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Abstract

®

CrossMark

Images of outdoor scenes usually have low contrast and degraded visibility in snowy weather.
Snowflakes, deemed as particles in the atmosphere, cause light scattering and absorption,
blurring the images. Polarization-based scenarios are proven effective in restoring the images.
However, current methods either inaccurately estimate atmospheric airlight at infinity or have
low efficiency. To enhance the accuracy and efficiency for increasing visibility and correcting
the color shift, we propose a simple method based on polarimetric images. This method uses the
maximum value of the degree of polarization and angle of polarization by global analysis of the
Stokes vector to accurately estimate atmospheric airlight at infinity and the transmission map.
Experimental results confirm that this method can significantly improve the image quality
without complex model implementation or any other processing and has high computational
efficiency. Moreover, the comparison results demonstrate that this method can recover more

details and depth information.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The visible quality of an outdoor scene will be degraded
under different conditions, such as snow, rain, haze and
underwater [1-6], because of scattering and absorption of
light caused by suspended particles, leading to attenuation of
light irradiance received by the detector. In particular, under a
dynamic weather condition, the propagation light field con-
taining information about the scene is submerged into airlight,
and it is difficult to distinguish these two types of irradiance.
Furthermore, particles cause scattering of undesired light into
the optical path, which results in obvious degradation of the
image quality. For example, in the field of monitoring,
tracking feature points will fail if the details are blurred by
bad weather conditions. Meanwhile, extreme weather condi-
tions will significantly decrease the visibility of an outdoor
scene. It is difficult to capture the interesting target and extract
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a tiny feature under such conditions. Therefore, it is critical to
improve image quality, enhance visibility in a turbid medium,
and keep the color fidelity of scenes under such weather
conditions.

Much research has included image restoration under
extreme weather conditions to eliminate scattered light and
enhance the visibility of scenes. These techniques can be
classified into two categories, one is based on computer vision
and the other is based on the optical method. Computer vision
techniques include a filter (denoise) [7-11] and restructure a
physical model [12-16]. Although these techniques have
merit in reconstructing and recovering the degraded image,
they always require using stronger prior knowledge or pre-
sume parameters [17], which have a larger error that leads to
an unnatural restored image. Meanwhile, some schemes can
only be utilized under some suitable condition, when the
objects have higher brightness, even brighter than

© 2019 IOP Publishing Ltd  Printed in the UK
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atmospheric light, which results in inaccurate estimation of
atmospheric light at infinity. Therefore, the methods of
computer vision are applied in a suitable physical model, and
these types of methods need rigorous physical parameters.
The optical method is based on the infrared imaging method
[18-20]. Although this type of method can acquire better
images under the condition of bad weather, infrared devices
have low resolution and a high price, so they are difficult to
apply universally. Another way is the use of polarimetric
images to obtain information about scene structure and
atmospheric properties and reconstruct the image to enhance
visibility and correct the color shift [19]. However, the
polarimetric scheme mainly relies on the sky region to esti-
mate the atmospheric scattering model of airlight [17, 21].
This means that this scenario can only be used for images
with the sky region; therefore, a method without sky region
usage was proposed [22]. Later on, a method that jointly
considers polarization effects of both the sky region and
object radiance was proposed to restore images [23].
Currently, a method that does not depend on whether the
image includes the sky area was proposed [24]. However,
these methods are based on more complicated formulas and
need more computational cost to reconstruct the image.

Weather conditions are artificially classified into steady
(haze, fog, and mist) or dynamic (snow, rain, and hail) [1].
The image quality could be severely degraded by these kinds
of weather conditions. The haze-free methods to process the
images are mainly in meteorological conditions of thin haze.
These methods can be considered to process the snow-free
image. However, in snowy weather, due to the particle dia-
meter of snowflakes being larger than suspended particles
(haze/fog), the scattering and absorbance of scenes light
caused by snowflakes is stronger than suspended particles
(haze /fog). Moreover, as snowy days are always overcast, it
will lead the scenes to have low saturation. Therefore, it is
difficult to reconstruct the image using the haze-free method.

In this study, we aim at restoring images and increasing
the contrast in dynamic snow weather. Observing the scenes
in a long range under this weather condition, the snowflakes
can be approximately considered as suspended particles. The
backscattered light and signal attenuation caused by snow-
flakes are severely degraded by the image quality. Even the
noise pollution caused by dynamic snowflakes, which will
make some detailed information, might be submerged.
Therefore, working out how to accurately estimate the
transmission map and reduce the noise pollution are the key
steps to restore images.

