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a b s t r a c t
During past decades, lots of efforts on image dehazing have been made based on either
computer vision or physical models. In this paper, based on the combination of the polarimetric imaging and the dark channel prior techniques, we propose a novel haze-removal
method. On the one hand, the former technique ensures this method has the advantage
of keeping the detailed information which might be almost vanished in hazy images; on
the other hand, the latter technique provides a much easier way to precisely estimate the
key parameters, such as the global atmospheric light and the degree of polarization of the
airlight. Moreover, in order to realize the automatically dehazing process with our method,
a dynamic bias factor is creatively introduced into the dehazing process by use of the evaluation function—Entropy, ensuring excellent dehazed image being automatically obtained
while not involving any other human-computer interaction. Experimental results indicate
that our dehazing method can not only enhance the visibility of the hazy images effectively,
but also preserve the details considerably. In addition, it is also found that this method is
useful and effective for thin, medium and dense haze conditions, and thus shows a good
robustness and universality.
© 2016 Elsevier GmbH. All rights reserved.

1. Introduction
Under hazy weather conditions, the light reﬂected from objects is absorbed by haze particles along the route of light,
resulting in the attenuation. As for imaging, besides the signal light of interest, the camera also receives much undesired
light scattered by haze particles, which is usually called the airlight [1,2]. Images taken in such conditions usually have poor
visibility and low contrast, and the detailed information is always lost, as well. To enhance the quality of hazy images, lots
of groups engage in exploiting new dehazing methods and algorithms.
During past decades, many kinds of methods have been developed for dehazing images. These methods can be roughly
divided into two categories according to the number of images used in the dehazing process. One is based on the single
image method, which can accomplish haze removal only with single image [3–5]. This kind of methods can effectively
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improve the visibility and the contrast of hazy images. But sometimes some detailed information may be vanished and more
computational time is cost. The other is based on the multi-image method. Among these kinds of methods, polarimetric
dehazing methods are especially promising [6–12]. It is known that the degradation of the visibility of hazy images is mainly
caused by the airlight mentioned above. Fortunately, the airlight is always partially polarized [13,14], and this feature can
be used to estimate the radiance of it. Therefore, the quality of the image can be improved through removing the airlight
radiance out. Schechner et al. [6] described the original idea of the polarimetric dehazing method in detail and adequately
demonstrated that this method can effectively enhance the visibility of hazy images. Later, they focused on image visibility
enhancement based on polarization and obtained very interesting results [8]. Mudge et al. [9] also involved in this ﬁeld
but their dehazing method is almost the same as Schechner’s. Furthermore, the visibility enhancement methods based
on polarization have been extended to the underwater detection [15]. So far plenty of applications demonstrate that the
polarimetric dehazing methods are robust and effective for handling images with poor visibility.
In general, two key steps are involved in the polarimetric dehazing algorithms. The ﬁrst step is the estimation of the global
atmospheric light radiance (A∞ ) which is one of the principal parameters in algorithms. The second step is the calculation of
the airlight radiance (A) according to the degree of polarization (DOP) of the airlight (pA ). So the estimation of pA is also very
important. Usually, for simplicity A∞ is estimated from the brightest patch of the hazy images, and in fact it should be the
brightest pixels in the sky region. Similarly, pA should be estimated by the pixels in the sky region. Thus the sky region should
be extracted manually. It will be difﬁcult to achieve dehazing process automatically when the images are taken randomly.
In this paper, to overcome the above drawbacks, a simple and automatic way, which is based on the dark channel
prior technique, is proposed to estimate A∞ and A. To the best of our knowledge, this is the ﬁrst time to adopt the dark
channel prior to estimate A in polarimetric imaging dehazing method. Furthermore, we creatively introduce a dynamic bias
factor ε imposed on A∞ , which can correct the estimation inaccuracy of the transmittance of atmosphere. According to the
evaluation function–Entropy, the best dehazed image can be automatically obtained while the human-computer interaction
is not considered during the dehazing process.
2. Technique
2.1. Dehazing model
In general, three or four different polarization images are needed in polarimetric dehazing method. The four images
scheme is utilized in our method.
In our case, four images under different angles of linear polarizer need to be captured. We ﬁx the polarizer’s angle to be
0◦ , 45◦ , 90◦ and 135◦ , and the intensities of the four images are expressed as I(0), I(45), I(90) and I(135), respectively. The
Stokes matrix can be written as [16]:
S0 = I (0) + I (90)
S1 = I (0) − I (90)

