Optik - International Journal for Light and Electron Optics 208 (2020) 163535

Contents lists available at ScienceDirect

Optik

journal homepage: www.elsevier.com/locate/ijleo

Original research article

Accurate estimation of transmission maps for image restoration R
based on polarimetric parameters and average intensity |
a,b

Yongnan Lu™", Mingfei Xu”, Shugiang Jia®, Yunda Zheng™", Xiaofei Zhang™",

Wei Huang™*

@ State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun,
130033, China
® University of Chinese Academy of Sciences, Beijing, 100049, China

ARTICLE INFO ABSTRACT

Keywords: Haze limits visibility and degrades image contrast, and images lose color fidelity owing to the
Polarimetric imaging scattering and absorption of light caused by particles. Consequently, removing haze is critical for
Imaging through turbid media enhancing the image visibility and quality, with estimation of airlight and transmission map
Image enhancement being critical steps. We propose a simple and convenient improved scheme, which is polarization-

based method for dehazing. The method uses four polarization orientations (0°, 45°, 90°, 135°) to
measure the Stokes vector, and obtained the degree of polarization (DOP) of the airlight by angle
of polarization (AOP) in three channels. Subsequently, estimating the airlight at infinity by
average total intensity and re-constructing a matrix to estimate the transmission maps.
Experimental results demonstrate that a high-quality transmission map can be obtained, and this
improved method can restore outdoor scene haze images with high quality and contrast. In
addition, this method also proved to be useful for enhancing color saturation and restoring color
fidelity.

1. Introduction

Image quality is compromised by a turbid medium (e.g., particles, water drops, fog, rain, snow, and haze) which introduces
scattering and absorption; consequently, object irradiance detectors exhibit attenuated visibility and low contrast. Thus, it is im-
portant to obtain detailed information, increase the object visibility, and recover real color in such conditions. Dehazing methods fall
into two categories: those that utilize polarimetric images [1-9] and those that use computer vision techniques [5,10-18]. These two
types of dehazing methods always depend on the atmospheric scattering model, but dehaze images differently. Both approaches have
merits and drawbacks. Computer vision-based methods require strong prior knowledge and assumptions to enhance visibility based
on one image [18]. Polarimetric methods always utilize multiple images (e.g., 0°, 45°, 90°, and 135° orientations) to estimate at-
mospheric light at infinity and medium transmittance. On one hand, computer vision-based methods use only one image, while
polarimetric image methods require at least two images; thus, polarization-based methods cannot be used in real time. On the other
hand, computer vision-based methods depend on external knowledge about the scene’s structure or aerosols [17]; thus, it is very
important to accurately estimate these parameters. This approach cannot be used on high-brightness targets [8]. To acquire accurate
transmission maps, computer vision-based methods use the technique of matting, but recovered images contain halo artifacts in some
cases. Polarization-based methods always depend on the sky region to estimate airlight, but this approach fails when images contain
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no sky regions. To acquire high-quality dehazed images, these two types of methods incorporate complicated procedures that increase
the computation time.

In this paper, we propose a improving method to dehazing of images based on polarimetric information, which is based on the
Stokes vectors. The underlying principle of our algorithm is simple. First, we acquire four polarimetric images (0°, 45°, 90°, and 135°)
and use the Stokes vectors to calculate the polarimetric parameters: the angle of polarization (AOP, 8), based on formula of AOP
describing the degree of polarization (DOP, p). Then, we estimate the atmospheric light value at infinity (A.) based on the average
total intensity in RGB channel, and re-construct a matrix to estimate the global transmission map (¢(z)). Finally, haze-free images
have been obtained by atmospheric scattering model. Experimental results show that our method can more accurately estimate the
atmospheric light value at infinity and the medium transmittance, and the dehazed image has high contrast and visibility.

