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HAZE REMOVAL ALGORITHM USING IMPROVED RESTORATION

MODEL BASED ON DARK CHANNEL PRIOR

ABSTRACT

In recent years, with the rapid development of social economy and the continuous
improvement of people’s living standard, the awareness of security precaution is
becoming increasingly important. As an important tool for security work, video
monitoring is widely used in traffic, outdoors, shopping malls and warehouses.
However, in severe weather conditions, rain and haze have a large influence on the
images obtained by video monitoring like the image contrast declines, color fades and
edge blur. In this way, it is difficult to obtain the image contrast information, and it has
a bad impact on the security work. So the clarity of images becomes very meaningful,
and researchers start to pay attention to the field of image dehazing. Among many
studies, the dark channel prior (DCP) dehazing algorithm is a major breakthrough in
the field of image dehazing technology, and this algorithm has the advantages of
simple, real-time and effective, while the limitation is that its shortcomings are mainly
on the atmospheric scatting physical model over-reliance, and cannot be chosen to
match the size of the filter temple, the lack of applicability of the sky and the image
after the dark side. Based on the atmospheric physical model, this research proposed a
haze removal algorithm using improved restoration model based on dark channel prior,
which has good robustness to the bright sky regions, and also has a good effect on the
edges. Firstly, the haze images were detected as having sky regions or having no sky

il



regions. Secondly, haze images that have sky regions were segmented into sky region
and non-sky region. Then, the haze images that have sky regions and have no sky
regions were dehazed respectively. Finally, the haze-free images were obtained. For the
haze-free images obtained in this research, the subjective and objective evaluation
criteria are adopted. Subjective evaluation is mainly in accordance with human visual
standards, and the common objective evaluation criteria using “Image Quality
Evaluator (NIQE)” and also compare the proposed result with other traditional
methods.

Keywords: Image dehazing; dark channel prior; restoration model; Image Quality

Assessment.



ABSTRAK

Dalam tahun-tahun kebelakangan ini, dengan perkembangan pesat ekonomi sosial
dan penambahbaikan berterusan standard hidup rakyat, kesedaran mengenai langkah
berjaga-jaga keselamatan menjadi semakin penting. Sebagai alat penting untuk kerja
keselamatan, pemantauan video digunakan secara meluas dalam trafik, di luar, pusat
perbelanjaan dan gudang. Walau bagaimanapun, dalam keadaan cuaca yang teruk,
hujan dan jerebu mempunyai pengaruh besar pada imej-imej yang diperolehi oleh
pemantauan video seperti penurunan kontras imej, pewarna warna dan kelebihan blur.
Dengan cara ini, sukar untuk mendapatkan maklumat kontras imej, dan ia mempunyai
kesan buruk terhadap kerja keselamatan. Oleh itu kejelasan imej menjadi sangat
bermakna, dan para penyelidik mula memberi perhatian kepada bidang imej yang
dehazing. Antara banyak kajian, algoritma dehazing kanal sebelumnya (DCP)
merupakan terobosan besar dalam bidang teknologi hehaing imej, dan algoritma ini
mempunyai kelebihan yang mudah, tepat masa dan berkesan, sementara batasannya
adalah bahawa kekurangannya adalah terutamanya pada model atmosfera mengesan
model fizikal yang berlebihan, dan tidak boleh dipilih untuk dipadankan dengan saiz
kuil penapis, kekurangan kebolehgunaan langit dan imej selepas sisi gelap.
Berdasarkan model fizikal atmosfera, penyelidikan ini mencadangkan algoritma
penyingkiran jerebu menggunakan model pemulihan yang lebih baik berdasarkan
saluran gelap sebelumnya, yang mempunyai keteguhan yang baik terhadap kawasan

langit yang terang, dan juga mempunyai kesan yang baik pada tepi. Pertama, imej



jerebu dikesan sebagai kawasan langit atau tidak mempunyai kawasan langit. Kedua,
imej jerebu yang mempunyai wilayah langit dibahagikan kepada rantau langit dan
rantau bukan langit. Kemudian, imej jerebu yang mempunyai kawasan langit dan tidak
mempunyai kawasan langit masing-masing. Akhirnya, imej bebas jerebu diperolehi.
Untuk imej bebas jerebu yang diperolehi dalam kajian ini, kriteria penilaian subjektif
dan objektif diterima pakai. Penilaian subjektif adalah selaras dengan piawai visual
manusia, dan kriteria penilaian objektif bersama menggunakan "Penguji Kualiti Ime;j
(NIQE)" dan juga membandingkan hasil yang dicadangkan dengan kaedah tradisional
lain.

Kata kunci: Imej dehazing; saluran gelap sebelum; model pemulihan; Penilaian

Kualiti Ime;.
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CHAPTER 1

INTRODUCTION

1.1  Research Inspiration and Background

Nowadays, video monitoring is increasingly applied to various occasions, such as
traffic violation to screening, valuables custody, special areas of monitoring, etc.
Normally, video acquisition module can provide clearer video of monitoring, so as to
realize monitoring of designated areas. But in the rainy, hazy and other bad weather
conditions, it will be difficult for the camera to capture high quality videos. Thus, it
can reduce the adaptability of the monitoring system and increase its security risks
(Wang Y.C., 2011). Among all the bad weather, the frequency of haze is very high, and
it can be seen that haze phenomenon has a great influence of human beings. At the
same time, the haze has great interference with computer imaging. In the monitoring
system and traffic network, whether video systems can work normally or not depends
on the correctness and completeness of input image information (Dong C.P., 2017).

The loss of a lot of information in the original haze image will adversely affect
many aspects of daily production and life. It is necessary to studying haze removal
technology in order to highlight the image features that are more conducive to
computer processing. The main goal is to restore the color and contrast that should
normally be displayed in the original image, and try to restore a sharper image (Mao
T.Y., 2017).

The effect of haze on light is relatively large, mainly reflected in the absorption,

scattering and radiation effects of light. The effect of haze on the wavelength and



scattering of visible light is relatively large, which will reduce the sharpness of the
image. The scattering of light divided into two models. One is single scattering model,
and the other one is multiple scattering model. In the case of haze, the spacing of small
particles suspending in the air is much larger than the small particles themselves, so in
this case the scattering of the spacing of small particles can be ignored, and this can be
viewed as a scattering model. For the image formation, the brightness of light increases
with distance, and the closer the distance is, the smaller the brightness will be. On the
contrary, the further away the distance is, the greater the attenuation of light. That is
why in the haze weather, people can see the near-distance scenery, but cannot see the
distant scenery.

There are two important methods for haze removal in image processing
contemporarity. One is haze image enhancement based on image processing, and the
other one is haze image restoration based on physical models.

The method of haze image enhancement based on image processing mainly
improves the visual effect of images by improving the contrast of haze images and
highlight image details, so as to achieve the goal of image dehazing. It is important to
note that this method does not take into account the images’ quality, and using this
method to dehaze may cause a certain loss of the image highlights information, but this
method is widely used. The researchers combined traditional techniques with a deeper
level of enhancing image contrast technology to form a more common technique used
image enhancement method, including histogram homogenization, wavelet analysis,

Retinex algorithm, etc.



The method of haze image restoration needs to study the physical process of the
degradation of haze image quality that based on the physical models in firstly. The
physical degradation model is established through research, and then the parameters in
the model are estimated to reduce the distortion in the process of degradation, and
finally the high quality image without haze after recovery is obtained. At the key point
of this method, the degradation model is established and parameters in the model are
estimated accurately. The image restoration technology based on physical model is
mainly divided into multiple image restoration technology and single image restoration
technology. Multiple image restoration technology is based on multiple images
extracted from different weather conditions in the same scene, but time limit
requirement is relatively strict. Oakley and Satherley (1988) proposed the theory of
modified daylighting map for image restoration at the earliest. Then on the basis,
Narasimhan and Nayar (2003) purposed the theory of multiple image restoration.
However, the calculation of this method is very large, and it will have an obvious effect
on the same scene. So the researchers proposed a single image restoration technology
designed (Wang Y.C., 2011). There are many researches in haze removal based on
single image restoration. For example, Tan R. (2008) used MRF model to construct the
cost function of edge strength and used graph cut method to estimate the best
illumination. Fattal R. (2008) proposed a method that used independent component
analysis to estimate scene irradiance.

There are many researches in haze removal of single image model based on prior

information (Mao T.Y., 2017). At present, most of the studies focus on the dehazing



method based on dark channel prior that He Kaiming proposed in 2009. In the non-sky
region of haze-free images in outdoor, some pixel values are very low on a color
channel in three R.G.B channels. The transmittance is roughly estimated using the
local minimum filtering algorithm, then image soft matting is used to refine the
transmittance and got the corresponding transmission rate distribution map. For bright
sky regions where the dark channel prior rule fails, some solutions are to operate as a
whole, without differentiating between sky and non-sky regions. The focus of this
research is to distinguish between sky and non-sky regions in haze images and use an
improved restoration model based on dark channel prior for haze removal in single

images, so as to realize the image dehazing function quickly and effectively.

1.2  Problem Statement

Dehazing processing is one of the hot research fields in image processing (Liu,
2016). Based on the current literature information on dehazing processing, image
restoration technology is one of the most widely used algorithms. It uses some model
algorithms to obtain a clear image without haze. This technology is highly targeted, so
the image effect after dehazing is very significant, and the estimation of parameters in
the model is the key to this method (Lin, 2017). Among many image restoration
technologies, the algorithm of image dehazing based on dark channel prior (He, 2011)
is the most representative one. This algorithm has been recognized by many

researchers, and it has obtained a good effect on dehazing. On the basis of dark channel



prior theory, researchers have proposed many new algorithms. According to the
literatures in recent years, high-order Makov Random Fiends (Leng & Li, 2017),
improved media filtering algorithm instead of soft matting (Fan, 2016), and energy
function (Shi, et al, 2017) are used, which are all based on dark channel prior. But they
all have some disadvantages, such as blurred edge image details during processing, and
poor dehaizng effect on bright regions. Therefore, this research proposed a dehazing
method based on dark channel prior, which aims to solve the following image dehazing
limitations:

i.  The blurred edge image details during processing (Figure 1).