The high quality of a snow-free image depends on the
accurate estimation of parameters. In this paper, we propose
an efficient physical scheme (polarimetric information),
which can accurately estimate the parameters (infinity airlight
and transmission map) of the atmospheric physical scattering
model. Then, the snow-free image has been inversed by the
atmospheric physical scattering model. This method does not
rely on the sky region and can be used for nonsky images,
even those not affected by a higher brightness scene. This
method implements a simple formula and has higher com-
putational efficiency. First, we take four polarimetric images

at different orientations to obtain the degree of polarization
(DOP) and the angle of polarization (AOP) by the Stokes
vector. Second, airlight at infinity is estimated by the max-
imum value of the DOP and AOP; then through the airlight at
infinity, the global transmission map is acquired. Finally,
based on the atmospheric scattering model, the image is
recovered. Experimental results show that this technique can
improve the image quality, reconstruct the original color, and
recognize more details, especially for enhancing visibility and
increasing contrast.

2. Principal

2.1. Atmospheric scattering model

In our scheme, the atmospheric scattering model is used to
restore the image under snowy weather conditions. The
physical model has been widely used in image processing
[1-3, 17], and the mathematical formula of the model can be
expressed as follows:

I(X,Y):L(X,Y)t(x,Y)‘i‘Aoc[l —f(x,)’)], (1)

where I (x, y) is the total intensity received by the device, and
is radiance of the scene without attenuate, which is the major
goal that we need to recover; L(x, y) is the transmission
function, the degraded image is in an exponential decay,
so t(x, y) can be expressed as 7(x, y) = exp (—0d), (3 is the
scattering coefficient of the atmosphere and it can be regarded
as a constant in the homogeneous atmosphere condition,
and is the radiance distance from scene to device. The
term L(x, y) - t(x, y) denotes the direct light, which describes
the object’s radiance and attenuation in the medium;
A [1 — t(x, y)] denotes the airlight [14].

From equation (1), the recovered image can be expressed
as:

I()C, y) — Aoo[l — [()C, y)]

Foe = (x, y)

2

From equation (2), we can find that the transmission map
t(x, y) and atmospheric airlight at infinity A, are the key
parameters to reconstruct the image. Therefore, we used the
scheme of the Stokes vector to estimate the optimal of these
two parameters as follows.

2.2. t(x,y) and A, estimation

Through the polarization state of the polarimetric image, we
estimated the transmission map #(x, y) and atmospheric air-
light at infinity A.,. The polarization state can be represented
by the Stokes vector [25]. Therefore, we place a linear
polarizer in front of the camera, and we define any starting
location as 0°. Then, we rotate the polarizer in sequence to
three orientations of 45°, 90°, and 135°, and thus different
intensities of the four images at different orientations are
acquired. The intensities of the polarimetric images at orien-
tations of 0°, 45° 90° and 135° can be represented as
Io(x, ), Li5(x, y), Ioo(x, y), and I35(x, y), respectively. The
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Stokes vector of incident light can be expressed as:

SO(-x9 y) IO(X’ y) + 190()6’ )’)
106 ) | = | fox, y) — Too(x, y) (3
SZ(-x’ )’) 145()6, y) - 1135)6, y)

where Sy(x, y) represents the total intensity of light; S;(x, y)
represents the amount of linear horizontal or vertical polar-
ization; S,(x, y) represents the amount of +45° or —45°
polarization; we neglect circular-polarized light because its
component is sufficiently small in the atmosphere. Based on
equation (3), we can obtain (DOP, p) and (AOP, 6); they can
be expressed as:

JEEn )2 + (S5 (x, )2

b -~ ’ 4

px, y) c€{R.G.B) Sg(x, y) @

9(x, y) = l arctanM &)
ce{R.G.B} 2 SP(x, y)

where ¢ € {R, G, B} represents RGB space per-patch. We
calculate the p and 6 in the RGB color channels per pixel.

