjustment algorithm was
introduced to adjust the illumination distribution of the dehazed images. The outdoor experiments
have been implemented and the results indicated that the presented method could restore the target
information obviously, and both the visual effect and quantitative evaluation have been enhanced.

Keywords: polarimetric imaging; image dehazing; Fourier transform; image fusion; adaptive adjust-
ment algorithm

1. Introduction

Image dehazing has long been a question of great interest in target detection and auto-
matic recognition, which has drawn researchers’ attention. Many methods were proposed
to improve the quality of hazy images, and they can be generally divided into two classes:
the first one is the methods based on image processing, such as contrast limited adaptive
histogram equalization [1], wavelet transform [2,3], Retinex [4,5] and homomorphic filter-
ing [6,7]. The physical principle of image degradation caused by haze is not considered by
these methods, and the identification of target is improved through image enhancement
technology; the other one is the methods based on the physical model of atmospheric scat-
tering, such as scene depth method [8], dark channel prior method [9], non-local dehazing
algorithm [10], neural networks [11], refined transmission map [12] and polarimetric dehaz-
ing method [13–21].These methods can improve the quality of the image by establishing
the physical model of degradation process and obtaining the dehazed images by the model.
Previous studies have shown that the polarimetric dehazing methods are efficient in many
different scattering environments. The basic principle of these methods is to collect the
polarimetric information of the scenes first, and then the key parameters of the dehazing
model are estimated based on the polarimetric information. Schechner et al. [13,14] studied
the polarimetric dehazing method in 2001, and they obtained the polarimetric information
by grabbing two orthorhombic images. Then the parameters of the dehazing model were
estimated, and the haze was removed. Mudge et al. [15] published their dehazing method
based on the infrared camera, which could dehaze in real time. Liang et al. [16,17] added
the AOP (angle of polarization) into the dehazing method, which improved the accuracy
of the parameter estimation. Hu et al. [18,19] employed the polarimetric method in the
underwater environment and eliminated the influence of underwater scattering medium.
Shen et al. [20] optimized the scattering model and proposed an iterative polarimetric
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image dehazing method. Wang et al. [22] designed a real-time optical sensing and detection
system, which was composed of four polarizers with different polarization directions inte-
grated into independent cameras aligned parallel to the optical axis, and they adopted an
improved image enhancement algorithm using the CLAHE-based bilinear interpolation to
generate real-time high-contrast and high-definition images. Zhang et al. [21] presented an
end-to-end method combining polarimetric dehazing with lane detection, which provided
a valuable reference for driving safety in dense fog. You et al. [23] proposed a polarization
image dehazing enhancement algorithm, and they obtained the polarimetric information
by the polarization images and automatically extracted the sky region based on the region
growth algorithm, and then estimated the key parameters by the dark channel priori
principle. Liang et al. [24] optimized the angle of polarization (AoP) by regularization
constraints, and then automatically estimated all the key parameters without considering
the sky region. However, the DOP (degree of polarization) of the background scattering
light is very low in some hazy weathers, especially in heavy hazy weathers the DOP is
less than 0.01, most of the polarimetric information is covered by noise and it is very
difficult to obtain the polarimetric information in such environments, and the inaccurate
information will lead to inaccurate key parameters estimation of the dehazing model, so
the conventional polarimetric dehazing methods cannot operate effectively.

To overcome the disadvantages of the conventional methods and improve the quality
of the dehazed images, a polarimetric dehazing method was proposed based on image
fusion and adaptive adjustment algorithm. First, the images in four different polarization
directions were grabbed by a splitting focus plane linear polarization camera (FLIR, BFS-U3-
51S5P-C), and then the low-pass filtering operation was used to separate haze from these
images roughly to decrease the bad influence of the noise. Secondly, the key parameters of
the scattering model were estimated based on the filtered images and a new transmittance
map would be obtained based on image fusion technology, which could enhance the
visual range of the dehazed images. Thirdly, the dehazed images could be obtained
by substituting these parameters into the scattering model. Finally, for the purpose of
improving the visual effect of the dehazed images, the adaptive adjustment algorithm was
applied to adjust the illumination distribution of these images. Several hazy images were
grabbed and dehazed by the conventional method and our scheme, respectively, and three
evaluating indicators were applied to evaluate the dehazed images quantitatively. The
experimental results indicated that this method could solve the problem that conventional
method cannot operate effectively when the DOP of the background scattering light is
very low, and the adverse influence of the haze was reduced. Both the visual effect and
quantitative evaluation were enhanced finally.