(a) (b)
Figure 1.1: The blurred edge limitation: (a) Input image, (b) Output image of

DCP



ii.  The distortion effect in sky region and large bright region (Figure 2).

-

(a) (b)
Figure 1.2: The sky region limitation: (a) Input image, (b) Output image of

DCP

1.3  Research Questions

Several research questions have been formulated to fill in as a rule to direct this
research and to accomplish the research goals at different phases:
1. How does image restoration technology work in image dehazing?
il How to create a robust algorithm to remove the haze of image also has a good
effect on the edges?

1il. How to evaluate the result obtained by this proposed algorithm?

1.4 Aim and Objectives of the Research

Every research has its own goal and achievement. This research aims to develop a
haze removal algorithm using improved restoration model based on dark channel prior.
And this research is conducted based on the following objectives:

1. To analyse the dehazing algorithm based on image restoration.

il. To propose an improved image dehazing algorithm based on dark channel prior,



iii.

il.

1.

which has a good effect on sky, brightness regions and edges.
To evaluate the proposed algorithm by using both the subjective and objective
evaluation, where NIQE is used in objective evaluation, and subjective evaluation

is mainly based on human judgment of the sharpness of the image after dehazing.

1.5  Scope of Work

In order to conduct this research in a well-structured manner, the experimental work
is divided into several stages:

Research study: The limitations and drawbacks of haze removal technologies
based on dark channel prior are identified from the result of the literature review.
Data is collected from many related publications including journals and
conference papers. After studying, a conclusion is reached that which areas require
changes as far as the distortion in sky and brightness region and the blur edges
during processing.
Methodology: In this stage, the research comprises of the plan and
implementation of haze removal method using improved restoration model based
on dark channel prior.
Dataset: The digital image database for this research was selected from two parts.
One is from the Internet that the haze images are widely used in the field of haze
removal. The other one is from the haze images that are captured by monitoring

systems.



Conduction experiments: In terms of robustness and treatment efficiency, the
performance of the proposed method is evaluated and compared with other
traditional methods. Quantitative and qualitative results are achieved based on the

dataset.

1.6  Research Contributions

The images collected in the haze are due to the scattering of atmospheric particles,
and can result in the image color saturation and contrast reduction As a result, the
objects are difficult to recognize. This not only affects the visual effect, but also
reduces the visual ability of the image. What’s worse, it affects the later processing of
the image. Therefore, it is necessary to use the image dehazing technology to process
haze images to obtain the images with high resolution and contrast. The image
dehazing technology based on image restoration has been paid close attention to by
many scholars.

With the development of single image dehazing algorithm, especially since dark
channel prior knowledge has been put forward, single image technology has become
more and more mature, processing efficiency has become higher and higher, and the
quality of dehazing image has become better and better. However, when focusing on
the algorithm, several problems were also found, such as the loss of details in the
dehazing images, the poor effects of dehazing on the bright areas, poor edge protection,

color distortion, etc.



This research makes some changes under the support of these theoretical knowledge,
and aims to propose an improved algorithm for haze removal using improved
restoration model based on dark channel prior. The proposed algorithm will effectively
solve the problem of failure that contains large areas of sky or white objects in haze
images that use dark channel prior dehazing algorithm, thereby enlarging the
application scope of the dark channel. In addition, the proposed algorithm will have
good edge retention characteristics. The resulting image will have higher resolution
and visibility and also have better values in “NIQE” than other traditional haze

removal methods.

1.7  Thesis Outline

There are five chapters in this research. All chapters are structured according to the
proposed algorithm. Each chapter is structured as follows:

Firstly, Chapter 2 mainly introduces some classical haze removal algorithms and the
haze removal algorithm based on dark channel prior. In this chapter, the relevant
classification and atmospheric scattering model in the field of haze removal algorithm
are briefly introduced. Similarly, the haze removal algorithm using sky segmentation
based on dark channel prior is also described in this chapter.

Secondly, in Chapter 3, the details of the proposed approach are covered. The
proposed approach consists of sky region detection and segmentation, two different

haze removal algorithms for the haze images that have sky region and have no sky



region, and color balance.

Then, Chapter 4 begins with the result arrangement of the proposed haze removal
method. Moreover, Chapter 4 decorates the result of the proposed method against the
analyzed problems and assesses them compared with other traditional haze removal
methods.

Finally, in Chapter 5, the outline of the proposed haze removal method is given. In
addition, a concise summary of the contents is given and some suggestions are

proposed.
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CHAPTER 2

LITERATURE REVIEW

2.1  Background

In the previous chapter, the importance and motivation of haze removal has been
presented. This chapter proceeds with brief explanation of haze removal based on
image enhancement and image restoration, atmospheric physical model, haze removal
method in image restoration based on dark channel prior, and a current research in sky
segmentation haze removal techniques.

This chapter is organized as follows. Section 2.2 explains the techniques in image
enhancement. Section 2.3 explains the techniques in image restoration and describes
image restoration technology in multiple image and single image. Section 2.4 explains
the atmospheric physical model. Section 2.5 introduces and analyzes the haze removal
technology based on dark channel prior. Section 2.6 describes a haze removal method

based on sky segmentation.

2.2  Haze Removal Method Based on Image Enhancement

At present, there are two effective methods in the field of haze removal. One is
based on image enhancement, and the other one is image restoration based on physical
model. The image enhancement method is mainly used to achieve the purpose of haze
removal by improving the image contrast and details. But this approach blindly
changes the information of the haze image, and it also destroys the original information

11



of the haze image when it has the effect of removing the haze. Among the algorithm
which utilize image enhancement for haze removal, the ones which are widely applied
and representative are the histogram homogenization algorithm (Shang H L, et al,
2015), the homomorphic filtering algorithm (Seow M J, & Asari U K, 2006), the
Retinex algorithm (Tang L, et al, 2011) and the wavelet transform algorithm (Russo F,

2002), etc.

2.3  Haze Removal Method Based on Image Restoration

The image restoration method based on physical model firstly analyzes the process
of image degradation according to the cause of image quality degradation in haze
weather. Secondly this process is restored through physical modeling. Then the
parameters needed in the physical model are obtained in the haze image and the
missing parameter values are estimated. Finally, the haze-free image is restored (Xu Z.
X., 2014). The kind of method is more targeted, and the obtained haze removal effect
is more natural and the information loss is less. However, the most important step in
this kind of method is the estimation of each parameter in the model.

The method based on image restoration is a popular haze removal algorithm. From
the image classification, it is mainly classified into multiple image restoration
technology and single restoration technology.

Multiple image restoration technology is based on multiple images extracted from

different weather conditions in the same scene, but time limit requirement is relatively
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strict. The theory of modified daylighting map was proposed by Oakley & Satherley
(1988) for image restoration at the earliest. Then on that basis, Narasimhan et al. (2003)
purposed the theory of multiple image restoration. However, the calculation of this
method is very large, and it will have an obvious effect in the same scene.

So the researchers propose a single image restoration technology designed to reduce
computation time and to avoid environmental restrictions on image restoration. Based
on the prior information, haze image restoration method is mainly aimed at the single
image with haze, according to the change of the concentration of haze, to achieve the
purpose of complete haze removal. Tan R. (2008) proposed an algorithm for haze
removal using prior information. That is, the haze-free image is higher in contrast to
the haze image, and at the same time, the influence of ambient light tends to be
smoothed as the depth of the scene decreases. Therefore, under the condition of
incomplete restoration of the original reflectivity of the scene, the local information
contrast can be maximized by using prior information, and the clear haze-free image
can be finally obtained. The success of this method is that the gray haze image and the
color haze image can be processed.

Fattal R. (2008) used “the propagation of light is not related to the part of the
surface of the target surface” as prior information, and estimated the radiation level of
the scene at the beginning, and then the propagation image was derived. It is a haze
removal algorithm based on image restoration and statistical law of mathematics, and it
uses a traditional method in image dehazing. In this method, source singles are

separated from multiple singles. The signal has N variables (y;, ¥, ,..., ¥,). The
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observed variables (x = (x4, x5, ..., X)) are obtained after linear combination,

Xi = ai1Y1 + a;2y» + et ainyn(i = 1)2) ,Tl)

2.1)

Let’s set y = (V1,¥2, -, ¥n)"» A = [a;;], it is equal to x = Ay. And sets hybrid

matrix W, y = Wx, x = As. Since s and A are unknown, the value of W is evaluated

by the independent component analysis method.

Fattal’s algorithm is based on the fact that the propagation of light and the

reflectivity of the target surface are independent of each other,

I=UR+A(1 -1

where, R is the reflection factor of target object surface, / is the reflected light.

R (%))
IIR"[]-11A]1

l'=|IR"||
Iy =tl'n+ (1-0)llAll
where, I, is the projection in the direction of 4 and R'.

The transmittance t can be derived from formula 2.4 and 2.5,

_ (IA—UIR')

t=1-=a

The haze-free image is obtained according to 7 and the transmittance z.