In order to obtain a high-quality restored image, precise
estimation of the transmission map #(x, y) and atmospheric
airlight A, at infinity is very important. Generally, polar-
ization-based methods select the highest luminance value of
the sky region to estimate A, [18], and this scenario makes
color artificialness of the sky region. Therefore, the scheme
we proposed is not limited by the sky region and is not
affected by a higher brightness object. Our scheme adopts the
scenario of mathematical statistics to obtain the maximum
value of p and 6 by global analysis (first, we calculate AOP
and DOP in the RGB channel. The we calculate the average
of the RGB channel in each pixel, and acquire the maximum
AOP and DOP) to estimate A,,. In the next formulas, the
maximum values of p and ¢ can be expressed as p,, and 0,
respectively. From equation (1), the radiance distance d can
be approximately regarded as infinity; thus, the total intensity
1(x, y) is approximately equal to A... In fact, L(x, y) - t(x, y)
is finally depolarized, and A, is partially polarized airlight.
Based on reference [26], double 7 (0) is difficult to represent
the total intensity; this leads to underestimation of A, so we
impose the Stokes vector (I(0) and 7(90)) to represent the
total intensity, and A.. can be defined as:

So(x, y)°

Ao (x, e T L o np
. ) c€{R.G.B} 1 + p, cos 20,

(6)

In equation (6), So(x, y)° = 1(0) + 1(90) is the total
intensity in the RGB space channel. Subsequently, we esti-
mate the transmission map. The transmission map #(x, y) is
the medium transmission describing the portion of light,
which is received by the detector. The atmospheric airlight at
infinity A, is the value of airlight at a nonblurred horizon
[22]. Due to the polarization state of light reflected from
scenes being regarded as zero, then 6,, can be expressed as the
AOP of the airlight. Moreover the 0° and 90° polarized light
are orthogonal in coordinate system, and 6,, is in the range of
0° to 90° [27]. Therefore, we can assume that the atmospheric
airlight at infinity A includes part of the information about
the light, so based on the orthotropic coordinate, the

Step |
Acqure images of
polarization, DOP and
AOP |
ges a1

Step 2
Estimate A_ and #(x,y) .

—
|-

Figure 1. Flowchart of our method.

transmission map f(x, y) can be represented as the atmo-
spheric airlight at infinity in the 6,, direction. Then #(x, y) can
be expressed as:

t(x,y) = A (x,y) - €08 Oy 7

Because snowflakes affect the transmission map and
decrease the quality of the processed image, we consider that
snowflakes are a type of noise. Therefore, in order to obtain
smooth #(x, y) in a local area, it is necessary to filter and
denoise the transmission map ¢ (x, y). We adopt the method of
weighted average in the three color channels to avoid this
issue. In addition, the global analysis scenario can estimate
A, more conveniently and precisely. The atmospheric light at
infinity A, and the transmission map 7 (x, y) are based on the
approach of statistics; therefore, this method can provide a
simple formula and low computational cost.

2.3. Overview

We present a new approach, which is based on p,, and §,, to
estimate A, and 7(x, y). The flowchart of our method is
shown in figure 1. This method mainly includes three steps:
the first step aims at acquiring the image of the DOP and AOP
based on polarimetric images at four orientations. In the
second step, we used the scheme of the global analysis to
obtain the maximum values of p and 6 of the image of the
DOP and AOP, respectively. Then we used the p,, and 6, to
compute the airlight at infinity. Subsequently, we used the A,
to estimate the transmission map f(x, y). Because the noise
(snowflakes) of the transmission map f(x, y) affects the
quality of the restored image, we utilized the weighted
average in the three color channels to eliminate the noise. In
the final step, we acquired the recovered image based on the
atmospheric scattering model.

3. Experiments and result

In our experiments, we rotated the linear polarizer in front of
the device and acquired images. We need to keep the device
stabilized, otherwise the different-orientation images will
malposition, which will lead to ghost images and affect the
final quality of the restored images. As shown in figure 2,
there are three typical groups of images at four orientations
(0°, 45°,90°, and 135°). We acquired these images under the
atmospheric condition of snow in the afternoon (the pixel
number of each image is 1920 x 1080). The main scenes of
the images are buildings and plaques; these scenes can
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(©)

Figure 2. Three groups of snowy images with different scenes at 0°,
45°, 90°, and 135° orientations.

(b) (c)

Figure 3. Transmission map of three snow images.

significantly demonstrate whether our method enhances vis-
ibility and recovers the real colors.

Next, we process images by the method that we pro-
posed. Through the polarimetric images, we obtain the Stokes
vector and calculate the DOP and AOP by the Stokes vector.
Subsequently, we count the maximum values of p and 6 to
estimate A.,, then estimate the transmission map 7(x, y),

Figure 4. Three original images and their corresponding restored
images. (a-1), (b-1), and (c-1) are the original images, (a-2), (b-2),
and (c-2) are the restored images; below the original and restored
images are the magnified images of details in the red rectangle region
of the original and restored images.

which is shown in figure 3. From figure 3, we can find that the
transmission map #(x, y) can divide the scene and the sky
region obviously and make the outline of the scenes easily
distinguishable. We adopt the method of the weighted aver-
age, which can eliminate the noise and avoid the detailed
information from being submerged into the noise, which is
caused by snowflakes. Therefore, the quality of the processed
images depends on the precise estimation of the transmis-
sion map.

