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Abstract

At present, defogging technologies can be roughly divided into two catey -ies® .ne first category is the method of
defogging based on image enhancement non-physical model. This me* .od do. not < .t from the essence of optical
imaging, but only improves the visual effect of the image by imprr «._ the con. “. and color of the image, so as to
achieve the purpose of defogging. The commonly used methods include hist. *am equalization, contrast enhancement and
automatic color levels, Retinex theory and wavelet transform ..«c. The secon. type is based on atmospheric scattering
physical model. This method analyzes the degradation mecha ism in th: process of imaging, establishes the degradation
model of foggy image, and restores the real scene without foy hy using ne prior knowledge in the degradation process.
This method needs to obtain prior conditions as mode! _~rametei.. ~*** .ie prior conditions are often difficult to obtain. In
this paper, an adaptive power image defogging algor. 'm . ~4 on multi-scale Retinex and modified dark channel is
proposed. Sobel operator is used to detect the ed~~< of lu, *.ance components and multi-scale Retinex algorithm is used to
eliminate luminance components. A priori th~ ,ry 0, Jark . annel optimization by guided filtering is used to obtain rough
estimated transmittance. The global atmosy. eric '™ _“* "=l is selected by quadtree subspace search method. In order to
eliminate the phenomenon that the res* «ed . 4e is dark as a whole and cannot display details, the brightness value is
corrected by two-dimensional gamr . “wnction, . "4 finally the restored defogging image is obtained. The experimental
results show that the proposed ~lgorithn, ~an effectively restore the details of foggy images, completely remove foggy
images, have good color brigh’ .ess, and the \. ages are clear and natural.
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people's visual perception of images, but also seriously
affects the recognition and feature extraction of computer
vision systems [1]. As one of the most intuitive media to

1. Introduction

In the air of haze weather, a large number of water
molecules and PM2.5 particles and other impurities will
affect the straight line propagation of light, resulting in
blurred images and reduced contrast. This not only affects
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obtain information, it is of great significance to process
low-quality images into images that can obtain more
effective information [2]. With the continuous
development of defogging technology, image defogging
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methods can be divided into image restoration and image
enhancement [3]. Image enhancement algorithms are
mainly represented by histogram equalization algorithm,
Retinex algorithm and correlation algorithm based on
Retinex [4-6]. In these image restoration algorithms, the
image restoration algorithm based on dark channel prior
proposed by He et al. [7] was the most creative, and the
atmospheric scattering model could be used to effectively
restore fog-free images. But the algorithm had limitations.
This could lead to inaccurate estimates of atmospheric
light values when an image contained large areas of sky
or highlights of light sources. The method of minimum
filtering and soft matting would cause the halo effect in
the restored image and the timeliness of the algorithm was
poor. Yu et al. [8] proposed a single image defogging
algorithm to optimize dark channels by using the block-
to-pixel interpolation method. However, there was halo
effect in the edge region of the restored image and the
color recovery in the sky region was poor. Zhu et al. [9]
proposed the color attenuation prior, under this condition,
the sky area could be effectively restored and detail
information could be well protected, but the restored
image contained mist. Sun et al. [10] proposed a local
atmospheric light value estimation algorithm, which could
solve a series of restoration problems caused by
inaccurate estimation of global atmospheric light value by,
dark channel prior algorithm. Meng et al. [11] limited th
transmittance and processed the image with regularization

processed fog-covered images
algorithm, then transferred th imageS to HSV
inized the V

. In order to

SWred images into Lab
color space, where L rep®gented brightness, a represented
green to red component, an®§e represented blue to yellow
component. L component (brightness) was processed
according to Retinex theory.

Due to atmospheric environment, complex and
changeable terrain or poor imaging effect of equipment,
the image contrast is low and the visualization effect is
poor. At present, the commonly used contrast correction
and enhancement methods mainly include Retinex theory
image enhancement, histogram equalization and
morphological ~ filtering.  Retinex  theory  image
enhancement method removes light components
according to color constancy to ensure the reflective
properties of objects. However, in this kind of method,
halo phenomenon appears in the region of edge mutation
after image processing [15]. Histogram equalization
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method has the advantages of simple algorithm and high
timeliness, but poor adaptive performance for different
brightness regions in images with uneven illumination
[16]. Morphological filtering can enhance the visibility of
images, but the natural characteristics of objects will
change [17].