2.4  Atmospheric Physical Model

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

The scattering phenomenon occurs when light travels through the medium, and the

accurate physical model to describe the scattering phenomenon is very complicated

and difficult to obtain. McCartney proposed the widely used atmospheric scattering
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model, whose basic idea is that the atmospheric model in haze weather mainly consists
of two parts, namely attenuation model and ambient light model (McCartney E. J.,
1975).

In the case of haze weather, the radiation energy transferred from the scene to the
imaging equipment is generated by the combined action of the rest part and the
ambient light part after the radiation energy of the scene scattered and attenuated by
the particles in the atmosphere. This phenomenon is shown in Figure 2.1. As can be
seen from the figure, the light captured by the imaging equipment during haze is
mainly divided into two parts. One is the remainder of the reflected light by the
atmosphere (solid line section), and the other one is the remainder of the scattering

attenuation of the ambient light by the atmosphere (dotted line).

Figure 2.1: Imaging model of haze image
By analyzing the haze weather imaging model and carrying out the mathematical
modeling, the accurate mathematical description of the haze weather imaging model
can be obtained.
The attenuation model is used to describe the process of the reflected light of scene
objects entering the imaging equipment directly through atmospheric medium, which

indicates that the reflected light intensity of scene objects entering the imaging
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equipment will decrease with the increase of propagation distance (Narasimhan S G &
Nayar S K, 2002). If the incident light is assumed to be parallel, then the intensity of
reflected light can be obtained according to the attenuation as follows:
E(d,2) = E,(1)e FWMa (2.7)
where, A is the wavelength of light, § is atmospheric scattering coefficient or
attenuation coefficient. d is the distance between the scene and imaging equipment. E|,
is the reflected light intensity at a distance (d) of 0. E is the reflected light intensity that
enters the imaging equipment. As the distance increases, the scattering effect of small
water droplets and suspended particulate matter on reflected light will increase greatly,
and this makes the intensity of light entering the imaging equipment decrease
significantly.

It can be seen from the haze weather imaging model that the light enters the
imaging equipment includes not only the reflected light of the scene but also the
ambient light. The ambient light model is used to describe the process of the ambient
light entering the imaging equipment in the imaging environment (Narasimhan S G &
Nayar S K, 2002). The formula of ambient light intensity obtained according to the
ambient light mode is as follows:

L(d, 1) = L, (1) (1 — e BN (2.8)

where, A is the wavelength of light, f is atmospheric scattering coefficient or
attenuation coefficient. d is the distance between the scene and imaging equipment. L
is the ambient light intensity that entered the imaging equipment. L, is the ambient

light intensity that is infinitely distant from the imaging equipment. As the distance (d)
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increases, e PM4 (decreases, and L(d, 1) increases. That is, as the distance increases,

the intensity of ambient light entering the imaging equipment increases.

When light propagates in the medium, it will attenuate under the influence of

particles suspending in the medium. Different wavelengths of light are affected to

different degrees by particles in the medium, and this degree is determined by the

attenuation coefficient (f). The attenuation coefficient is related to the transverse

geometrical linearity of the scattered particles in the medium and the wavelength of

incident light. Mie Scattering Law describes this relationship (Narasimhan S G. &

Nayar S K., 2002).

Table 2.1 shows the relationship between particle type, radius and spatial

concentration under different weather conditions.

Table 2.1: The Scattering Particle Size and Spatial Distribution Concentration

in Different Weather Conditions

Weather Particle Type Particle Spatial
Situation Radius(pm) Concentration(

cm™3)

Sunny Day Molecule 1074 101°

Mist Suspended Particle 1072~1 103~10

Haze Weather Water Droplet 1~10 100~10

Cloud Water Droplet 1~10 300~10

Rain Water Drop 10%2~10* 1072~107°

The scattering under haze conditions is the large particle

scattering, which is the
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ultimate state of Mie Scattering. In this case, the attenuation coefficient (f) is
independent of the wavelength (1).
To sum up, a simplified atmospheric scattering model of haze image can be
obtained as follows.
1(d) = E(d) + L(d) = Eye P4 + L,(1 — e F%) (2.9)
where, [ is the atmospheric scattering coefficient. d is the distance between
imaging equipment and scene. E, is the intensity of reflected light without
atmospheric attenuation. L., is the ambient light intensity at an infinite distance from
the imaging equipment.
Currently, in the field of computer vision, the formula of Koschmieder is commonly
used to describe haze weather imaging model (Narasimhan S G & Nayar S K, 2000),
I1(x) =]J()t(x) + A(1 — t(x)) (2.10)
where, /(x) is the haze image. J(x) is the haze-free image. 4 is the atmospheric light.
t(x) is the transmittance of medium (t(x) = e7F4™)  Jx)t(x) is the damping item.
A(l-t(x)) is the atmospheric scattering light. [ is the atmospheric scattering
coefficient. d(x) is the depth of scene. Combined with the atmospheric scattering model,
some mainstream haze removal algorithms, such as the algorithm based on dark

channel prior (He K M., et al, 2009), restore the haze-free image by reverse solving.

2.5 Haze Removal Technology Based on Dark Channel Prior

The algorithm based on dark channel prior principle takes dark channel as prior

information, and the haze-free image is obtained based on the physical model (He K M,
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et al. 2011).

2.5.1  Dark Channel Prior Principle

He Kaiming (2011) proposed prior information based on the statistical law of a
large number of outdoor haze-free images. That means for most haze-free images of
outdoor non-sky regions, there are at least pixels with a very low color channel value.

The dark channel prior principle is shown in formula 2.11,

dark — P P c
JErt ) = min (_min ] (y)) (2.11)
Where, J¢ is each channel of the color images. 2(x) is a window centered on

pixels x. J%k goes to 0 by using the dark primaries principle. Figure 2.2 shows

sample of dark channel images.

(a)
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(b)

Figure 2.2: Sample of dark channel image: (a) Haze images, (b) Dark channel

images

2.5.2  Transmittance Estimation

The transmittance is estimated according to the dark channel prior principle and the
haze image physical model. The atmospheric light value 4 is assumed to be known,
and the transmittance within a local area is a constant value,

=t R 1) .12

The following formula can be obtained by performing the minimization operation,

. I\ _ . . () _z
yrenﬂlg}c) (mcm —c ) = t(x)yrer}zl(rglc) (mCm—AC ) +1—t(x) (2.13)
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Cc
. 1—minl A(,';Y )
t = 257 (2.14)
1—mCmT
The following formula can be obtained according to the dark channel prior,
dark — 4 P c —
JE ) = yentx) (cer{rﬁ.lgr.lbil (y)) =0 2.15)
So the formula 2.14 can be transformed into,
N g . - 1°(y)
tx)=1 w min, (mcm Ye ) (2.16)

where, w € [0, 1], the parameter w is introduced to retain a certain depth of field
to make the image more natural and realistic.

In order to improve the efficiency of haze removal based on dark channel prior, Dr.
He Kaiming used guided filtering instead of soft matting (He K M., et al, 2011). And
he used the haze image as the guided map to filter the transmittance and retain the
details, so as to optimize the transmittance.

The model of guided filtering is shown as follows:

qi = Xjwi;(Dp; (2.17)
where, p is the input image. ¢ is the output image. i and j are the coordinates of
pixels. 7 is the guided map of guided filtering. w;; is kernel filter.

Guided filtering is based on the assumption that its filtered is a linear transformation
of the guided map,

Qi = ail; + by, Vi € wy, (2.18)
where, £ is the pixel center. wj, is the local window.

a, and bjare a pair of linear coefficients, because it needs the least difference

between the input image and the output image, so
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E(ax, by) = Yiew,((arl; + by — p)?* + €ag) (2.19)
where, ¢ is the regularization parameter
1 _
To] Ziewy liPi~HiPi

A = oite (2.20)
by = Px — axu

After all the results are solved, the final filtering results can be obtained,

1 _
(q; = mZiewk Iipi — UkDk
< q; = @;l; + by 2.21)
— 1 .
a; = mz:iewk ag
N 1
\ by = mZiewk by
The kernel coefficients of the guided filtering are shown below:
1 U7 - U] =)
Wi; J9) = WZk:(i,])Ewk(l + Té) (2.22)

where, ], is the guided map. o? is the variance. u; is the mean value. |w| is the

number of pixels in wy,.

2.5.3  Calculate the Value of Atmospheric Light

Firstly, the first 0.1% pixels in the dark channel map been selected according to the
brightness value. And then the value of the maximum brightness points is found in the
coordinates of original haze image corresponding to these positions in dark channel

image.

2.5.4  Restore the Haze-free Image

Finally, formula 2.23 is used to get the image after haze removal,

J(x) =

I1(x)—A

oo T4 (2.23)

Figure 2.3 shows samples of haze free images after applying DCP algorithm.
22



(2)

(b)
Figure 2.3: Samples of haze free image after applying DCP: (a) Haze images, (b)

Haze free images
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2.6  Single Image Haze Removal Using Segmentation of Otsu

In order to solve the issue of low estimated transmittance in the sky regions by dark
channel prior, an algorithm for haze removal based on an improved recursive
segmentation derived from Otsu algorithm was proposed (Wu Y H., et al, 2017). Under
the thought of image segmentation, the method is accurate to separate sky region via
the improved recursive segmentation of Otsu rule, which is combined with the
normalized gray values of the dark channel map to amend the estimation for the
transmission in the sky region.

Assuming that the haze image contains L gray values, the probability of gray value
appearing in the haze image is

P,=-i=01,..,L—-1 (2.24)

where, n; is number of pixels of gray values 7, and N is total number of pixels in

haze image. Haze image is divided into sky region and non-sky region by the threshold
value x. Sky region S = {1, 2,..., x}, non-sky region B = {x+1, x+2,..., L}.