Based on the transmission map #(x, y) and the atmo-
spheric scattering model, we restored the blurred images.
Figure 4 shows the contrast of the original images with the
restored images in detail. From figures 4(a)—(c), we observe
that the original image quality is affected by snowy weather,
so they lost their color fidelity and the outline of the buildings
is difficult to recognize. Meanwhile, we can find that our
method can significantly improve visibility and correct the
color shift. In figures 4(a-2), (b-2), and (c-2), the buildings
recover sharp edges and the real color, the color of the plaque is
restored naturally, and the characters of the plaque can be
recognized easily. We compared the red rectangle region in
figure 4(a-1) and (a-2); images of (a-1.1), (a-1.2), (a-2.1), and
(a-2.2) are the magnified images of this region. In figure 4(a-1.1)
and (a-2.1), the red rectangular region shows that the recovered
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Figure 5. The performance of different methods with enlarged
details.

image includes more detailed information. In figures 4(b-1.2)
and (b-2.2), it is difficult to distinguish the outline of the win-
dows in the original image, but the restored image captures the
sharp edge discontinuities and outlines the profile of the build-
ings. Especially in the red rectangular region of figures 4(b-1.1)
and (b-2.1), we can see that the recovered image has a red flag,
which is difficult to observe in the original image. We compared
figures 4(c-1.1) with figure 4(c-2.1) in the red rectangular region.
This method can significantly reconstruct the characteristics of
the plaque, which means that this method can enhance visibility.
Besides, in figures 4(c-1.2) and (c-2.2), the reconstructed image
has much better performance than the original image; particu-
larly, the windows’ profile of further buildings can be more
easily distinguished in figure 4(c-1.2) than in figure 4(c-2.2).
Next, we compared the typical methods of Tarel [28], He
[15] and Liang [26] with our method. The methods of Tarel
and He are typical computer vision methods, and Liang’s
method is based on the polarimetric method. We keep the
intrinsic parameters of the source code. The removal results
and the enlarged details’ performance are demonstrated in
figure 5. In figure 5, the results of Tarel and He have been
overcorrected, moreover, their results introduce unpleasing
artifacts in the sky region. The results of Liang perform better
than Tarel and He, but in figure 5(L-3), the color results in an

unnatural transition in the sky and object regions. We enlarge
the details of the red rectangular regions and compare with the
abovementioned methods. The results of Tarel’s method has
an unnatural color in the plaque and sky regions (e.g. T-1.1,
T-3.1, T-3.2), even the recovered images have a reduced
resolution (e.g. T-2.1, T-2.2, T-3.1, T-3.2), which cannot
preserve more detail. Moreover, the methods of Tarel and
Liang produce results with a halo in the sharp edges (e.g. in
T-1.1, T-3.1, L-3.1, L-3.2), meanwhile, the recovered images
with server noise include outlines of the windows that are dif-
ficult to distinguish. The color of Liang’s result has low satur-
ation, it is hard to distinguish the red flag in figure 5(L-2.2), but
in figure 5(0-2.2), the red flag is more easily detected by our
method.

Comparing the methods shows that Tarel’s method can
unveil and remove the blur slightly, but the recovered images
have faded color. Tarel’s method is based on a median filter,
which cannot accurately estimate the transmission map.
Moreover, there is a halo in the discontinuous areas, espe-
cially in the adjacent area between the sky and objects. The
results of He’s method show better performance than Tarel’s
method, but the color of the recovered images has been
overcorrected. He’s method depends on the validity of the
prior dark channel, one may fail when the object is brighter
than atmospheric light. Liang’s method is based on polari-
metric information to estimate the airlight. We observed that
the recovered images with severe noise will degrade the
image quality. In our experience, we find that estimating the
polarized part of airlight will be invalid when the AOP of
airlight is 0° or 90°. Moreover, estimating the matrix of DOP
will be invalid, when the most frequently appearing value of
AOP is 45°. In contrast, our method not only corrects color
fidelity and recovers details, but also enhances visibility.
Moreover, our method is more suitable to human visual
characteristics by contrast results.