,

(1)

S2 = I (45) − I (135)
where S0 represents the total intensity of the incident light; S1 represents the intensity difference between the horizontal and
vertical linearly polarized components; S2 represents the intensity difference between the 45◦ and −45◦ linearly polarized
components with respect to the x-axis.
The radiance received by the camera is usually expressed as I = L·t +A, where L·t and A are corresponding to the direct
object light radiance and the airlight radiance, respectively. L is the object light radiance in the absence of haze between the
scene and the camera, which is exactly the radiance we want to obtain, and t is the transmittance of atmosphere, t = e−␤z .
Here ˇ is the extinction coefﬁcient with the assumption that it is distance-invariant, and z is the distance between the scene
and the camera. Meanwhile, A can be expressed as A = A∞ · (1-t), where A∞ is the global atmospheric light radiance. Thus, t
can be given as
t =1−

A
.
A∞

(2)

Therefore, combining the expression of I = L·t +A and Eq. (2), L can be derived as
L=

I − A
.
1 − A/A∞

(3)

In the dehazing algorithm we have assumed that the extinction coefﬁcient ˇ is distance-invariant, but in fact its distancevariant property cannot be neglected. Consequently the estimated transmittance t is lower than its true value, which will
lead to some unexpected brightening region in the dehazed image [7,9]. Regarding to the inaccuracy of t, a bias factor ε
(ε > 1) is introduced to impose on A∞ . According to Eq. (2), the bias factor can increase t. Then the expression of L is modiﬁed
to
L=

I − A
.
1 − A/εA∞

(4)
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Fig. 1. (a) The input haze-free image J; (b) The colour channel image of J; (c) The dark channel image of J. Here the size of (x) is 13 × 13.

According to Eq. (4), in the whole dehazing process, we should estimate A∞ and A efﬁciently and accurately. Note that
the value of ε also has a signiﬁcant impact on the ﬁnal dehazed image quality, which will be discussed in detail in Section 3.
2.2. Key parameters estimation
The ﬁrst step is to estimate A∞ . A∞ represents the airlight radiance corresponding to an object at an inﬁnite distance.
So it should be the value of the brightest pixels in the sky region, usually for simplicity, it is estimated from the brightest
patch over the whole image. However, this will lead to some mistakes when there are some extremely bright objects. So
we must mark the sky region out manually. Obviously, such methods are complicated because different situations should
be handled separately. Here the dark channel prior, which is veriﬁed to be effective and automatic in extracting the sky
region [5], is introduced to extract the sky region in our method. The main substance is that in most of the skyless patches
for haze-free images, at least one colour channel has some pixels whose intensities are very low and close to zero. As a
result, the minimum intensity in such a patch is close to zero. That is to say, the dark channel image can be obtained from
two minimum operators on the input image. One is the colour channel operation, which is constructed by the minimum
among the values of R, G and B channel of each pixel. The other is the minimum ﬁlter operation, which is constructed from
the colour channel image by selecting its minimum within a small spatial domain (x) of each pixel x. Fig. 1 ﬁguratively
illustrates this phenomenon. Fig. 1(a) shows an original image J, and its corresponding colour channel and dark channel
images are in Fig. 1(b) and Fig. 1(c), respectively.
In the dark channel image, the objects are obviously darker than the sky region. Due to the additional airlight, the dark
channel image of hazy image is brighter than its haze-free version. So the dark channel image roughly approximates to the
denseness of the haze [5]. Then the dark channel prior can be applied to detect the most haze-opaque region and extract
the sky region. For avoiding the pixels located in the region with objects while the sky region is too small, the top 0.5% of
the brightest pixels is picked in the dark channel image. Then the highest intensity among these pixels in the total intensity
S0 is selected as A∞ . Based on the connotation of the dark channel image, the selected pixels are mainly located in the sky
region automatically. It should be pointed out that since the dark channel prior is a statistic method, it may be invalid for
some particular images where some bright white objects exist and no shadow is cast on them. In our method, to avoid the
inﬂuence of the noise and extremely bright white objects, we place more limitations on estimating A∞ . For the selected
intensity Ai,j at the position (i, j), the mean intensity Ā is obtained in the patch (i, j) centered at (i, j). If each intensity Am,n
in the patch of 13 × 13 around (i, j) satisﬁes the relationship of
|Am,n − Ā|
(m,n) ∈ ˝(i,j)