Firstly, let’s set x is segmentation threshold value, ws and wgp are the gray
probabilities of sky region and non-sky region.

ws =XoPi wp =Xig P (2.25)
ws and wg are used to solve the average gray value ug of the sky region and the

average gray value up ofthe non-sky region.

X i L-1
— Yico U'Pj g = Zi=x+1l'Pi

B
ws wB

Hs (2.26)
Suppose a distance measurement d?(x), the distance between sky region and

non-sky region increases with the increase of distance measurement, and the

24



segmentation accuracy increases accordingly (Guo X, 2015). However, while
improving the distance measurement, the distance between each pixel and the center of
the class should be reduced to achieve good pixel cohesion. The quality of cohesion is

measured by the average variance of sky region and non-sky region.

d?(x) = (us — Hp)? (2.27)
63 = =Bl o(i = ps)*0() (2.28)
85 = - Tisha (i = up)?w (D) (2.29)

where, 82 is the average variance of sky region, and &3 is the average variance of
non-sky region.

The threshold value obtained by class distance and cohesion is obtained as below:

_ wswpd?(x) _ wswp(is—Up)?
6 = Forsam ~ 25w (239
When G(x) is the maximum value, and x is the optimal threshold value X

_ 2
X =arg max Dswplis—ip) (2.31)

0sisl-1 S2(x)+8%(x)

After obtaining the threshold of sky segmentation, the specific algorithm for haze

removal is shown in the Figure 2.4.

Calculate Gray Normalization Value of

Input Haze Image Segment Sky Region Using Otsu

Sky Region in Dark Channel Map

The Large of the Gray Normalization Value and the

Estimated Transmittance was Taken as the Transmittance Estimate Transmittance of Sky Region

Value

The Transmittance is Optimized by Guided Filter Output Haze Free Image

Figure 2.4: Steps of method of single image haze removal using an improved

recursive segmentation of otsu
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The recovered image preserves the true color and exhibits natural restoration
between the boundary region. In order to effectively deal with the color distortion and
halos appearing in the sky region, this algorithm broadens the application of dark
channel prior to a certain extent, which has a great prospect for processing outdoor
haze images. However, in some specific haze images, the problem of image distortion

still exists when this algorithm is used to process (Wu Y H, Pan C, et al. 2017).

2.7  Summary

This chapter mainly introduces two mainstream haze removal theories, and analyzes
the haze removal theory based on image restoration in details by introducing the haze
removal algorithm based on dark channel prior, and finally introduces a haze removal
algorithm based on sky region segmentation in recent five years. Based on the
literature in this chapter, a new haze removal algorithm that based on the atmospheric

scattering model and sky region segmentation is proposed in the next chapter.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1  Introduction

This chapter presents the complete methodology of the proposed haze removal
algorithm using improved restoration model based on dark channel prior scheme. The
chapter is divided into two sections for better explanation of the proposed method.
Firstly, the analysis of research requirement is explained. Secondly, brief description of
the research design and implementation is described. The proposed method in this
study is a haze removal algorithm using improved restoration model based on dark
channel prior. The proposed method divides the sky region of haze image, and
optimizes the transmittance and the atmospheric light value. The results show that the
proposed method is robust to large bright and sky regions. This chapter proceeds as the
following sections. In section 3.2, 3.3, 3.4 and 3.5, brief discussion of research
requirement analysis, general structure of the proposed algorithm, the specific and
complete research design and implementation, and summary of the whole chapter are

described respectively.

3.2  Research Requirement Analysis

At the beginning of the experiment, requirement analysis should be completed first.
It should be done before developing the proposed algorithm. Sufficient analysis of the
research requirements will make the subsequent algorithm research more smooth.
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Figure 3.1 provides better illustration of this section.

Research Methodology Phase 1

L 4

Research Requirement Analysis

Figure 3.1: The first phase of research methodology
Review of existing methods and selecting a suitable scope to develop the proposed
method are two activities in requirement stage. They are briefed as follows:
1. Existing methods review and compare
This step is the foundation of the proposed method in the research work. Related
research literature is reviewed, and in-depth analysis is done to explore issues of the
existing haze removal method based on dark channel prior. From chapter 2, brief
review on existing literature helps to identify problem statement and it also helps to set
research objectives. Moreover, analysis of drawbacks, limitations and advantages of
existing literature helps to set the research aim.
il. Selecting scope to develop proposed haze removal method based on dark channel
prior
A comprehensive literature review is done to select scope of this research and the
structure of the proposed haze removal algorithm. And an appropriate programming

language is essential to implement and simulate any algorithm. Therefore, MATLAB is
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used in this research as an experimental and programming tool. MATLAB is a
high-level language, and it is mostly used in engineering calculation, control design,
single processing and communication, image processing, single detection, etc. Based
on the problem statement, the identified scope of the proposed algorithm can be given
as follows:

® The proposed method can process haze image, and also can support RGB image.

® (Can able to work with varied image.

® This method can remove the haze in the haze image well.

® The proposed method has a good effect in the sky region and also has a good

effect in the edges.

3.2.1 Dataset

The haze weather is so pervasive and it is especially severe in some developing
countries. So there is no particular dataset for these haze images. The haze images used
in this research are different from some datasets in other image processing fields. It is
just a image or video taken from the haze weather. It is not artificially modified, nor
does it contain complex image information. Since this research only focuses on the
haze removal of a single image, the dataset of this research mainly comes from two
ways:
® The dataset was frequently used in previously researches based on DCP

The haze images previously used in the field of image haze removal are also used in

this research. These haze images have typical characteristics of this research field,
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some of them have rich scene information, and some are captured under different
scenes. Figure 3.2 shows some haze images that have been widely used in previous

studies, some of which will be used in this study.

(2)

(b)
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(b)

(c)
Figure 3.2: The samples of haze image: (a) With sky region, (b) Without sky

region, (c) Scenic spots

® The dataset captured in different scenes in real life
Haze removal technology is widely used in many fields of our life, and one
important area is dehazing of images captured by monitoring. The images of Figure 3.3

were taken under monitoring in haze weather, and they will be used in this study.
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Dehazing of these images taken by monitoring will be helpful for later image

processing.

(2)

(b)

Figure 3.3: Samples of haze image: (a) Building, (b) Highway

3.3  General Structure of the Proposed Algorithm

This section presents the main structural design of the proposed haze removal
method based on dark channel prior and explains the full implementation phase. As an
outcome of constructing the method, the designed structure will be transformed into
machine language. The following section will explain the full steps of the proposed

algorithm.
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1

Research Methodology Phase 2

L 4

Design and Implementation

(Proposed haze removal method based on DCP)

Figure 3.4: The second phase of research methodology

This section will provide justification for using the proposed method as shown in
Figure 3.4. The proposed method is designed to remove the haze in haze images. In
order to remove the haze, many techniques such as image segmentation, image filter
and color balance are needed.

This section will present the procedural description of the proposed haze removal
method based on dark channel prior. The proposed method in this research is a haze
removal algorithm using an improved restoration model based on dark channel prior.
Firstly, the input haze image is identified and segmented into the sky region that uses
gradient and brightness information of image. Secondly, the haze image with sky
region is processed with the method of dehaze-1, and the haze image without sky
region is processed with the method of dehaze-2. The detailed steps and the output of
each step of dehaze-1 and dehaze-2 will be described in this section. Then, the haze
image is processed with color balance. Finally, output the haze-free image.

The whole proposed haze removal method can be described as follows (Figure 3.5):

Input the haze image.
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ii.

iii.

1v.

Sky region detection and segmentation (using the method of dehaze-1 to the

original haze image which has sky region, using method of dehaze-2 to the

original haze image which has no sky region).
Dehaze.
Image color balance.

Output the haze-free image.

Sky Region

Yes

Input Haze Image

Detection

Sky Segmentation

Method of Dehaze-1

No >{ Method of Dehaze-2

Color Balance

Output Haze Free Image

Figure 3.5: The proposed haze removal method

3.4  Design and Implementation

3.4.1  Sky Region Detection and Segmentation

In the haze removal algorithm process of the dark channel prior, this prior law is not

applicable in the sky region of the haze image, and the transmittance estimation in the

sky region is not accurate and will be smaller than the actual value. This will result in
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il.

iil.

1v.

significant noise amplification and color distortion in the restored dehazing image of
the sky region. Although simply setting the global transmittance can improve the visual
effect of the image after haze removal to a certain extent, but the change is not obvious
and also affects the effect of haze removal of the entire haze image (Mao Tianyi.
2017).

Therefore, in order to obtain the effect of haze removal on the part of the sky region
with good visual effects without affecting the overall haze removal, the sky region
should be separated for transmittance correction. Aiming at this problem, this research
proposed a sky region detection and segmentation algorithm based on the combination
of gradient information and brightness threshold. Afterwards, the transmittance of haze
images with and without sky regions was corrected.

For the sky region detection and segmentation, the method can be described as
follows (Figure 3.6):

Input the haze image.

Get the gradient information that used Canny edge detection in the input image.
Label the connection region.

Find the sky region according to the characteristic of brightness of gray scale in
the connection region.