In order to evaluate our method in an objective manner,
we used the noreference image quality to assess the quality of
our method, which is the nature image quality evaluator
(NIQE) [29] and the ratio between the gradient of the visible
edges between the image before and after contrast restoration
[30]. The NIQE assesses the normal luminance coefficients of
a nature image. The normal luminance coefficients follow the
Gaussian distribution, but the hazy image is always against
this distribution. In reference [30], the method of assessing
the image quality is based on e, r and o, which represent the
ratio of the newly visible edge, the normalized gradient mean
value of the visible edge, and the percentage of the saturated
black or white pixel point, respectively. Higher values of e
and r, or a low value of ¢ indicate higher image quality. The
mean score of each method for three different scenes is listed
in table 1.

From table 1, we can see that our method has the highest
performance in terms of the NIQE, o and r, so it can be
demonstrated that our method has the advantage of enhancing
visibility and restoring images. In addition, figure 6 shows the
distribution of the RGB color components in each pixel of the
restored images. The comparison results illustrate that these
methods can enhance the color range of the blurred image. In
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Figure 6. Distributions of the RGB color components. The green
dots represent Tarel’s method, the blue dots represent He’s method,
the yellow dots represent Liang’s method and the red dots represent
our method.

Table 1. Quantitative comparison of these methods for various
performance indices.

NIQE e o r
Tarel 7.0356  5.5983 0.0246%  3.7736
He 6.1179 15229  0.0172%  2.1468
Liang 7.4476  6.9899 0.0067%  3.0774
Our 84340 85753 0.0019% 4.0668

scene-1 and scene-2, our method has the largest range of
colors than the other methods. In scene-2 and scene-3, we can
observed that He’s results have a larger range than our
method in the R-channel, but He’s results have a lower RGB
range, and the distribution of RGB is nonuniform distribution;
this demonstrates that the color of the recovered image is
incorrect (the recovered image with over-saturated colors). In
scene-3, our method and Liang’s method have a similar
performance in the RGB component, but in scene-1 and
scene-2, our results are better than Liang’s. From the results
of the RGB component, the RGB component of the recovered
image is uniformly distributed by our method. Moreover, our

Table 2. Time consumption of different methods.

Image resolution Tarel’s He’s Liang Our

1920 x 1080(Scene-1) 353.486s 7.514s 7.976s 3.083s
1920 x 1080(Scene-2) 368.560s 7.539s 8.073s 3.582s
1920 x 1080(Scene-3) 362.424s 7.449s 8.069s 3.815s

method can correct the color shift and increase the visibility
moderately.

In addition, our method was compared with Tarel’s
method, He’s method and Liang’s method in terms of the
computational cost, as can be seen in table 2. The image
resolution of the three typical scenes is 1920 x 1080, and we
used the Matlab 2016b package, which runs on an Intel(R)
Core(TM) 4.00-GHz CPU with 8§ GB of RAM to compute
processing times. Our method has a lower computational cost
than the other three methods. Therefore, our method has
higher efficiency. If we adopt an aperture-division polari-
metric camera to acquire images (this device can acquire
images at four orientations simultaneously and has lower
resolution), the computational cost should be decreased sig-
nificantly and our method can be used to process real-time
images.

4. Conclusion

In this paper, we proposed a polarization-based method to
restore images in snowy weather. Because the characteristics
of snow are dynamic, it is difficult to estimate morphological
features and establish the corresponding physical model. In
our method, snowflakes are considered as noise, and the
transmission map is reconstructed to restore the image. Thus,
with our method, it is possible to handle this issue under real
environmental conditions of snowy weather. Experimental
results in this study allow us to assess the advantages of using
the polarization-based method to enhance visibility and cor-
rect the color shift. It can be concluded that our method has a
simple formula to reconstruct blurred images, and the results
demonstrate a significant improvement in the contrast and
restore detailed information. Moreover, our method can avoid
unfaithful estimation of the transmission map caused by
susceptible bright objects or strong light sources. Moreover,
the results have shown that the sky region of the restored
image has no significant depolarized halo through snowy
weather over a kilometer, and this method is independent of
prior knowledge at a kilometric distance. Therefore, our
method has advantages of enhancing visibility of such
degraded images. Furthermore, our method has a low com-
putational cost for high-resolution images.

In summary, we presented a simple polarization-based
scheme to estimate the transmission map more accurately.
Compared to the previously proposed methods, our method
can obtain a high-quality image in snowy weather at a long
range. Moreover, as our method is polarization-based, which
is required to acquire images at four orientations, the camera



Phys. Scr. 94 (2019) 045501

Y Lu etal

platform should be stabilized, which prevents the images from
mismatch happening. In order to avoid ghost imaging and
capture real-time unveiled images, we will use an aperture-
division polarimetric camera in the future.
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