2. Theoretical Model
2.1. The Physical Model of Atmospheric Scattering

According to the atmospheric scattering physical model proposed by McCartney et al. [25],
the processes of scattering and polarimetric imaging are shown in Figure 1, and the
irradiance I(i, j) received by the camera can be divided into two parts: the direct light
D(i, j) and the scattering light (named airlight) A(i, j). The irradiance can be written as:

I(i, j) = D(i, j) + A(i, j) (1)

Furthermore, D(i, j) and A(i, j) can be expressed, respectively, as:

D(i, j) = L(i, j)t(i, j) (2)

A(i, j) = A∞[1 − t(i, j)] (3)

where L(i, j) is the target irradiance without scattering. A∞ is the airlight at infinity, and
t(i, j) is the transmittance map of the atmosphere, which is relative to the distance between
the targets and the camera.
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t(i, j) = exp[−βz(i, j)] (4)

where β is the extinction coefficient of the scattering medium. Based on the Equations (1)–(3),
the target irradiance L(i, j) and the atmosphere transmittance map t(i, j) can be written,
respectively, as:

L(i, j) =
I(i, j)− A(i, j)

t(i, j)
(5)

t(i, j) = 1 − A(i, j)
A∞

(6)

As shown in Equations (5) and (6), the dehazed images can be obtained after A(i, j),
A∞ and t(i, j) are estimated.

Polarizer

Linear polarization camera

𝐼(𝑖, 𝑗)

𝐴(𝑖, 𝑗)

𝐷(𝑖, 𝑗)
Haze particles

𝐿(𝑖, 𝑗)

Objects

Illumination

Distance 𝒛(𝑖, 𝑗)

90° 45°

135° 0°

Figure 1. The physical model of atmospheric scattering and polarimetric imaging.

2.2. Polarimetric Imaging Dehazing Method
2.2.1. Airlight A(i, j) and Airlight at Infinity A∞

In the hazy background, A(i, j) is partially polarized light while L(i, j) is non-polarized
light [13], and the airlight can be obtained by the polarimetric imaging method. To estimate
A(i, j), four different polarization images in the direction of 0◦, 45◦, 90◦ and 135◦ are
grabbed by a linear polarization camera. Nevertheless, the polarimetric information of the
images cannot be obtained accurately due to the influence of the noise. In the frequency
domain of the images, the low-frequency component mainly comes from the scattering
light (the airlight), while the high-frequency component is mainly contributed by the noise
and the texture of target [17], so they can be separated by low-pass filtering roughly.

I0F = F−1[F(I0)× R(r)]
I45F = F−1[F(I45)× R(r)]
I90F = F−1[F(I90)× R(r)]
I135F = F−1[F(I135)× R(r)]

(7)

where F() and F−1() represent the operations of Fourier transform and inverse Fourier
transform, respectively, R(r) is the low-pass filtering whose patch’s radius is r. Then, the
filtered Stokes parameters S0F(i, j), S1F(i, j) and S2F(i, j) are given by:
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S0F(i, j) = I0F(i, j) + I90F(i, j)
S1F(i, j) = I0F(i, j)− I90F(i, j)
S2F(i, j) = I45F(i, j)− I135F(i, j)

(8)

After obtaining the Stokes parameters, the DOP and AOP of each pixel can be calcu-
lated by:

p(i, j) =

√
S2

1F(i, j) + S2
2F(i, j)

S0F(i, j)
(9)

θ(i, j) =
1
2

tan−1 S2F(i, j)
S1F(i, j)

(10)

There is only haze in the sky, so the DOP and AOP of the scattering light (named pA
and θA, respectively) can be estimated by calculating the mean values of p(i, j) and θ(i, j)
which belong to the sky region, respectively. The method of how to locate the sky region is
described in [13].