Segment the sky and the non-sky region.
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Connection

Input Haze Image Gradient Image Yes

Region

Connect Region

Brightness of

Land Region Image

Histogram

Sky Region Image

Figure 3.6: The method of sky region segmentation
Step 1: Compute the gradient of each pixel in the input image to get a gradient
image. Because the whole sky is smooth, which means there is little change between
the adjacent pixels of the image. Therefore, it is easier to identify sky regions by using
gradient information. Canny algorithm has been applied in this research.
For the gradient, the function (z = f(x, y)) has a first order continuous partial
derivative in the plane region (D), so for each point P(x, y) of the plane region, a vector

can be determined

af ~ , of -
This vector is called the gradient of the function (z = f(x, y)) at point P
af ~ , Of -
gradf(x,y) = él+£} (3.1)

In the image, set Gx and G, as the gradient in the x direction and y direction

respectively, and the vector of this gradient can be expressed as

Vf(6,y) =[G Gy]" = [3L+ 307 (3.2)

The amplitude of this vector is

36



92 a2
mag(Vf) = g(x,y) = [75+5% (3.3)

The direction angle can be expressed as follows:
?(x,y) = arctan | g—f]/g—il (3.4)
So in the digital image, the simplest gradient expression is shown below:
Gy =f(x,y)— f(x—1,9) (3.5)
Gy=fy)—fxy—1) (3.6)
When there are edges in the image, there must be a large gradient value. On the
contrary, when there is a smooth part in the image, the changes of gray information is
small, and the corresponding gradient value is also small. In this research, the Canny
edge detection operator will be used to detect the gradient change of the input image.
In image edge detection, both noise suppression and edge accurate positioning cannot
be satisfied at the same time. Some edge detection algorithms not only remove noise
by smoothing filter, but also increase the uncertainty of edge location. The sensitivity
of edge detection operator to edge and the sensitivity to noise are both improved. The
Canny operator tried to find the compromise between anti-noise and precise location.
The basic idea of Canny edge detection algorithm is to firstly select a certain Gauss
Filter for image smoothing and then use the non-extreme suppression technique to
process, and finally get the edge image. The steps are shown as follows:
1. Smooth the image with Gaussian Filter.

The following Gaussian function (H(x, y)) is used in this research

H(x,y) = exp(— xz;fz) (3.7)
G(x,y) = f(x,y) * H(x,y) (3.8)
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ii.

where, f(x, y) is the data of image.
The amplitude and direction of the gradient are calculated by the finite difference
of first order partial derivatives.

Use a first order differential convolution temple

-1

H, = |—11 —1| .

1 Hl:H

(3.9)

01(x,y) = f(x,y) *Hi (x,y)  @(x,y) = f(x,y) *Hy(x,y)  (3.10)

Get the amplitude

0(,y) =Joi(x,y) + 03 (x,y) (3.11)
Direction
— -1 P2 (x'y)
6, = tan o1 07) (3.12)

The gradient amplitude is non-maximal suppressed.

The global gradient alone is not enough to determine the edge. In order to determine
the edge, the point with the maximum in local gradient must be retained, while the
non-maximum value is suppressed. That is to set the non-local maximum point to zero
to get a thin edge.

Double threshold algorithm is used to detect and connect the edge.

Using two thresholds T; and T,, two thresholds edge images (N;[i, jland N,[i, j])
can be obtained. Since N,[i,j] is worthy of using high threshold, it contains very few
false edges, but with discontinuities. The double threshold method is used to connect
the edge to the contour in N,[i,j]. When the end point of the contour is reached, the
algorithm will search for the edge continuous to the contour in 8 adjacent points of

N;[i,j]. In this way, the algorithm continuously collects the edges in N;[i,j] until
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N,[i,j] in connected.

Step 2: Transform gradient image into a binary image, whose value is ‘0’ if gradient
image is smaller than threshold 6 , otherwise the value is ‘1°. Count the probability of
gradient information and select the gradient value with the highest probability as the
threshold 0 .

Step 3: The maximum connected region of the segmented image is selected as the
candidate region of sky. The followings pictures show the edge information of each

image and its connected region

(2)

(b)

39



o —
ﬂ*—- .’rq?&’ u’&‘? &
My
v b'-‘i'r\\.

(d)
Figure 3.7: The edge information and its connection region: (a) Haze images, (b)

With edge information, (c) Gradient images, (d) Connection regions

Step 4: Direct observation of the image shows that some images with the sky region
is more obvious, compared with surrounding scenery that the brightness is generally
higher, edge is more clear. However, in some images, the proportion of the sky region
is relatively small. This kind of region may has the heavy haze and relatively bright
compared with other regions. At this time, it is not regarded as the sky region (Xiao

Shengbi & Li Yan, 2015). By analyzing the gray histogram images of haze images
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containing the sky region, it was found that images with the sky region showed
aggregation on the right side of the histogram image. Some images and their grayscale

histogram are shown as in Figure 3.8.

(2)

(b)
Figure 3.8: Samples of haze images and its grayscale histogram image: (a)
Haze images, (b) Grayscale histogram images
According to the histogram of sky region and non-sky region, the sky region shows
aggregation on the right side of the histogram. Although the image of non-sky region
also shows aggregation, it is not distributed on the right side. In addition, it can also be
clearly seen that there is a certain distance between the aggregation spikes in the sky

region image. In other words, there is enough depression between the aggregation

41



spikes, that is, the proportion of certain pixels is low. So in this step, calculate the
brightness histogram of the region, select the threshold of brightness and mark the sky
region. Select the brightness threshold by the following steps:

1. Calculate the brightness histogram, mark the mean brightness value as L,,eqn, and
mark the max brightness value as L, 4.

1l. Through many experiments and the selection of different thresholds in this
research, finally statistic the maximum frequency of brightness value in the
brighter area [L,,qx — 50, Linax], and denoted it as L.

11l Statistic the minimum frequency of brightness value between mean value and
maximum frequency brightness value [L,,,,, L1], and denoted it as L,.

1v. Through many experiments and the selection of different thresholds in this
research, finally confirmed L; = (L + L,)/2, if Ly — L3 = 30, the brightness
threshold is L; + 40, if L4, — L3 < 30, the brightness threshold is L; — 20,
others the brightness threshold is L.

The steps are illustrated in Figure 3.9.

(a)
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(b)
Figure 3.9: Image of sky segmentation: (a) Haze images, (b) Results after sky

segmentation

3.4.2 Method Dehaze-1

For haze images with sky regions, this research optimized the value of transmittance
and atmospheric light based on the dark channel dehazing theory, and the specific steps

shown in Figure 3.10.

Sky Region
Input Haze Image Yes Dark Channel Image

Identification

Improved Guided
Method of Filter
< No
Dehaze-2
Optimized Improved Guided Optimized
Output Image < P < P P
Atmospheric Light Filter Transmittance

Figure 3.10: The method of Dehaze-1
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ii.

1il.

Input the image.
Identify sky region again. (Is the sky region greater than 10% of the total region?)
Since method dehaze-1 will modify the transmittance and the value of atmospheric
light according to the sky region, it will become less meaningful when the sky region is
too small. Based on the theory and results of the dark channel dehazing method, it is
not difficult to find that the color distortion occurs when the image contains large sky
region or bright areas. Therefore, it will be verified whether the input image contains
sky region or not in this step, so as to eliminate those images without sky region and
those with very small sky region. Through a large number of experiments, it is found
that the effect is better when the threshold value is 10%.
Get the Dark Channel Image.
In most non-sky local regions, there will always be a phenomenon that there are
some very low pixel values in a certain color channel. That is, in haze-free images, it is
easy to find very low brightness value points in non-sky region. The formula of dark

channel can be described as follows:
J4TGe) = min (min JS(¥)) = 0 (3.13)
where, J¢(y) refers to the R, G, B channels of image J(x). Firstly, calculate the min
value of R, G, B channels in image pixels. Then use minimum filter to process. The
min dark channel of haze-free image that without sky region can be described as
follows:

Jaark - 0 (3.14)

There are three main reasons for the low pixel values in the dark channel mentioned
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above. First, the actual scene has shadow under the light, among which buildings, trees
and so on will show the dark channel effect in the imaging equipment. Second, the
color present in the object is very low in the reflectivity in a certain channel and the
dark channel effect can also occur. For example, in green leaves, the green channel is
obvious, while red and blue channel are relatively low. Third, the object itself is black
or the surface appears black. A haze image and its dark channel image are show in

Figure 3.11.

(@)

(b)
Figure 3.11: Haze image and its dark channel image: (a) Haze image, (b) Dark

channel image
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iv.  Use the improved Guided Filter to process.

Assuming that the reference image is G and the input image is /, where G is the
single-channel grayscale of the original image. The filter output Z can be regarded as
the linear transformation of the reference G under window W (p):

Z (q) = a,G(q) + by, Vq € W, (p) (3.15)

where, W; (p) refers to a square window with a center of p and radius of {;. a,
and b, are the two constants in the window W; (p). q is a field point with the center
window of point p.

Structure the energy function:

E= quwzl(p)[apG(q) + b, — 1(p)? + Aaj] (3.16)
where, A refers to a regularization parameter.

The optimal a, and b, can be obtained by the energy function of minimizing

M1, () —Gg, P, (D)
P g ¢, (P)+A

(3.17)

where, G - represents the multiplication of the elements of the two matrices,
teo, @), M1z, (p) and pg.c (p) are the average values of G, I and G - 1.

The final output of the filter is

Z(p) = a,G(p) + b, (3.18)

where, @, and Bp represent the average values of a, and b, in W, (p).

