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Abstract: Aiming at the problems such as halos, artifacts and incomplete dehazing in hazy image restoring processing, a dehazing

algorithm of compensated transmission based on negative haze concentration correction is proposed. First of all, the error mechanism is

used to compensate for the transmission of the dark channel prior (DCP) , observing the relationships among transmission, depth of field,

and haze concentration. A negative haze concentration model is constructed to adaptively correct the transmission of gamma in this study.

Finally, the channel difference fusion-based median channel is proposed to correct local atmospheric veil and combined with the

atmospheric scattering model to recover haze-free image. The experimental results show that the algorithm solves the problems of halos,

artifacts and incomplete dehazing with outstanding details and appropriate brightness.
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0 Introduction

In harsh environments such as haze, there are a large
number of suspended particles in the air, and light is
absorbed and scattered by these particles, making images
acquired by imaging devices severely degraded,
specifically in terms of color shift, contrast reduction, loss
of details, and local brightening, which reduces the
utilization rate of the information value carried by images.
Therefore, it is of major research significance to restore
images acquired in hazy weather. Currently, there are two
main types of methods for clarification of hazy images:
traditional methods and deep learning-based methods.

Traditional methods include image enhancement and

model-based restoration.

enhancement methods”* include histogram equalization,

physical image Image
Retinex algorithm, wavelet transform, etc. This family
of algorithms achieve the purpose of image restoration by
selectively highlighting the features of interest in the hazy
image by certain means. However, these algorithms do not
consider the degenerate mechanism of the image, so there
1s some information loss in enhancement results, and
dehazing effect is not ideal. Image restoration based on
physical models uses image degenerate mechanism to

develop the degradation process, establishes mathematical

models to estimate unknown parameters through priors or
assumptions, and finally achieves image restoration. In
recent years, image restoration methods based on physical

models have developed rapidly. He et al."”’

proposed dark
channel prior (DCP) dehazing algorithm through the
observation of a large number of clear images. Agrawal et
al.'"’ presented super-pixel and nonlinear transformation
dehazing algorithm. Zhu et al.”® comed up with color
attenuation prior (CAP). Yang et al."” proposed edging-
preserving function instead of the minimum filter fitting dark
channel dehazing algorithm. Yang et al. """ proffered
composite channel prior (CCP) to achieve an accurate
estimation of transmission. Since restoration of hazy images
based on physical models requires priors and assumptions
for the aided calculation of transmission and related
parameters, it can obtain more realistic dehazed images
because it takes into account the cause of hazy images.
Deep learning-based image dehazing algorithms need to
train a great number of samples to obtain model parameters
and build a network to achieve image dehazing. A multi-
scale convolutional neural network (MSCNN) for
transmission estimation was designed by Ren et al."". The
main idea is to fuse the transmission obtained from coarse-
scale network with that from fine-scale network to achieve

1 [12]

better recovery results. Li et al."* integrated transmission

and atmospheric light into a covariate, and designed a
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lightweight multi-scale network structure, all-in-one
dehaze network (AOD-Net) , which eliminates the errors
of training atmospheric light and transmission separately
and achieves better recovery results. However, the
algorithm has the problem of incomplete dehazing and
overall dark recovery results. An end-to-end feature fusion
attention network (FFA-Net) was proposed by Qin et al.
19 which can effectively extract image features and recover
haze-free images directly, but the network structure is
overfitting and the recovery effect is not satisfactory for real
scene-hazed images. Self-guided image dehazing using
progressive feature fusion was introduced by Bai et al."*’,
which can explore useful information from the input hazy
image itself as a guide to help image dehazing. However,
the method cannot process blurred images containing light
sources and does not support multiple manual processing,
therefore, it is not used as the mist model. In recent years,
this type of methods have been used more often, but the
dataset trained by them consists of synthetic images, which
does not take into account the nature of image degradation,
making the processing of hazy images in real environments
less effective. Additionally, the use of a large number of
convolutional operations in the network leads to high
computational complexity, requiring a high-configuration
experimental environment.

Aiming at the shortcomings of the above researches, we
propose a dehazing algorithm of compensated transmission
based on negative haze concentration correction. Firstly,
the transmission of the dark channel is compensated, and
negative haze concentration is used to adaptively correct the
dark channel transmission to acquire accurate transmission.
Then, the initial local atmospheric light is obtained through
channel difference and morphological operation, and the
local atmospheric light is obtained by cross-bilateral
filtering of the initial atmospheric light. Finally, the image
is restored through the atmospheric scattering model.
Experimental results show that the color restored by the
proposed algorithm is natural, the texture details are rich,
and the dehazing effect is remarkable.