Setting Ap as the polarized part of airlight, the polarized components in the 0◦ and
90◦ directions can be written as Apx = Apcos2θA and Apy = Apsin2θA, respectively. Then,
Ap can be expressed as [16]:

Ap(i, j) =
I0F(i, j)− S0F(i, j)(1 − pA)/2

cos2θA

=
I90F(i, j)− S0F(i, j)(1 − pA)/2

sin2θA

(11)

The airlight A(i, j) can be estimated by Equation (12).

A(i, j) =
Ap(i, j)

pA
(12)

The A∞ is a scene unrelated parameter value [20], which can be obtained by calculating
the average irradiance of the sky region.

2.2.2. The Transmittance Map of Atmosphere t(i, j)

As shown in Equation (4), the transmittance map of the atmosphere is related to the
distance between the targets and the camera, and it can be obtained by Equation (6) in
the conventional dehazing method. However, the A(i, j) and t(i, j) are estimated by the
filtered images, which contain no targets and distance information. To solve this problem,
a method is presented in this paper based on image fusion.

In the hazy background, sunlight irradiates the targets homogeneously after it is
scattered by hazy media, and then the camera receives the irradiance attenuated by the
haze. As shown in Equations (1)–(4), the longer the distance, the larger A(i, j) is and
the more minor D(i, j) is. The scattering light is always white in hazy weather, and the
irradiance I(i, j) received by the camera consists of A(i, j) and D(i, j) according to the
scattering model, so the value of the pixel I(i, j) will be greater with the increase of the
target distance, which means that I(i, j) also can reflect the distance relationship between
the targets and the camera. To fuse with t(i, j) conveniently, a similar equation is employed
to obtain an image which contains the distance relationship.

q(i, j) = 1 − I(i, j)
max(I(i, j))

(13)

As shown in Figure 2, the new transmittance map can be constructed by combining
q(i, j) and t(i, j).

t1(i, j) = [t(i, j) + q(i, j)]/2 (14)
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Replacing t(i, j) with the t1(i, j) in Equation (5) and the dehazed images can be ob-
tained as:

L(i, j) =
I(i, j)− A(i, j)

t1(i, j)
(15)

Figure 2. The process of combining q(i, j) with t(i, j).

2.2.3. The Dehazed Images L(i, j)

It has been found that the pixels’ values of short-distance targets are large in t1(i, j),
so the short-distance targets are dark in L(i, j) according to Equation (15). To solve this
problem, an adaptive adjustment algorithm for non-uniform illumination images [26] is
used to adjust the illumination distribution of the L(i, j) based on the Gamma function.

Generally speaking, the low-frequency component can also describe the illumination
distribution characteristics of the images, and more homogeneous illumination distribution
means better visual effect. To improve the quality of dehazed images, we need to adjust
the illumination distribution of the dehazed images. The illumination component can be
obtained by applying low-pass filtering.

G(i, j) = F−1[F(L(i, j))× R(r)] (16)

where G(i, j) is the image of the illumination component.
Then, an adaptive adjustment algorithm is applied to adjust the illumination distribu-

tion of the images adaptively based on the 2D Gamma function.

L1(i, j) = 255(
L(i, j)
255

)γ, γ = (
1
2
)

G(i,j)−m
m (17)

where L1(i, j) is the adjusted image, γ is the value of the exponent, which is used to adjust
the brightness, m is the average value of G(i, j). As shown in Equation (17) and Figure 3,
when the value of the pixel G(i, j) is larger than m, γ is less than 1, the value of L(i, j)
decreases, and vice versa.

Dehazed image Adjusted image

Figure 3. The comparison between dehazed image and adjusted image.



Appl. Sci. 2021, 11, 10040 6 of 11

In order to clearly show clearly show the details of the proposed method, we present
the corresponding flowchart in Figure 4.

Figure 4. The flowchart of the proposed method.