At this point, in order to get better edge retention characteristics, a constraint term
np and edge retention term [f;(p) are introduced, and the improved energy function
is

A
r¢(p)

E = quwgl(p)[apG(q) + bp - I(p)z + ] (3.19)
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The optimal a, and b, are obtained

A
be-12,(P)—Me, PHrg, (p)+mnp

ap = s (3.20)
bp = ¢, (p) — apiis,g,(P) (3.21)
I;;(p) is defined as
I (p) = Lie (P26 (P) (3.22)
Lie(p) =+ XN 10‘2"“—33: (3.23)
o (B2, 4Bt e

where, Z(p) is the output value of point p in the filter, € is a constant value, 7,
is used to ensure that the improved guided filter performs better filtering in smooth

areas while maintaining good edge properties.

ui—ot . () _
=[l+expl|k s 1 3.25
np =1 p( pu%—min(dé,gl(q))>] ( )

where, 2 refers to the average value of variance of image gray value 0&1 (p) in
window W (p).

Set /=G, and if p is in the smooth region, then 1, = 0, and a, can expressed as
follows:

U(; {1 »

a, = ———+—5— (3.26)
aG{l(p)-'-F(;(p)
If p is near the edge, then 1, = 1, and a, can expressed as follows:
p g p p p
oz, (D)+
a, = M =1 (3.27)

At this point, the gradient value of the filter output image is equal to the gradient

value of the input image, which means the edge of the original image is well preserved.
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Therefore, the improved guided filter can achieve a good smooth filter in the smooth
region, and retain the edge characteristics of the original image.
The Figure 3.12 shows the dark channel image processed with the improved guided

filter.

(a) (b)

Figure 3.12: Image after using Guided Filter: (a) Dark channel image, (b)

Improved guided filter

Optimize the transmittance of the image.

The estimation of transmittance is an important part of the algorithm. The accurate
transmittance is obtained, which means that the final dehazing effect is improved.
According to the dark channel theory, in any color channel ¢(R, G, B):

1€(x) = J(x)t(x) + A°(1 — t(x)) (3.28)

where, [ is the haze image, J is the haze-free image, 4 is the global atmospheric

light, in general, it is assumed to be global, irrespective of local location x. ¢ is the
transmittance.

Assume that atmospheric light values are globally constant, after normalization:

F;—f) = t(x)% +1—t(x) (3.29)
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Then perform twice minimum operations on both sides of the formula:

(y) J¢ (y)

min (mln —t(x) (3.30)

yeQ (x)

Based on the dark channel theory, for some pixels in a local area of the non-sky part

of the natural image, at least one color channel has a very low brightness value and it

approaches 0.
C
Jaare () = min (min Jeom) -0 (3.31)
where
mln (mln (y))) (3.32)
yeN(x) c

The formula for calculating the transmittance can be described as follows:

‘)
t(x)=1— min ( min ( ) 3.33

( ) ce(r,g,b) (yeﬂ (%) ) ( )
In order to restore the image to maintain a certain level of sense, it is necessary to

preset a haze retention factor w(0 < w < 1). So the formula for calculating the

normal transmittance can be described as follows:
(09 =1- 0 in, (i, (%) 339
However, in general, the transmittance value estimated by using dark channel prior
algorithm in haze images with sky region is generally small to different degrees.
Therefore, this section will optimize the transmittance of haze images with sky region.
In the previous section, the sky region in the haze image has been segmented. The
segmented binary image is converted into gray scale image and processed with the
mean filter. Mean filter is also called linear filter. The main method is neighborhood

average. The basic principle of linear filter is used the average value instead of the

value in each pixel of original image. That is to choose a template to deal with the
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current pixel point (x, y), this template is composed of the neighbor number of pixels,
and calculate the average of all pixels in the temple. Then gives the mean value to the
current pixel point (x, y), as a gray scale value g in point (x, y).
9y) =mI fxy) (3.35)
where, m refers to the number of pixels in the template
The binary image of sky region and its gray image after using mean filter are shown

in Figure 3.13.

(a) (b)

(c)

Figure 3.13: Image after using mean filter: (a) Haze image, (b) Binary image, (c)
Gray image after using mean filter
Set Iy, is the value of image c, so the value of I, is 0 in the non-sky region, the

value of Iy, is 255 in the sky region, and the value of Iy, is between 0 to 255 at the
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junction of the sky region and non-sky region.
After obtaining the value of Ig,,, the formula of optimized transmittance is shows

as follows:

J(O) = 1 - o » skt daric (255 ) (3.36)

where, Jqqrk i the input dark channel image, I, is the value of gray scale image
of the binary of sky region image, Ig, € (0,255). Among them, the best effect can be
obtained when w is 0.75 through lots of experiments. The estimation of transmittance

is illustrated in Figure 3.14.

(a) (b)

Figure 3.14: Transmittance image: (a) Haze image, (b) Transmittance image

vi.  Use the Improved Guided Filter to process.

Improved Guided Filter is used again to process the obtained transmittance image,

and the estimation of result is demonstrated in Figure 3.15.
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(a) (b)
Figure 3.15: The image after using Guided Filter: (a) Transmittance image, (b)
Transmittance image after filtering
Vil Optimize the value of atmospheric light.

According to the parameters in the formula (2.23) of haze image restoration, it can
be found that in addition to the estimation of transmittance, the acquisition of
atmospheric light value is also very important. If the atmospheric light value is not
accurate, it will have a great impact on the overall effect of haze removal. Figure 3.16

shows the effect of different atmospheric light values on the results.

(a) (b) (c)
Figure 3.16: The effect of different atmospheric light: (a) Haze image, (b)
Result of inaccurate estimate of atmospheric light, (c) Result of accurate of
atmospheric light

Atmospheric light means ambient light at an infinite distance from the imaging
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equipment. In other words, if there is a large clear sky region, the value of atmospheric
light should be in the sky region. If there is no obvious sky region, atmospheric light
should be in the area with the densest haze. And the estimation of incorrect
atmospheric light position is illustrated in Figure 3.17. The red box indicates the wrong

position of atmospheric light.

Figure 3.17: The wrong atmospheric position in haze images
Therefore, for haze images with large brightness or sky regions, it is not advisable
to calculate atmospheric light value in the haze removal algorithm based on dark
channel prior. In this section, the average brightness value of the sky region is used to

replace the way to calculate atmospheric light value in dark channel prior algorithm,
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Viii.

which can effectively avoid the problem of color distortion in the sky region after

dehazing.

Image dehazing and output image.

Finally, the parameters of transmittance and atmospheric light value are modified,

and the filter is optimized. For haze images with sky and large brightness regions, the

effect of haze removal is shows in Figure 3.18.

(b)
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Figure 3.18: Effect of haze removal: (a) Haze images, (b) Haze free images

(©)

after using DCP, (c) Haze free images after using proposed method

3.4.3 Method Dehaze-2

For haze images without sky regions, in this research, bilateral filter was used to

replace the guided filter that used in the haze removal algorithm based on dark channel

prior, and inverse filter was applied to the transmittance image. The results showed that

the modified method had a good processing effect on the haze images, and the specific

steps are show in Figure 3.19.

Input Haze Image

Dark Channel Image

Inverse Filter

9

Transmittance

Output Image

Atmospheric Light

Bilateral Filter

Figure 3.19: The method of Dehaze-2
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1

ii.

Input the image.
Get the Dark Channel Image.
For the input haze image without large sky region, the method of obtaining the dark
channel image in method of dehaze-1 is used in this section. And the estimation of dark

channel image is demonstrated in Figure 3.20.

(2)

(b)
Figure 3.20: Estimation of dark channel: (a) Haze images, (b) Dark channel

images
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1il. Use the Inverse Filter to process

In the process of collection, transmission and preservation, the image is often
affected by various factors, such as channel interference and the loss of image
information. Under the influence of these factors, the image will degrade to some
extent. Image restoration method is to use some knowledge of degradation features to
reconstruct the degraded image. The image restoration method by degradation function
is inverse filtering. Let’s say the Fourier transform before the degradation is F(x, y), the
Fourier transform after the degradation is G(x, y), the Fourier transform of degradation
function is H(x, y). Inverse filter is the Fourier transform of degradation function
divided by the degraded image. Then the estimated value of the Fourier transform of

the degraded image is obtained, where N(x, y) is the Fourier transform of noise.

N(x, y)

fx,y)
—> H(f(x,y)) g(x y)

Figure 3.21: General mathematical model of image degradation
The original image f(x,y) is processed by an image degradation restoration
system H(x,y), and then overlapped with noise N(x,y) to obtain the degraded
image g(x,y) as shown in Figure 3.21.
The mathematical expression for g(x,y) is
g(x,y) = H[f(x,y)] + N(x,y) (3.37)

where, H|[-] is the function of prior information (degradation model).
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When H[:] is a linear operator:
H(kofs e, ) + H(kofo(x,9)) = ki H(fi(x, 0) + ko H(f(x, ) (3.38)
where, k; and k, are constants:
H(f(x,y)) = H(f_o; f_o;f(a;ﬁ)fs(x —a,y = Bldedg) =
[ nG@mst-ay - paop -
I 12 Fla Bh(x,y: a, B)dadg (3.39)
where, h(x,y:a,B) = H(f(a,B)6(x — a,y — B)) is shock response of H(x,y).
h(x,y:a,B) is point spread function (PSF) in degradation process.
Set H(x,y) is time shift invariant, that H[-] satisfies h(x,y:a,B) =
gx,y:a,B):
9@ = [ [ f@mh-ay - paods) + Ny =
fCy)h(x,y) + N(x, y) (3.40)
In fact, g(x,y) is the known quantity, and h(x,y) and N(x,y) can be used as
the prior information, finally get f(x,y).
The formula (3.40) is discretized:
g=Hf+N (3.41)
Which is expressed as a two-dimensional image matrix, and 3.42 can be obtained:
Gu,v) =T -M-E(u,v) + N(u,v) (3.42)
where, M=A+C—-1,T=B+ D —1, 4, B, C, D are the dimensions of f(x,y)
and h(x,y).
The noise term (N = g — Hf) can be obtained by deformation of formula 3.41.