Aiming at the problems of distortion, obvious halo
effect in edge area, overall dark and low contrast of
restored image, a power image defogging algorithm with
edge protection, eliminating halo effect and enhancing
contrast was proposed. In this algorithm, multi-scale
Retinex (MSR) algorithm and Sobel edge detection
operator are combined to convert RGB (Red, Green,
Blue) images into Lab color space and perform edge
preservation processing ondly, guided filtering
algorithm is used to e image transmittance.
Then fog-free i ed using atmospheric

¢ fog-free image is
pace, and the brightness
y two-dimensional gamma

Relgled works

. Retinex theory

According to Retinex theory, a given image S(x,y) can be

decomposed into reflection image R(x,y) and incident

image L(x,y) [18], where (x,y) is the coordinate of the
image midpoint, and S(x,y) can be expressed as:

S(x,y)=R(x,y)-L(x,y) @)

L(x,y) determines the dynamic range of the image, and

R(x,y) determines the intrinsic properties of the image.

Gaussian filtering function F(x,y) is usually used to
process S(X,y), which can be obtained:

L(X, y) =F (X y)-S(X,y) @)
Where * is the convolution symbol. In order to obtain

R(x,y), the image is transferred to the logarithmic domain
for solution, expressed as:

INR(X,y)=InS(x,y)—InL(X,Yy) 3)
Substituting equation (2) into equation (3), it can get
INR(x,y) =InS(x,y)-In[F(x,y)*S(x, y)] (4

2.2. Atmospheric scattering model

Nayer and Narasimhan improved the atmospheric
scattering model. This model describes the causes of
image degradation based on image degradation in foggy
days [19], and the mathematical expression is:
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1(x) = I ()t(x) + All-t(x)] (5)

t(x) =exp[-Ad (x)] (6)

Where, 1(x) is the obtained foggy image. J(x) is a clear
fog-free image. A is atmospheric light value. t(x) is the
transmittance, and the value range is (0,1). It represents
the light loss caused by external factors in the process of
transmission, and finally reaches the imaging equipment
after removing the loss part. d(x) is the depth of field of

the scene light. £ is atmospheric scattering coefficient.
The t(x) of each channel can be expressed as:
1-1_(x)A.(X
) = 21 00A ()
1-J. (A (X)

Where ¢ is the RGB color channel.

()

2.3. Dark channel prior theory

In most local areas of outdoor fog-free images (non-sky
areas), there are some pixels with very low and small
values in at least one color channel, which tend to
approach. Hence it is named as dark channel. He et al. [7]
made statistics and observation on dark channel maps of
more than 5000 fog-free images, and found that about
75% of the pixels had 0 values, and 90% of the pixels had
very small values concentrated in [0,16]. The dar
channel of the image is expressed as:

Jaan = min[ min_J ()] 8)

Where J ., is the minimum channel m

filter.

According to equations (5) and

constant, the estimated tr

obtained, and the expression is:
t (X) y dark (9)

Pn-edge —» Multiscale

Sobel on L
Edge image

Minimum — Guided filter ————
channel map

Hazy image —

New i |mage

Gaussian fllter

H

Where |4, (X) is the minimum channel map of foggy

image. @ is the fog retention coefficient and its value
range is [0,1]. Finally, the restored image is:

(X y)-A
TN = et )]

Where t, is the lower bound of transmittance and the

(10)

value is 0.1.

3. Proposed defogging model

In this paper, an image defogging and restoration
method is proposed. Theg algorithm can solve the

inated foggy images,
between the light and

onent is carried out by Sobel
SR theory, Gaussian filtering is

e transmittance can be obtained by
the transmittance roughly estimated by dark
rior theory using guided filtering. The
ric light value is selected by improved Quadtree

pace search method. This method can avoid excessive
value of global atmospheric light. The atmospheric
scattering model can be used to reconstruct the fog image.
In order to further optimize the image, adjust the
brightness and enhance the contrast, the image is first
transformed into HSV space and the V component is
extracted. Then, V component is processed by two-
dimensional gamma function, and finally RGB image is
synthesized to obtain fog-free image after brightness
correction. The processing flow of the proposed algorithm
is shown in figure 1.

Luminance
component

Image to be RGBO< HSV 2D gramma HSVo RGB Restoration
optimized functlon onV image

Quadtree sub-
block retrieval

Figure 1. Flowchart of proposed model
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3.1. Improved MSR algorithm for Lab color
space

In order to avoid that the color fidelity and detail retention
of images cannot be balanced when the single-scale
Retinex algorithm processes different images, MSR
algorithm is introduced in this paper. This algorithm can
enhance image color and compress local and global
dynamic range simultaneously. The mathematical
expression of MSR algorithm is:

r(x,y)= iwn{ln S(x, y)=In[F,(x,y)-S(x, y)}(11)

Where r(x,y) is the preliminary estimated reflection
component. N is the number of central wrapping
functions. @, is the weight. At the edge where the
difference of image brightness is large, the image
brightness does not transition smoothly. Therefore,
Retinex algorithm applicable to smooth image has
obvious halo effect on non-smooth image and fails to
improve the area details with high illumination intensity.