2. Related work and technique
2.1. Atmospheric scattering model

The atmospheric scattering model [19] as widely used to describe haze-related irradiance reflected from the scene and its de-
tection by image acquisition devices. The model can be expressed as

I=D+A (€8]

where I is the observed intensity; D is the direct light reflected from the detected object(s); A is the air light scattered from the haze
particles. Therefore, Iand D can be expressed as

D = LVt(2) )
A=A - t@) @

where L°Y is the scene radiance, without attenuation by the haze; A, is the air light from an object at infinity; ¢ is the medium
transmission describing the portion of the light that was not scattered and reaches the camera. We assume that the atmosphere is
homogeneous, and that ¢(z) can be expressed as

1) = e @)

Where § is the scattering coefficient of the atmosphere; Z is the scene depth. Our model assumes that the extinction coefficient is
distance-invariant. Therefore, the atmospheric scattering model can be expressed as

I=I%t(z) — Ae(l — t(2)) %)
Corresponding to Eq. (5), the final haze-free image L°” can be expressed as

I-A

o= -
1-A/A, (6)

From Eq. (6), air light from an object at an infinite distance A, and the medium transmission t(z) are the key parameters for
acquiring the final haze-free image. Based on the polarimetric information, the two key parameters were accurately estimated, as
described below.

2.2. Stokes vectors

Atmospheric particles and objects in the scene undergo partial polarization, and a common representation of the polarization state
is the Stokes vector representation [20,21] S = [Sy, S, S», S3]'Sy represents the total intensity of the remitted and collected light; S;
represents the difference between the horizontal and vertical linearly polarized components, and S, represents the difference between
the 45° and 135° linearly polarized components, respectively; S; represents the circularly polarized light component. The circularly
polarized component of polarized light is quite small; thus, it is neglected. We place a linear polarizer in front of a detector. After that,
we rotate the linear polarizer at four angles of 0°, 45°, 90°, and 135°, to capture four polarimetric images, whose intensities are
represented as I(0)I(45)I(90)I(135). Thus, the Stokes vector can be expressed as [21]

So 1(0) + I1(90)
S=|S|=] 1(0)—1(90)
S, 1(45) — 1(135) @

From Eq. (7), the (DOP, p) and (AOP, 0) are given by

A (Slc(x,y))2 + (Szc(x,y))2
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Here, we calculate p and 6 for each pixel.

2.3. Estimation of A and t(z)

Precise estimation of A, and ¢ (z) is the most important factor that determines the quality of the dehazed image. In our approach,
direct light is assumed to be non-polarized, because direct light can be depolarized owing to the presence of atmospheric particles [1].
Therefore, the polarization of a hazy image can be mainly expressed by air light. In previous studies, air light estimation depended on
the presence of sky regions in images, which poses a challenge for high-brightness object without sky regions.

In Eq. (9), AOP dependents the S; and S,, so it is disturbed mainly in polarized light. Therefore, AOP has its advantage, it can
provide much more precise information of the airlight compared with DOP, and we adopt the highest frequency as the AOP of airlight
in each color channel, which is defined as 6,,. Then, we estimate the p based on 6,,, from Egs. (8) and (9), p can be derived as:

Sf(x’y)«/(l + tan?(26,,))
Py peir,

cstrat) Sote 10

DOP of the airlight (o,) is determined from the matrix elements of p, and p, can be estimated as the lagest value among the maxtrix.
Therefore, A can be expressed as A = A,/p,, where A, is the irradiance of the polarized part of the airlight, and the DOP of the total
radiance as p = A,/S,. It is easily to derive A from Eq. (10) as

Sf(x’y) sec(26,,)

A
9 i) o (11)

In fact, e~#2 is approximately equal to zero, due to estimating the distance Z of the sky area is deemed as infinity, in this case, from
Eq. (3), we can find that A, is equal to A. In other words, A includeds in A accordance with A = A,/p,, and therefore A, can be
directly estimated from A by choosing the maximum value [22]. However, this scheme estimating A, is not precise, some pixels will
be black and add noise in dehazed image when A, equal to elements of matrix A. Accordingly, estimating the optimal A, is the most
important. The spatial variation of A, depends on the position of sun relative to viewing dircetion, due to strong forward scattering
and backscattering, A, will usually be larger when the Sun is in front or behind the camera [1]. According to Eq. (5), we can see that
with A, changes, the total intensity I changes accordingly. Because of the position of Sun and the size of scattering particles, the
scenes and sky region has different performance in raw image, it means that the quality of dehazed image realtive to the brightness of
raw image. Thus, we consider averaging the raw image pixels of each color channel, and re-estimating the optimal A,. They can be
expressed as