The image restoration is no noise, that is, N(x,y) goes to 0. Then a certain criterion is
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taken to look for f
J(f) = llg — Hf|1? = |IN]? (3.43)
IINIZ=NTN,  [lg—HfI2=(g—Hf) (g —Hf)  (3.44)

It can be obtained from the extremum condition:

aln||?

7 =0= H'(g—Hf)=0=f=HY(HY)H"g (3.45)

where, when M=T, sets H™! exists:
f=HYHYH*Hg=H"g (3.46)
Since H is a block circular matrix, it can be proved that H can be diagonalized,
1.e:
H=wDw™1 (3.47)
where, the size of W are MT*MT, so there is
f=WDWHlg=WD W )g=>W1f =D"W1yg (3.48)

the following formula is further obtained:

(3.49)

Finally F(u,v) is got by the formula 3.49, and f(x,y) is got by the inverse Fourier

transform. The inverse filter images are shown in Figure 3.22.
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1v.

(2)

(b)
Figure 3.22: The inverse filter images: (a) Dark channel images, (b) Inverse

filter images

Get the transmittance image.
The estimation of transmittance in this section uses the calculation formula of

formula (3.34) in method of dehaze-1. For the method of dehaze-2 in this research, w

60



1s 0.95. The formula of transmittance can be described as follows:

](t) =1—w*Jaark (3.50)

where, J(t) is the transmittance, [;,,, 1s the dark channel image.

V. Use Bilateral Filter to process.

Bilateral filter is a non-linear smoothing filter for image, which preserves the edge
and reduces the noise of images. In this research, through experimental comparison, it
is found that bilateral filter is better than guided filter in the effect of haze image
processing, although it is at a disadvantage in processing speed. In method of Dehaze-2,
there is no complicated process, and better results can be achieved by using bilateral
filter. It uses the weighted average of intensity values of nearby pixels to take the place
of the intensity value of each pixel. The bilateral filter is defined as:

Futerea () = - Ten 1) (11G) = 1D gl = xl)) - (3.51)
where, the normalization term
Wy = Zxea fr (1102 = 1615 (lx; = xI]) (3.52)
Ensure that the filter preserves image energy and:
Itittereq 1s the filtered image;
[ refers to the original input image which is to be filtered;
X is the coordinates of the present pixel to be filtered;
Q refers to the window centered in x;
frrefers to the range kernel for smoothing differences in intensities;

gs refers to the spatial kernel for smoothing differences in coordinates;
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Vi.

As is indicated above, the weight W, is assigned using the spatial closeness and the
intensity difference. Consider a pixel located at (i, j) that needs to be denoised in image
using its neighbouring pixels and one of its neighbouring pixels is located at (&, /).

Then, the weight assigned for pixel (%, /) to denoise the pixel (i, ) is given by

(=R +(=D? ||1(i.j)—1(k.l)||2)
203 20}

w(i,j, k1) =exp(— (3.53)
where ozand o, refer to smoothing parameters, and /(i , j) and I(k , /) are the

intensity of pixels (7, /) and (%, /) respectively.

After the weights are calculated, normalize them

.. _Zk’ll(k,l)w(i,]',k,l)
Io(i.)) = Skl (3.54)

where, I, refers to the denoised intensity of pixel (Z, j).

After using Bilateral Filter to processed, the results are shown in Figure 3.23.

Figure 3.23: The bilateral filter images

Get the value of atmospheric light of the image.
When estimating the atmospheric light, the value of maximum brightness points of

the input image is used as the value of atmospheric light in dark channel prior
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algorithm. The specific method is divided into two steps:
1. Sort by the brightness in the dark channel image, take the value of first 0.1%.
2. Locate the brightness value obtained to the position in accord with the original

image. Find the maximum of these positions as the value of atmospheric light.

Vil Image dehazing and output image.

For haze images without sky and large brightness regions, the effect of haze

removal are shown in Figure 3.24.

(a)

(b)
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(©)

Figure 3.24: Effect of haze removal: (a) Haze images, (b) Haze free images

after using DCP, (c) Haze free images after using proposed method

3.4.4 Color Balance

When a color image is digitized, it often looks a little out of whack. This is due to

the different sensitivity of the color channel, the enhancement factor and the offset, and

it is called the tricolor imbalance. The color balance algorithm consists of the

following three steps.
1. Select two points color from the screen as gray.
Fy = (R, G4, B1)
Fy; = (R, G2, B,)
il. Set the G component as reference, and match the R and B components.
F; = (Ry, Gy, B ymap F; = (Ry,Gy,By)

F, = (Rz'Gz'Bz)q Fz* = (RZJ Gz'Bz)

(3.55)

(3.56)

(3.57)

(3.58)
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iii.  Figure out k1 and k2 from R} =k1*R; +k2 and R, =kl *R, + k2, and

figure out 11 and 12 from B; =11 * By +12 and B; =11 * B, + (2.

iv.  use
R(x,y)" = k1% R(x,y) + k2 (3.59)

B(x,y)" = [1%B(x,y) + [2 (3.60)

G(x,y) =G6xxy) (3.61)

The processed image is the image after color balance. The effect of color balance is

shown as in Figure 3.25.

(2)

(b)
Figure 3.25: The effect after color balance: (a) Haze free images, (b) Results

after color balance
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3.5 Summary

Research methodology of the proposed method is briefly described in this whole
chapter. Full research methodology is explained into two phases. In the first phase,
requirement analysis has been described and in the second phase, explanation of
research design and implementation has been given in procedural steps. The proposed
method in this chapter mainly consists of two parts, which are respectively used for
haze image with sky region and those without sky region. In addition, the effect of the
proposed method in this chapter is compared with that of the haze removal algorithm
based on dark channel prior. From the subjective evaluation of the naked eye, the
proposed method in this chapter has better results. More evaluation methods will be

detailed in chapter 4.
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CHAPTER 4

EXPERIMENTAL RESULTS AND EVALUATION

4.1 Introduction

In this chapter, through the proposed method in Chapter 3, different types of images
in the dataset are processed separately. At the same time, in this chapter, the results of
the proposed method will be in comparison with other traditional haze removal
algorithms, and the comparison method is subjective and objective. The traditional 4
haze removal algorithms include DCP (He Kaiming, 2011), Fattal (Rannan Fattal,
2008), Retinex and GHH (Global Histogram Homogenization), where the GHH
method and Retinex are based on image enhancement. And in this chapter, NIQE
(Natural Image Quality Evaluator) is selected as the objective evaluation standard of
images.

This chapter is divided into 6 sections. The development environment of this
research is mainly introduced in section 4.2. In section 4.3, 4 traditional haze removal
algorithms that used to comparison are briefly introduced. In section 4.4, NIQE used
for objective evaluation is mainly introduced. In section 4.5, some classic haze images
are selected from dataset, respectively processed by the proposed haze removal method
and other 4 traditional haze removal algorithms, and the effect of each algorithm is

evaluated by using NIQE. And this chapter is mainly summarized in section 4.6.
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4.2  Experimental Environment

The proposed research was programmed and simulated using the MATLAB 2016a
software (The Math Works, Natick MA, USA). The machine configured with a 2.9
GHz Intel Pentium Core i5-4210H processor and 8GB of RAM and Windows 10
professional 64-bit operating system (Microsoft, Redmond, WA, USA). The

experiments are conducted on the dataset from two parts, as described in section 3.21.

4.3  Four Traditional Haze Removal Methods

4.3.1 Haze Removal Based on Dark Channel Prior

This algorithm is based on dark channel prior theory, and the haze image is
processed by atmospheric physical scattering model. The detailed steps of this method

are explained in chapter 2.

4.3.2 Haze Removal Based on Fattal

This algorithm first assumes that the light is uniform space of all the same types,
and the transmittance is not correlated with the local surface projection. Then, it
estimates the transmittance of the object, and calculates the transmittance of light
through the scattering value which approximates the truth in the process of light

transmittance. Finally, remove the haze of image.
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4.3.3 Haze Removal Based on Retinex

This algorithm is based on the color constancy theory, that is, the color of object
does not depend on the intensity of reflected light, but on the object’s ability to reflect
the three primary colors of light (Land E H, McCann J J. 1971). In recent years,

researchers have looked for ways to remove the haze from haze images.

4.3.4 Haze Removal Based on GHH

The histogram is mainly to compress the gray level with low pixels in the image,
and at same time, to widen the gray level with high pixels in the image. The gray
histogram of the image is uniformly distributed through nonlinear stretching, so as to
improve the contrast and gray change of the haze image, so as to achieve the visual

dehaizng effect.

4.4  NIQE Objective Evaluation Criteria

NIQE does not use the distorted image of human eye score for training. After
calculating the local MSCN normalized image, part of the image blocks are selected as
the training data according to the local activity, and the model parameters obtained by
the generalized Gaussian model fitting are used as the characteristics, multivariable
Gaussian model is used to describe those characteristics. This method calculates the
normalized brightness of the image in firstly. Assuming that the brightness image is /(i

Jj), the formula for its separation normalization is as follows:
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1) =GP D) ke (4.1)

o(i,
ll(i;j) = ZZWk,j Ik,j 4.3)

where, 7 and j refer to the spatial coefficient, ¢ is a constant, w is a Gaussian weight
function with circular symmetry.

The image is divided into image blocks (p*p), calculate the local mean variance (o)
of the image block (b)

a(b) =X Xijepr (i, )) (4.4)

The normalization coefficient of the characteristic image block is fitted by the GGD
(generalized Gaussian distribution) model.