Processing of luminance component

The traditional MSR algorithm is used to enhance the
three color channels of the image. Due to the mutua
influence of color channels, color distortion appears in th
final image. However, in Lab color space, the three

rding to Retinex

credtion  component can

optimize the foggy imag®@I herefore, in Lab color space,

the brightness component iSxtracted and processed, then
the image S can be expressed as:

S(x.y)=L(x,y)-R(x,y) (12)

Where L' is the incident image after extracting brightness

component. For the convenience of calculation, Equation

(12) is converted to the logarithmic domain for solving,

and the expression is:

In[R(x, y)]= Z’i:wn{ln[s(x, YI-In[L'(x, )T} (13)

L'(x,y) is estimated in Lab space using Gaussian
convolution, it is expressed as:
L'(x,y) = L(x, y)*F(x,y) (14)

Then F(X,Y) can be expressed as:

D EA “

F(x,y)=Aexp[-(x* +y?*)/o’] (15)
Where A is the normalized constant. The value of
F(X,y) must satisfy:

”F(x, y)dxdy=1 (16)
When o value is small, the detail information is kept
well and the dynamic range is compressed well, and the
global characteristics of extracted illumination values are
good. However, the color cannot be maintained. When o
value is large, the color can be better maintained and the

extracted illumination value has good global
characteristics, but the detail information is poorly
maintained.

Edge preserving

i process edge details, it
f0e edge details, so Sobel
ain edge information E(x,y).
etails in the restored image, the
0 parts: edge region and non-edge
ale Gaussian filter is used to process the
and the brightness component of the
region is obtained. Finally, the brightness

containing the fused edge information is
, it is expressed as:

X y)=EXy)+[A-E(X y)]-L(x y)-F(xy)

(17)

According to equations (15), (16) and (19), the initial
estimated reflection component can be obtained, and the
expression is:

r(x,y) =In[R(x, y)]
- an{m[L(x, y)1-In[L'(x, )T}

Back to RGB color space and take R(x,y) as the image to
be processed.

(18)

Transmittance optimization

The dark channel of R(x,y) is represented by jdark.

According to the dark channel prior theory, the rough
estimation of transmittance can be expressed as:

tc (X) — 1- Ldark (X)/AE(X)

1= ()T AL(X)

The dark channel prior algorithm proposed by He et al.
[7] used minimum filtering, which leaded to too small
transmittance at the edge of foggy image, and details were
covered. The obtained transmittance has obvious block

effect, and the image at the restoration has obvious halo
effect [20]. In order to obtain a better transmittance, the

(19)
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guided filtering algorithm is used to optimize the
transmittance. Guided filter is a combination of domain
filter and range filter, which can protect edge details and
reduce noise. The expression of the guide filter is:

C E-E; f—f,
L0 = Tpa k(= Dk DD, @)
Where E= min I .. p and W are the length and

cefR,G,B}
width of the window respectively. f is empty domain.

f, is the position in the window around pixel X. Ej is

the range part of f, . k; and Kk, are range filter and

empty filter respectively. h, and h, are the kernel of
range filter and empty filter respectively. C is the
normalized constant. D, is the position of t,(X) in the
window, D; =t,(X) . The effect of the guided filter after

processing is shown in figure 2.

processing by
¥, (b) Ref. [8]; (c)
; (d) transmittance

Local atmospheric light estimation

In order to obtain the atmospheric light value closer to the
real value, the quadtree subspace block search method is
used in the experiment. This method can extract the local
features of the image and eliminate the phenomenon that
the restoration effect is not ideal due to the inaccurate
estimation of atmospheric light value.

To reduce the influence of sky region or bright light
source on the acquisition of atmospheric light in the
image, histogram equalization is carried out on the image
first, and then the processed image is divided into four
sub-rectangular regions. Then, the pixel mean minus the

2 EA

pixel standard deviation was used as the scoring standard
and the four regions were scored. The region with the
highest score is processed by the above steps until the
number of pixels in the selected region is less than the set
threshold. Finally, the corresponding pixel value is
selected in the RGB color channel of the region and taken
as the atmospheric light value.