≤ ı,

(5)

Ā can be selected as the real value of A∞ in the dehazing process, i.e., A∞ = Ā. Otherwise the next highest intensity should
be tried until the inequality (5) is satisﬁed.
The next step is to estimate A. The pixels selected by the dark channel prior in last step are utilized to calculate  A and pA .
According to the deﬁnition of the Stokes matrix and Eq. (1), the angle of polarization () can be written as  = arctan(S2 /S1 )/2.
It should be noted that the calculated  is a matrix whose size equals to that of the input image. In this matrix there are some
other values which are different from  A . The main reason behind this point is that the object light may become partially
polarized due to the scattering caused by haze particles. And the polarization orientation of the object light is inherently
different from that of the airlight. For the same reason, pA is also disturbed by the object light. Therefore, in order to eliminate
the interference of the object light, we focus on the region selected by the dark channel prior and choose the mean value
corresponding to such a region as the real  A and pA value, i.e.,
A =
and
pA =

1
2









arctan



S2 (dark)
/N,
S1 (dark)

S1 2 (dark) + S2 2 (dark)
S0 (dark)

(6)


/N,

(7)

where S0 (dark), S1 (dark) and S2 (dark) represent the input S0 , S1 and S2 of pixels selected by the dark channel prior, respectively, and N is the number of selected pixels.
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Fig. 2. Input hazy images; (a–d) are the original polarization images taken with the polarizer at the angle of 0◦ , 45◦ , 90◦ and 135◦ , respectively.

Having obtained the values of  A and pA , in what follows, let us introduce the scheme for determining the value of A.
For simplicity, let us deﬁne the directions of 0◦ and 90◦ as the x and y axis, respectively. Thus  A is the angle between
the polarization orientation of the airlight and x axis. We can easily ﬁnd Apx = Ap cos2  A and Apy = Ap sin2  A , where Apx and
Apy represent the radiance of the polarized part of the airlight in x and y direction, respectively, and Ap represents the
radiance of the polarized part of the airlight. Considering the fact that Apx and Apy can be expressed as I(0) − S0 (1 − p)/2 and
I(90) − S0 (1 − p)/2, respectively. Therefore, one can obtain the radiance of the polarized part of the airlight in  A direction
(i.e., Ap ) and there exists:
Ap =

I(0) − S 0 (1 − p) /2
I(90) − S0 (1 − p) /2
=
,
cos2 A
sin2 A

(8)



where p =
S1 2 + S2 2 /S0 is the DOP of the sum radiance of the airlight and object light for each pixel over the whole images.
Naturally Ap can be obtained from either I(0) or I(90), and then A can be easily obtained by use of A = Ap /pA .
Having known all the required parameters, the object light radiance, i.e., the dehazed image can be obtained according
to Eq. (4). In the whole dehazing process no additional human-computer interaction and factors on pA and  A are needed.
3. Discussions of bias factor ε
In this section, we discuss the bias factor ε and introduce the evaluation function–Entropy. The experiments show that
they can ensure the best dehazed image can be obtained automatically.
It should be pointed out that we have introduced a dynamic bias factor ε imposing on A∞ in Sec. 2. And ε should be
variable for different situations in which images are taken. Hence it is unreasonable to ﬁx a certain value regardless of the
speciﬁc condition. Through human-computer interaction, giving appropriate value of ε for every case, the ideal dehazing
result can be obtained easily. However, this will increase the workload and computational time cost of the algorithm. To
avoid the human-computer interaction step, we intend to introduce an evaluation function that can effectively represent the
deﬁnition of image. There are many kinds of functions, which are usually used in the image deﬁnition assessment. According
to our application and the applicability of corresponding functions, we ﬁnd that the function Entropy is quite adaptive to
assess the deﬁnition of dehazed images [17]. The function Entropy exhibits three perfect properties: single peak, no bias and
sensitivity. All the properties of function Entropy ensure that the clearest image can be obtained. The Entropy of an image
is deﬁned as