The AGGD (asymmetrical generalized Gaussian distribution) model is used to fit
the product of 4 adjacent coefficients.

Then the parameters v and ), are calculated by fitting MVG (Multivariate Gaussian)
model, where v is the average value and ), is the variance matrix. MVG model
formula is as follows:

JACAEINE DL rep(—; (- T x-v)  (@45)

-1
21|y, |
where, x4, X5, ..., X 1s the image features extracted.

The image quality is measured by calculating the distance between the distorted

image and the natural image fitting parameters. The specific calculation formula is as

follows:

D(UI'UZlZ 1 'Z 2) = \/(vl - VZ)T(¥)_1(U1 - 172) (46)

Finally, a smaller score indicates better perceptual quality (Mittal, et al 2013) .
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4.5 Image Dehazing Results Contrast

Figure 4.1 to 4.7 show the outdoor haze removal image produced by five methods
including the proposed method.

Table 4.1 to 4.7 illustrate the NIQE results of four traditional haze removal method
and the proposed method. The less NIQE value indicates the better result.

In this research, haze images in different scenes were selected for haze removal,
these seven images including haze images with sky region, haze image without sky
region, and haze images captured by monitoring equipment, etc. And these seven
images are quite representative in these three different haze scenes. In terms of
subjective evaluation and objective evaluation, the proposed method shows the best

result among the four methods for haze removal.
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45.1 Haze Image with Sky Region

(a) (b)
(c) (d)
(e) H

Figure 4.1: The effect of five haze removal methods: (a) Haze image, (b) DCP,

(c) Fattal, (d) Retinex, (e) GHH, (f) Proposed method
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NIQE quality evaluation score:

Table 4.1: Score of result of each method

DCP FATTAL RETINEX GLOBAL PROPOSED
(He K. M., (Fattal R., (FuXetal., HISTOGRAM METHOD
2011) 2008) 2014) HOMOGENIZATION
(Sheng H. L., 2015)
NIQE 4.7807 7.2982 4.8613 5.7254 4.7561
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(2) (b) (c)

(d) (e) ()
Figure 4.2: The effect of five haze removal methods: (a) Haze image, (b) DCP,

(c) Fattal, (d) Retinex, (e) GHH, (f) Proposed method

NIQE quality evaluation score:

Table 4.2: Score of result of each method

DCP FATTAL RETINEX GLOBAL HISTOGRAM PROPOSED

(He K. M., | (Fattal R., | (FuXetal., HOMOGENIZATION METHOD
2011) 2008) 2014) (Sheng H. L., 2015)
NIQE | 4.170 6.674 3.800 4.085 3.582
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(a) (b)

() (d)

(e ()
Figure 4.3: The effect of five haze removal methods: (a) Haze image, (b) DCP,

(c) Fattal, (d) Retinex, (e) GHH, (f) Proposed method
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NIQE quality evaluation score:

Table 4.3: Score of result of each method

DCP FATTAL | RETINEX | GLOBALHISTOGRAM | PROPOSED
(He K. M., | (FattalR., | (FuXetal, HOMOGENIZATION METHOD
2011) 2008) 2014) (Sheng H. L., 2015)
NIQE | 3.769 4.981 3.580 3.667 3.518
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4.5.2 Haze Image without Sky Region

I I I
(a) (b) (c)
I — I—
(d) () (®

Figure 4.4: The effect of five haze removal methods: (a) Haze image, (b) DCP,

(c) Fattal, (d) Retinex, (e) GHH, (f) Proposed method

As is clearly shown in the results, the proposed method has a better treatment effect

on the distant scene in the red box above the image.
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NIQE quality evaluation score:

Table 4.4: Score of result of each method

DCP FATTAL | RETINEX | GLOBALHISTOGRAM | PROPOSED
(He K. M., | (FattalR., | (FuXetal, HOMOGENIZATION METHOD
2011) 2008) 2014) (Sheng H. L., 2015)
NIQE | 2.595 2.704 2.665 2.668 2.508
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(a) (b)

(©) (d)

(e ()
Figure 4.5: The effect of five haze removal methods: (a) Haze image, (b) DCP,

(c) Fattal, (d) Retinex, (e) GHH, (f) Proposed method
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NIQE quality evaluation score:

Table 4.5: Score of result in each method

DCP FATTAL | RETINEX | GLOBALHISTOGRAM | PROPOSED
(He K. M., | (FattalR., | (FuXetal, HOMOGENIZATION METHOD
2011) 2008) 2014) (Sheng H. L., 2015)
NIQE | 2.845 2.807 3.063 2711 2.526
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(a) (b)

(©) (d)

(e ()
Figure 4.6: The effect of five haze removal methods: (a) Haze image, (b) DCP,

(c) Fattal, (d) Retinex, (e) GHH, (f) Proposed method
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NIQE quality evaluation score:

Table 4.6: Score of result of each method

DCP FATTAL RETINEX GLOBAL HISTOGRAM PROPOSED
(HeK. M., | (Fattal R., | (FuXetal, HOMOGENIZATION METHOD
2011) 2008) 2014) (Sheng H. L., 2015)
NIQE 2.737 3.547 3.318 2.984 2.281
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4.5.3 Haze Image Captured in the Highway

(a) (b)
() (d)
(e) H

Figure 4.7: The effect of five haze removal methods: (a) Haze image, (b) DCP,

(c) Fattal, (d) Retinex, (e) GHH, (f) Proposed method

The result shows that this research can improve the recognition rate of vehicle and

license plate under haze conditions.
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NIQE quality evaluation score:

Table 4.7: Score of result of each method

DCP FATTAL | RETINEX | GLOBALHISTOGRAM | PROPOSED
(He K. M., | (FattalR., | (FuXetal, HOMOGENIZATION METHOD
2011) 2008) 2014) (Sheng H. L., 2015)
NIQE 5.834 4.325 4.634 4.957 3.986
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46 Summary

Throughout this chapter, whether the proposed haze removal algorithm using
improved restoration method based on dark channel prior is subjectively effective or
objectively evaluated by using NIQE, the experimental results are better than those of
other traditional haze removal algorithms.

The proposed algorithm in this research mainly improves the haze removal
algorithm based on dark channel prior, which is intended to solve the limitations of

edge blur and color distortion in the sky region.
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CHAPTER 5

CONCLUSION

5.1 Research Discovery and Achievements

In the information society of the 21 century, people have made rapid progress in
acquiring, processing and transmitting information. In the process of human
information transmission, the image visual information occupies the majority. In many
cases, images express and convey information more efficiently and quickly than other
media. With the rapid progress of electronic technology and computer technology, the
early image processing technology appeared in the middle of last century, and
computers are becoming increasingly popular among people to process some image
information. Digital image processing technology is widely used in the fields of
aerospace, agricultural production, chemical engineering and computer vision,
interwoven with other disciplines to promote development of each other. Nowadays,
the research of image processing technology is more and more through, and the
application of image processing technology is more and more extensive. However, due
to the lack of understanding and cognition of human visual system, image processing
technology itself still has many limitations, so the image processing technology needs
further research and development.

This research mainly studies the haze removal technology of single image. At first,
some classical haze removal algorithms are briefly introduced from the perspective of
image enhancement technology and image restoration technology based on physical

model. In the haze removal algorithm based on physical model, the reason of image

86



quality degradation and the physical model of image imaging in haze are analyzed.
Then, the haze removal algorithm using physical model based on dark channel prior is
introduced. Based on the analysis of the causes of the color distortion and edge blur in
the sky and large bright region, this research proposed a haze removal algorithm using
sky segmentation based on dark channel prior to settle the problem of color distortion

in the sky and bright regions.

5.2  Conclusion

In this research, the haze removal algorithm based on dark channel prior is analyzed
in depth, and the sky or large bright region in the haze image is segmented by the
combination of gradient information and brightness information. This method can
segment the sky region accurately.

By analyzed the phenomenon that the haze removal algorithm based on dark
channel prior is wrong in estimating the transmittance of sky and large bright regions,
this paper optimized the transmittance and atmospheric light value of the haze images
containing sky and large bright regions. In order to solve the limitation of edge blur in
the image processed by haze removal algorithm based on dark channel prior, different
filters are adopted in method of dehaze-1 and method of dehze-2 in this research to
replace the guided filter used in haze removal algorithm based on dark channel prior.

In general, the algorithm proposed in this research has a good effect of haze

removal for haze images in different scenes. The results also show that this algorithm
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has better haze removal effect than some other algorithms that proposed in this
research.

To be specific, the results show that the proposed algorithm in this research solves
the limitation of edge blur and color distortion in sky and large bright regions, also
improved the robustness of the whole algorithm, as a results, all research objectives

stated in Section 1.4 have been fulfilled.

5.3 Limitation and Future Work

Although the research in this research has achieved some results, but there are still

some unsolved limitations in the research process. Such as:
1. The limitation of time-consuming

Aiming at the limitation of edge blur, this research used different filters in method
of dehaze-1 and method of dehaze-2 to replace the guided filter used in haze removal
algorithm based on dark channel prior, so more time is spent in filtering processing.

In addition, this research firstly segmented the sky region, and then respectively
dehazing the haze images with sky region and without sky region. So this process also
takes some time.

il. The effect of haze removal in images with dense haze

According to the limitation of the atmospheric scattering physical model used in

this research, the proposed algorithm used in this research has some limitations in the

dense haze images.

88



Haze imaging is a complex system engineering, and its formation mechanism is
affected by many factors. A single physical modeling cannot describe this process, and
how to describe and express this physical process more accurately is the focus of the
future work. On the other hand, improving the speed of overall haze removal algorithm

1s also the focus of attention in the future work.
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