3.2. Contrast enhancement

Processing brightness components in HSV space can
avoid large computation, poor timeliness and color
distortion in RGB space [21,22]. According to Retinex
theory, the multi-scale Gaussian filter function can
effectively compress tj i

of the scene. So the
is used to extract the

o(x, y)=255["zx—55y)]7 @

m is the mean value of brightness component
the illumination image. y represents the correction
m-V (x,y)
parameter, ¥ =(m/255) ™ V(X,y) is the
extracted component. O(Xx,y) is the output image
processed by two-dimensional gamma function.

The two-dimensional gamma function takes the
illumination value at each pixel point as a parameter and
combines it with the mean value of brightness component
to improve or reduce the illumination value in different
areas to achieve adaptive correction, so as to generate new
HSV images and finally convert them into RGB images.
The purpose of brightness correction is to compress the
dynamic range of the image, enhance the contrast and
improve the image quality while preserving the effective
information of the original image.

4. Experiments and analysis

The software used in the experiment is MATLAB 2017,
the operating system is Windows10, the processor is Intel
(R) Core (TM) i78750H CPU@2. 20 GHz, and the
memory is 24.0 GB. The proposed algorithm is compared
with other classical algorithms and the experimental
results are analyzed from both subjective and objective
aspects.

4.1. Subjective assessment
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Although subjective analysis has certain one-sidedness, it
can observe the effect of image restoration most directly.
The selected images are divided into three groups of
images according to their different properties: close shot
group, far and near alternated group and distant shot
group. The proposed algorithm is compared with
literature [7-9,12]. The effect comparison of the close-up
image is shown in figure 3.

Figure 3. Effect of different algorithms for
processing close-range images. (a) Original
images; (b) Ref. [7]; (c) Ref. [8] ; (d) Ref. [9]; (e) Ref.
[12] ; (f) proposed algorithm

As can be seen from figure 3, the fog in the image i
basically eliminated in reference [7] and more details are

restored images is serious. Th

Compared with other alg8@thms, the proposed algorithm
has the best haze removal efect, the overall color of the
image is natural, and there is no halo phenomenon at the
sudden change of the depth of field.

The effect comparison of near and far alternating
images is shown in figure 4. As can be seen from figure 4,
the image restored in reference [7] is dark in the close-
range area, with distortion in the sky area and block effect
at the edge, which is caused by the insufficient estimation
of transmittance in the sky area. In reference [8], the
processing effect of perspective image is poor, and the
sky area after processing is seriously distorted, and there
is halo effect. Reference [9] has a good restoration effect
for the sky region, but the estimated atmospheric light
value is too large, leading to the dark close-range region,

2 EA

and the restoration effect of detail information is poor.
The end-to-end system defogging algorithm proposed in
reference [12] has excellent performance and can
effectively restore the sky area and details, but the
problem of incomplete defogging still exists. The
proposed algorithm has the most obvious haze removal
effect, and has a good restoration effect on the sky area,
and the color restoration effect in the close-range area is
natural, and the detail restoration is better.

A com@arison of the effects of a distant image is shown

i 5. As can be seen from figure 5, the image
rocessed in reference [7] shows color distortion in the
region and obvious halo effect. After processing in
reference [8], the color of the image is dark, and the color
distortion of the sky region is serious. Reference [9] can
recover most of the details, and the processing effect of
sky area is good, but the overall image after restoration is
dark and the processing effect of fog image is mediocre.
Reference [12] has a good restoration effect on the sky
area, but the fog in the prospective area cannot be
completely removed. Compared with other algorithms,
the proposed algorithm has better defogging effect and
can restore rich details with clear images, but the
phenomenon of over-saturation occurs in the close-range
area.

Figure 5. Effect of different algorithms for
processing perspective images. (a) Original
images; (b) Ref. [7];(c) Ref. [8] ; (d) Ref. [9]; (e) Ref.
[12] ; (f) proposed algorithm
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From subjective perspective, the proposed algorithm
has a better treatment effect, can effectively to fog, a more
natural and truly restored image, and can enhance the
image contrast to highlight the details, but not only from
subjective judgment to evaluate the restored image, also
from its objective standard evaluation to verify the
feasibility and validity of the algorithm.