M N
T3XMxN Zj zzz @06, y) + Ig (e, y) + B (x, ) .

where « is average intensity of raw image, M X N is the size of image, I, (x, y), I;(x, ), I, (x, y)is Red channel, Green channel, Blue
channel, respectively. We note that the total intensity includesA, 6,, is the polarized direction of A, we can derived thatl = A/cos 6,,,
A, can be approximately estimated by using the following expression

|Ag| = acos 6, (13)

In generally, the different scenes of dehazed image have dark or white region, because of choosing the brightness pixel of sky
region as A.. This scenario based on the information of AOP of airlight and the average intensity which can reduce the error of
choosing one brightness pixel as A, or estimating A,, by maximum value of A. In Ref. [22], Liang et al. had caculated and con-
structed an imaginary matrix T:

- 2lo(xy)
1+ p,-cos 26, (14

where p, is DOP of the airlight, 6,, is the highest frequency of AOP of airlight, they checking the elements of T and find the one which
is closest to total intensity, this value had been regarded as the airlight radiance from the infinite distance A. This imaginary matrix
is only under the condition that distance Z is infinity. Based on this matrix, we re-constructed a image similar to the transmissiont (z).
The optimal ¢ (z) is related to precisely estimate the scattering coefficient 8 and the scene depth Z, which are difficult to estimate. In
our experiment, we find that the image of T has the high intensity in the sky region(approximately equal to infinity) and minimum
intensity of the scenes. This map is opposite to the t(z), according to matrix T, one can derive the expression of t(z):
A 1
t -
@er =7 (15)
Because of the large jumps along edges, an incorrect halo will appears. In this case, to estimate ¢ (z)by each pixel, one can reduce
or even eliminate halo. Besides, this scenario is more convenient and faster than filtering algorithms. Thus, the dehazing algorithm
consists of three main steps. Fig. 1 shows the flowchart of our dehazing algorithm: (1) Acquire polarimetric images with different
orientations; (2) Based on Stokes vectors to calculate the o and 6, then estimating the infinity airlight A, and the transmission map
t(z); (3) Combine the atmospheric scattering model to remove haze.
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Fig. 1. Flowchart of our dehazing algorithm.

3. Experiment result

In this study, we tested whether our scheme can enhance the visibility of scenes, correct the color shift, and retain detail-related
information effectively in the presence of haze. The experimental setup is shown in Fig. 2, the images was taken by a HD network
camera (image size is 1920 x 1080) equipped with a lens that we had designed (f: 2.4, focal length: 30 mm, field of view: 13°), we
placed a rotating disc mounted with linearly polarizing filters with four different polarization axes (0°, 45°, 90° and 135°) in front of
camera lens.

The first step of our experiment, we rotated the linear polarizer at four angles to capture four polarimetric images and obtained
three groups of typical images. Fig. 3 shows different scenes for different hazy weather conditions. Fig. 3(a) and (b) shows the sky
regions illuminated by sunlight, and the scenes (mirror) reflects the sunlight partially. This condition will erroneous estimate infinite
atmospheric light caused some pixels more brightness than sky region. Fig. 3(c) shows overcast weather and thick haze, this image
has lower contrast and color fidelity. Next, we used the MATLAB 2014a package, which runs on an Intel(R) Core(TM) 3.2-GHz CPU
with 8GB of RAM, and processing the polarimetric images.

The next step is to process images by the polarimetric information introduced in Section 2. The average total intensity is shown in
Table 1, and based on Eq. (15), the transmission maps ¢ (z) are shown in Fig. 4. In Fig. 4(a), the distance between the nearest building
and the camera is about 0.9 km, the distance between farthest building and camera is 1.8 km. In Fig. 4(b), the distance between the
nearest building and the camera is about 0.9 km, the distance between farthest building and camera is 1.5km. In Fig. 4(c) the
distance between the nearest building and the camera is about 0.75 km, the distance between farthest building and camera is 1.2 km.
From Eq. (4), we assume that the scattering coefficient is constant, therefore the transmission t(z) decreased with the distance
increased. In Fig. 4, scene at different distance (depth) of the transmission map ¢(z), as can be seen, the estimated ¢(z) have lighter
color in free-haze regions while having darker color in dense-haze regions as expected. Therefore, estimating the transmission
mapt (z) can be verified accuracy.