3. Experimental Results and Discussion

In hazy weathers, a polarization camera has been applied to capture several hazy
images out of doors. These images were obtained in different distance and hazy back-
ground, and they were dehazed by Schechner’s method [13] and our method, respectively.
A splitting focus plane linear polarization camera (FLIR, BFS-U3-51S5P-C) was employed
in experiments, which could grab four different polarization images in the directions of 0◦,
45◦, 90◦ and 135◦ simultaneously. The software was developed and ran in an office com-
puter, and its configurations are shown as follows: the CPU is intel(R) Core(TM) i7-10700F,
and the graphics card is NVIDIA GeForce GTX 1660 SUPER, and the internal storage is
16G. It takes about 10 to 11 s to process a hazy image.

In order to evaluate the dehazed images quantitatively, three quantitative evaluating
indicators are introduced in this part. Image contrast (C) can reflect the contrast among
the gray levels. Image entropy (H) can describe the quantity of information of an image.
Average gradient (G) is the mean value of the gradient image, it can describe the variation of
textures. The above three evaluating indicators [27,28] are utilized to evaluate the dehazed
images comprehensively.

Figure 5a,d,g are the hazy images grabbed in light hazy background, whose pA is less
than 0.02. As shown in Figure 5, the visual effect of the original images is poor, and the
far-distance targets are fuzzy due to the adverse influence of the haze. After dehazing by
Schechner’s method, the improvement of visual effect is limited, and the details obscured
by the haze have not been restored well. The main reason is that pA is very low and the
polarimetric information is easily covered by the noise, which makes it difficult to estimate
A(i, j) and t(i, j) accurately. After dehazing by our method, the visual effect of the image
becomes better, and these improvements are especially obvious in far-distance targets.

The regions in the red box of Figure 5d–i are enlarged and shown in Figure 6. As
shown in Figure 6c,f,i, the details of the dehazed images become richer, and the texture are
clearer. There are some buildings obscured by haze in the original image, but they become
visible after dehazing. The outlines of far-distance buildings are clearer in Figure 6c,f
compared with Figure 6a,d. Moreover, there is a building in the middle part of Figure 6g
and it is kept out by haze, but it can be recognized in Figure 6i by our dehazing operation.

The gray level histogram is the statistic of the gray level distribution of an image,
which can show the improvement of dehazed images intuitively. The gray level histogram
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of Figure 5a–c are calculated and shown in Figure 7. For the original image, most of
the pixels’ values distribute in the range of 100 to 200 in Figure 7a. After dehazing by
Schechner’s method, the image has a wider distribution of the histogram, but the values of
many pixels are higher than 150 in Figure 7b, which means that the disturbance of haze
is not eliminated totally. In Figure 7c, after dehazing by our method, the pixels’ values
distribute mainly in the middle of the histogram, which is different from the original image
absolutely.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
Figure 5. Comparisons between the original images and the dehazed images in light hazy back-
ground. (a,d,g) are the original images; (b,e,h) are the images dehazed by Schechner’s method;
(c,f,i) are the images dehazed by our method.

The quantitative results of the dehazed images in the light hazy background are shown
in Table 1. As for Schechner’s method, the greatest improvements of C, H and G are 9%, 9%
and 125%, respectively. For our method, the greatest improvements of C, H and G are 26%,
11% and 190%, respectively. The comparisons of the results indicate that our method can
make better enhancements in the quantitative evaluation than the conventional method.
However, the improvements of C and H are limited in the light hazy background. There
are two main reasons for this problem: the first one is that the adjustment algorithm adjusts
the illumination distribution adaptively based on the average value of the illumination
component, and this value is approximate to the average value of the dehazed image,
so many pixels’ values of the dehazed image are closed to it, which lead to the limited
enhancement of image contrast; the second one is that most of the pixels belong to sky
region in these images, and the changes of these pixels’ values are small after dehazing,
which will reduce the value of the image contrast and image entropy of the dehazed image.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
Figure 6. The enlarged images within the red box in Figure 5d–i. (a–f) are the enlarged images cut
from Figure 5d–f, respectively; (g–i) are the enlarged images cut from Figure 5g–i, respectively.
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Figure 7. The gray level histogram of the original images and dehazed images. (a–c) are the gray
level histograms of Figure 5a–c, respectively.