Entropy = −

pk log2 pk ,

(9)

k

where pk is the relative frequency of gray level k. Note that the larger the Entropy value is, the clearer the image displays.
Therefore, as for our method, once the largest Entropy is obtained, one can actually achieve the best dehazed image.
Now we take an example to illustrate the capacity of the evaluation function–Entropy. Four hazy images are snapped using
an ordinary industrial camera with the polarizer at the angle of 0◦ , 45◦ , 90◦ and 135◦ , respectively, as shown in Fig. 2(a–d).
Let us change the value of ε over the range of 1.10 to 1.60 with a step of 0.01 manually, and the dehazed images related to
each ε are obtained. The Entropy is calculated for each image according to Eq. (9). Fig. 3 shows the dependence of Entropy
on bias factor ε. It can be seen that the curve has only one single peak and Entropy changes signiﬁcantly even for a slight
change of ε of 0.01. This means Entropy is an appropriate evaluation function to estimate the dehazed images obtained by
our method. The peak of Entropy is achieved when ε is 1.34. It implies that the image obtained with ε = 1.34 is the best one
handled by our method. Meanwhile, at the top of the curve there is a wide range where the Entropies are very close. In this
range the close Entropies implies that these images are almost the same, and they cannot be distinguished by human eyes,
unless the difference of Entropies is large enough. In our method, we deﬁne this difference limit to be 0.3%, and those images
with the Entropy difference below this limit cannot be distinguished. Note that a larger limit has ever been used in [17].
Based on our criterion of 0.3%, as shown in the inset of Fig. 3, we plot the related Entropy corresponding to ε from 1.30 to
1.41.
To compare the dehazing performance under different ε within the above criterion, in Fig. 4 we list the 12 dehazed images
where ε varies from 1.30 to 1.41 with a step of 0.01. From the perspective of human, these images are all the same because
their differences are beyond the resolving capability of human’s eyes. Anyone of these images can be used as the dehazed
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Fig. 3. Entropy versus bias factor ε for Fig. 2. The inset is the ampliﬁcation of the top ﬂat range.

Fig. 4. (a)–(l) are the dehazed images when the bias factor ε is over the range from 1.30 to 1.41 with a step of 0.01.

Fig. 5. (a) The region marked as the red area is the pixels selected by the dark channel prior method in the dark channel image; (b) The region corresponding
to that in (a) is marked as the red area in S0 image; (c) Marked point A is the A∞ pixels, marked point B is the brightest pixels in the whole image. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

image result. Therefore our dehazing method has favorable tolerance, which means we can obtain a clear dehazed image
easily in a wide range.
The above experiment shows that by introducing the evaluation function, the desired image can be obtained automatically
through the cyclical selection of ε. After lots of experiments, we ﬁnd that the best dehazed image can be obtained by our
method when ε is over the range 1.10 to 1.60 for almost all the cases. Comparing to the original images Fig. 2, the visibility
of the dehazed image is enhanced obviously. The contrast of Fig. 4(e) is 0.1548, and that of hazy image Fig. 2(a) is 0.1125.
Here the contrast is calculated according to [18]. Meanwhile, the colour and detailed information are well preserved.
4. Results and discussion
4.1. Estimation of A∞
In a haze-removal algorithm, no matter computer vision or polarimetric imaging, the estimation of A∞ is a key and
difﬁcult step. We also use the images in Fig. 2 to illustrate the estimation of A∞ . The top 0.5% brightest pixels selected by
the dark channel prior technique are marked as the red area in the dark channel image of Fig. 5(a). These pixels in the S0
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Fig. 6. Dehazing results for medium haze condition: (a) Input hazy image; (b) He’s result; (c) Schechner’s result; (d) Our result, here ε is 1.34.

Fig. 7. Dehazing results for thin haze condition: (a) Input hazy image; (b) He’s result; (c) Schechner’s result; (d) Our result, here ε is 1.21.

Fig. 9. (a) Entropy versus bias factor ε for Fig. 7(a). The inset is the ampliﬁcation of the top ﬂat range; (b) Entropy versus bias factor ε for Fig. 8(a). The inset
is the ampliﬁcation of the top ﬂat range.