After estimating the transmission map ¢(z) and infinity airlight A, we verified that our method can unveil more details and
recover real color in different weather condition. The dehazing results are shown in Fig. 5. In Fig. 5, the original hazy images have
low contrast, and detailed information is difficult to resolve, but the recovered images have more detail-related information and
feature correct color fidelity. For Scene 1, we compared the original image (a) and the recovered image (b). The red region in image
(a) at the top of a tall building has a plaque, whose characteristics and the building outline are difficult to resolve. As for the red
region in the dehazed image (b), the plaque characteristic and the building outline are more easily resolved, especially when
comparing between (a-1), (a-2) and (b-1), (b-2) for the region outlined by the red rectangle. For Scene 2, the image in (c) loses color
fidelity and has degraded visibility owing to the haze; the recovered image in (d) reveals the inherent color and better visibility. In the

B HD network
camera

Fig. 2. Experimental setup.
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(@) (b) (c)

Fig. 3. Three typical polarimetric images, for different hazy weather conditions, without any additional processing.

Table 1
Three typical images of the average intensity value.
Image 1 Image 2 Image 3
a 1.2501 1.4693 1.0275
1.5635 2.1588 1.0520

" (b)

Fig. 4. Obtaining the transmission maps by our method.

Scene 1 (a) (b) Scene2 (©) (d)

Fig. 5. Original images of different scenes, dehazed images, and details; (a), (c), and (e) are the original hazy images; (b), (d), and (f) are the
dehazed images; the other images show the comparison of the original and dehazed images in detail.

red rectangle region in the images in (c) and (d) and enlarged images in (c-1) and (d-1) of this region, the recovered image not only
has a corrected color shift, but also reveals many details and structures. In Scene 3, the original image in (e) has low intensity, and the
scenes do not contain specific information and do not feature the true color. The recovered image in (f) shows that the color is
corrected and more details are recovered, in particular in the red rectangle region of the images in (e-1) and (f-1).

To further evaluate the effectiveness of the proposed method, we evaluated image quality in terms of the ratio between the
gradients at visible edges [23]. The edge number indicates the number of visible edges in the restored images; Fig. 6 shows that the
restored images have more edges than the original images; thus, our scheme can recover more details and enhances visibility. Then,
we compared the distributions of the RGB color components. In Fig. 7, the original image has lower RGB number than the recovered
image. Therefore, the recovered image has richer color palette than the hazy image, which confirms that our method can correct the
color shift. Depending on the objective, we conclude that our method can not only recover more details, but also restore the true
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Fig. 6. Comparison of the original and restored images in terms of their edge numbers.
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Fig. 7. Comparison of the distributions in the RGB color space; (a-1), (b-1), and (c-1) are the hazy images, (a-2), (b-2), and (c-2) are the restored
images.

color.

4. Conclusion

In this paper, we used polarimetric method to removal haze, this is a simple and convenient method. Based on polarimetric
information in each pixels of four orientation images to estimate the infinite atmospheric light value A, and re-construct a matrix to
precisely estimate transmission map ¢(z), subsequently through atmospheric scattering model to recover the image. Although this
method based on polarimetric parameters, it has the advantage of enhancing robustly such degraded images. Experimental results
show that this technique can enhance visibility, unveil more details, capture the sharp edge discontinuities and outline the profile of
the objects. Also, this technique can correct the color fidelity and recover the image faithfully. Because of the size of image is
1980 x 1080, finally we acquired a haze-free image that will cost about 4 s.

Moreover, our experiment scheme has two weakness, one is need four orientation polarimetric images, so acquiring simultaneous
haze-free image was limited by the camera, the other is we also need to keep the camera stable in order to avoid the pixel mislocation
of the different orientation polarimetric image. Therefore, in the future, we will use the camera with four polarimetric orientations to
simultaneously acquire images, which can be applied in removing haze that include the dynamic targets.
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