4.2. Objective evaluation

The objective evaluation recovery indexes are visible
edge P, mean gradient r, peak signal to noise ratio

(PSNR) [23-27] and running time t. The larger p, I

and PSNR values denote the better image restoration
effect. The lower t value denotes the higher efficiency.
The expressions are:

p=- (22)
ly
1

r=exp[=>Y Inr] (23)

b teR

2° -1)?
Xpsnr =10- Ig[( ) ] (24)
MSE

Where |, and |, are the number of visible edges of th

original image and the restored image respectivel

It can be seen from Table 1
has obvious advantagg

[* )
information and prot8 "i= etails. It can be seen

from Table 2 that the Y@gposed algorithm has a great
improvement compared Wi other classical algorithms.
As can be seen from Table 3, the restoration result of
reference [12] is superior to the proposed algorithm, while
the restoration result of the proposed algorithm is superior
to reference [6-8]. As can be seen from Table 4, the
algorithm in references 7-8 is simple and can save time,
while the algorithm in reference [8, 12] and the proposed
algorithm are slightly less time-efficient. The proposed
algorithm takes a long time to accurately calculate
atmospheric light value, optimize transmittance and
enhance contrast. At the same time, the proposed
algorithm can quickly eliminate the influence of
illumination components according to Retinex theory, so
the proposed algorithm has good timeliness. In

D EA

conclusion, the performance of the proposed algorithm is
better.

Table 1. p values with different algorithms

Image | Ref.[7] | Ref.[8] | Ref.[9] | Ref.[12] | Proposed

1 0.0998 | 0.0868 | 0.0319 | 0.0149 0.1144

2 0.2493 | 0.2995 | 0.1022 | 0.1776 0.4929

0.3486 | 0.3968 | 0.0022 | 0.1281 0.3822

3
4 0.3116 | 0.1457_L 0.0789 | 0.0554 0.2072

5 0.0853 23 | 0.0849 0.1729

6 0.1452400.0828 0| 0.0628 0.1424

7 0 ) 4 0.0083 | 0.0412 0.1096

Mea 1720 : 0.0431 | 0.0806 0.2317

T3mle 2. t values with different algorithms

ge | Ref.[7] | Ref.[8] | Ref.[9] | Ref.[12] | Proposed

1 1.2297 | 1.1788 | 1.0159 | 1.0658 1.3387

2 1.1139 | 1.1596 | 1.0686 | 1.2269 1.6676

3 1.1859 | 1.1762 | 1.1169 | 1.1752 1.5084

4 1.1105 | 1.0775 | 0.9078 | 1.1679 1.6778

5 1.1815 | 1.0342 | 0.8126 | 1.1626 1.5929

6 1.1372 | 1.0751 | 1.0229 | 1.1398 1.3476

7 1.0939 | 1.1231 | 0.9799 | 1.1159 1.8649

Mean | 1.1504 | 1.1178 | 0.9893 | 1.1506 1.5712

Table 3. PSNR values with different algorithms

Image | Ref.[7] | Ref.[8] | Ref.[9] | Ref.[12] | Proposed

61.251 | 61.472 | 62.100

L : p " 65.6994 | 62.1087
, 55.9829 57.;)06 58;350 58.6996 | 63.4519
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3 58.026 | 58.003 | 61.220 64.6649 | 61.8905
2 4 5

4 59.177 | 55.510 | 60.111 65.4618 | 63.4309
5 1 9

5 60.900 | 59.618 | 61.032 67.0163 | 623976
6 5 6

6 60.542 | 59.589 | 61.484 68.1239 | 63.3757
5 9 7

7 59.099 | 60.107 | 61.411 66.0905 | 60.2117
3 1 9

Mean 59.261 | 58.758 | 60.858 65.1081 | 62.4096
1 4 9

Table 4. running time values with different
algorithms/s

Image | Ref.[7] | Ref.[8] | Ref.[9] | Ref.[12] | Proposed

1 0.5069 | 0.0933 | 2.5809 | 1.5019 1.1069

2 1.1513 | 0.0842 | 2.2041 | 1.7728 1.1732

3 0.5957 | 0.2507 | 1.4161 | 3.8809 2.3103

4 0.4769 | 0.1392 | 1.5733

5 0.4352 | 0.0485 | 1.6151

6 0.4399 | 0.0865 | 1.9005

7 0.4037 | 0.0581

Mean 0.5728 | 0.1086

5. Conclusions

processed by two-dimensional gamma function, which
can correct the brightness value of different regions, thus
achieving contrast enhancement and finally obtaining the
optimized fog-free image. Experimental results show that
the proposed algorithm has good processing effect on
close shot, near far alternating and distant image, and the
restored image has rich details, natural color and good
processing effect on sky or highlight area, and has
obvious advantages in objective evaluation. However, the
proposed algorithm is prone to over-saturation in the
processing of the close-up part of the distant image, so
further processing of color deviation is one of the focuses
of the following research.
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