Fig. 8. Dehazing results for dense haze condition: (a) Input hazy image; (b) He’s result; (c) Schechner’s result; (d) Our result, here ε is 1.27.

image corresponding to Fig. 5(a) are marked as the red area in Fig. 5(b). Obviously they are all located in the sky region.
According to inequality (5), A∞ is selected and marked as point A in Fig. 5(c). It is more accurate comparing with selecting the
brightest pixels in the whole image, in case some extremely bright white objects are existed in hazy image. Point B marked
in Fig. 5(c) is the brightest pixels of the whole image. These pixels are not located in the sky region at all, which is obviously
unreasonable. This phenomenon illustrates that the dark channel prior technique is accurate in estimating A∞ . However, it
should be noted that this process is automatic and no other additional constraints are imposed on the hazy image in our
method.
4.2. Experimental results
To testify the generality of our method, some experimental results handled by our method are presented. Fig. 7(a) is taken
in thinner haze condition than that of Fig. 2. Fig. 7(d) shows that the dehazed image becomes perfectly distinct and nearly
no haze can be found in the scene. The contrast of Fig. 7(d) is 0.3891, while in Fig. 7(a) it is only 0.1273. For the hazy image
Fig. 7(a), the dependence of the curve of Entropy on ε is in Fig. 9(a). It shows that the top ﬂat range in Fig. 9(a) is broader
than that of Fig. 3. Note that this feature is consistent with the fact that haze removal in thin haze condition is much easier.
On the contray, the image in Fig. 8(a) is taken in much denser haze condition than that of Fig. 2. The dehazed image
is in Fig. 8(d). Both the visibility and contrast are enhanced obviously. The buildings marked with the rectangle, which are
invisible in hazy image, are even distinct. The contrast of Fig. 8(d) is 0.1363, while in Fig. 8(a) it is only 0.0808. The dependence
of the curve of Entropy on ε for Fig. 8(a) is in Fig. 9(b). The top ﬂat range is much narrower. Accordingly, only a few ε can
meet the dehazing request, which means it is difﬁcult to obtain ideal result manually. All the experimental results show that
our automatic selection method is simple and effective for handing such complicate situation.
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Table 1
a
Evaluation results of dehazed images with different methods.
Scene No.

hazy image (a)

He’s result (b)

Schechner’s result (c)

our result (d)

Fig. 6
Fig. 7
Fig. 8

6.7133
6.5844
4.9142

7.0518
6.7423
5.9672

7.3091
7.3983
6.5950

7.4726
7.4822
7.0954

a

Higher value represents a higher quality.

As a comparison, we implement Schechner’s polarization-based method [7] and He’s Dark Channel Prior [5] (Note that
it is viewed as state-of-the-art single image dehazing method). The comparison results for images under different haze
conditions are presented in Figs. 6–8, respectively. To objectively assess these results, the evaluation function—Entropy is
employed, and the evaluation results are in Table 1. It shows that the qualities of the dehazed images are all improved to
some extent by different methods. The images dehazed by the polarimetric dehazing method are better than the He’s results.
The reason for this may be that multiple images contain more information about the objects, as compared with the fact that
the object signal might be difﬁcult to recover from only one image once it is submerged by noise. Meanwhile, the proposed
method outperforms Schechner’s method.
5. Conclusions
Combining the polarimetric imaging technique and dark channel prior technique, we propose a novel method for enhancing the visibility of images taken in haze conditions. First, the sky region is extracted automatically by the dark channel prior
technique, which can ensure the accuracy of A∞ estimation. Second, the DOP and AOP of the airlight are calculated with the
pixels selected by the dark channel prior technique. This can improve the estimation accuracy of the airlight radiance. These
processes can be realized automatically operating on the whole hazy image. It means that we do not need to extract the sky
region from the scene manually. Furthermore, the key point of our method is that a dynamic bias factor ε is introduced for
correcting the deviation of the transmission t by use of the evaluation function–Entropy. It ensures that the best dehazed
image can be ﬁnally obtained while not involving any other human-computer interaction during the dehazing process.
Experiments indicate that our method can not only effectively enhance the image visibility but also preserve the details
of image considerably for thin, medium and dense haze conditions. Especially for dense haze condition, the ﬂexibility and
automaticity of our method is more important and beneﬁcial.
It should be noticed that we have assumed that the object light scattered by haze particles is non-polarized light. However,
the object light scattered by haze particles may be partially polarized light, this leads to some restriction on enhancing the
visibility further. More concentration should be focused on the object light property scattered by haze particles.
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