Table 1. The quantitative evaluation results of the original images and the dehazed images in
Figure 5.

Images
Original Images Schechner’s Method Our Method

(a) (d) (g) (b) (e) (h) (c) (f) (i)

C 0.4108 0.4275 0.4795 0.3368 0.4628 0.5225 0.4718 0.5390 0.5672

H 7.2357 6.9007 7.1322 7.4431 7.5076 7.5211 7.7117 7.6813 7.6690

G 0.8100 0.6983 1.2433 1.5012 1.5722 1.9944 2.0991 2.0262 2.7462

To test the dehazing capability of our method in different hazy environments, several
images were captured and dehazed in heavy hazy backgrounds, and the experimental
results are shown in Figure 8. Figure 8a,d are the original images, and their pA are less
than 0.01. In Figure 8a, the Chinese words in the red box are kept out by the haze, and they
can be recognized roughly in Figure 8b. After the dehazing operation by our method, these
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words can be recognized with no difficulty. The similar dehazing results have also been
obtained and shown in Figure 8d–f.

The gray level histogram of Figure 8a–c are shown in Figure 9. The histogram of the
original image is narrow because of the adverse influence of haze, and Schechner’s method
broadens it limitedly. After dehazing by our method, the histogram becomes much wider
than before, whose gray values distribute mainly in the range of 0 to 250.

(a) (b) (c)

(d) (e) (f)
Figure 8. Comparisons between the original images and the dehazed images in heavy hazy back-
ground. (a,d) are the original images; (b,e) are the images dehazed by Schechner’s method; (c,f) are
the images dehazed by our method.
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(c)
Figure 9. The gray level histogram of the original images and the dehazed images. (a–c) are the gray
level histograms of Figure 8a–c, respectively.

The quantitative results of the dehazed images in heavy hazy background are shown in
Table 2. As for Schechner’s method, the greatest improvements of C, H and G are 119%, 23%
and 73%, respectively. For our method, the greatest improvements of C, H and G are 362%,
42% and 439%, respectively. The data in Table 2 indicate that the results of our method are
better than the results of conventional method in the quantitative evaluation indicators,
and they also verify that our method can operate in heavy hazy background effectively.
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Table 2. The quantitative evaluation results of the original images and the dehazed images in Figure 8.

Images
Original Images Schechner’s Method Our Method

(a) (d) (b) (e) (c) (f)

C 0.0729 0.0696 0.1502 0.1527 0.2578 0.3218

H 5.5614 5.2639 6.5483 6.5091 7.4163 7.4525

G 0.7424 1.0146 1.2224 1.7595 2.4986 5.4732

4. Conclusions

To solve the problem of many polarimetric dehazing methods cannot operate effec-
tively when the DOP of the background is very low, a new dehazing method is proposed
and verified in this paper based on image fusion and adaptive adjustment algorithm. The
main idea of the scheme is that the haze and the targets can be roughly separated by
the low-pass filtering, which is helpful to obtain the polarization information accurately.
A new atmosphere transmittance map that contains the distance relationship between
the targets and the camera has been obtained based on image fusion technique, and this
operation can enhance the visual range of the images evidently. Meanwhile, an adaptive
adjustment algorithm is applied to adjust the illumination distribution of the dehazed
images, which can enhance the quality of the dehazed images furtherly. Comparing with
other polarimetric dehazing methods, the outdoor experimental results indicated that our
method can make better improvement in both visual effect and quantitative evaluation
when the DOP is very low, and it can still operate very well even though the DOP is less
than 0.01, which means that the proposed method is effective, generalized and robust in
many different hazy backgrounds. This paper can provide a reference for the optimization
of the dehazing method.

However, there is an obvious disadvantage that cannot be ignored in the improved
operation mode, the current algorithm is very time-consuming and it takes about 10–11 s
to finish a typical dehazing operation. After making statistics and analysis, it is found that
most of the time is spent in low-pass filtering process and adaptively adjusting process,
and the running time will be shorten by optimizing the steps of low-pass filtering process
and adjusting process. It can also be expected that the polarimetric dehazing method will
be improved in the next version to realize better dehazing effectiveness in shorter time.
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