1 Related work

1.1 Atmospheric scattering model

In the field of computer vision, the formation of a hazy
image is usually represented by atmospheric scattering

model, which can be expressed as
Iz, y)=J(x,y)t(x,y)+ Al —(x,y)), (1)
where (a,y) is the pixel position, I(x,y) is the

degraded scene, J(x,y)is the recovered scene, 7(x,y)

is the medium transmission, and A is the atmospheric
light. In the homogeneous medium, transmission is
related to the scene depth as

t(x)=¢e "), (2)

where 3 is the atmospheric scattering coefficient, and d (x )
is the scene depth. According to the atmospheric scattering
model, if the atmospheric light and transmission are
known, the haze-free image can be recovered.

1.2 DCP theory

Starting from an atmospheric scattering model, based
on a large number of experimental statistics, He et al.'”
obtained outdoor haze-free images with very small pixel
values and converging to O in at least one color channel
for large non-sky and high brightness regions, proposing
the dark channel prior (DCP) theory expressed as

J*(z,y)=min| min (J(x,y))]>0, (3)

r.y€a\ celr,g,b)

where J**(z,y) is the dark channel of the haze-free

image, « is the neighborhood centered on the pixel

point, J° denotes the r, g, and b color channels of the

image. The transmission can be obtained by applying the

minimum filtering operation on both sides of Eq. (1) and
combining it with Eq. (3) , namely

I'(x,
t(x,y)=1— min( min ((xy)) )

z,y€a\ celr.g.h) A

C))

In order to make the image clearer and more natural,
the coefficient w is introduced, and its empirical value is
0.95. Then, we can get

: ([ I'(z2,y)
Zz(x,y)_lwmm( min ((y)) S
r.y€a\ celr,g.b) A

According to Eq. (1), the haze-free image can be
obtained as

Hay)=—tlow=A (©)
max (£, (x,y),2)

The shortcomings of DCP restoration results are as
follows: the restored image has block effects, and the
sky area has false color and color cast. The reasons for
this deficiency are: 1) the minimum filtering is used
twice when processing the transmission, which makes
the information near the edge of the image missing,
leading to over-estimation of the transmission. 2) DCP
fails in large bright sky regions, resulting in an under-
estimation of the transmission in these regions. As
shown in Fig. 1, the blocky effect at the edges, the
pseudo-color in the sky, and the halo effects appear in
the haze-free image recovered by DCP.
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Fig.1 Restored images by DCP. (a) Hazy images, and

(b) Restored images by DCP

2 Proposed algorithm

According to the atmospheric scattering model,
accurate estimation of transmission and atmospheric
light is essential for obtaining haze-{ree images. Based
on DCP theory, we propose a dehazing algorithm that
can estimate the transmission and atmospheric light
accurately.

Firstly, the error mechanism is used to compensate
for the transmission of the dark channel prior, observing
the relationships among transmission, depth of field,
and haze concentration. Secondly, a negative haze
concentration model is constructed, with adaptive
gamma correction to obtain the transmission. Finally,
the channel difference fusion-based median channel is
proposed to correct local atmospheric light, and then
combined with the atmospheric scattering model to
recover the haze-free image.

The flowchart of our method is shown in Fig.2.
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Fig. 2 Flowchart of proposed algorithm

2.1 Compensated transmission

Since the transmission estimated by DCP is too small in

the sky region and too large in the edge region, the
transmission obtained by DCP needs to be compensated.
When J**(x,y) is not 0, the expression of the

transmission is

A — min (I"(r,y))

cel(r,g.b)

t(x,y)=

A — min (]‘(x,y))’

c€(r,g,b)

(7)

According to Eqs. (5) — (7) , it s clear that there is an error

in the transmission estimated by DCP, so the error

mechanism is described as

0=1t(x,y)— t:(x,y),

®)

where @ is the transmission error following Gaussian
distribution, which is to compensate for the transmission
of the dark channel. The compensated transmission can

be obtained as

min (I‘(x,y))

1 _celr,g,b)
e

V2ln o

2.2 Adaptive correction to compensate for

t(x,y)=0(x,y)+ .(9)

2¢0°

transmission

After being compensated, the transmission is deviated
In some areas.
In order to obtain accurate transmission, gamma

correction is proposed as
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Y

.(10)

min (I'(x,y))

c€(r,g,b)

2¢°

1
V2n o

For different hazy images, the values of y are taken

t(x,y)=n(x,y)+

differently, so the compensated transmission can be
adaptively corrected according to Refs.[8,15-17]. Then,

we can get
(1n

where c(x,y) is the haze concentration, /(x,y) is the

d(x,y)occ(x,y)=x,y)—qlx,y),

luminance characteristics, and ¢(x,y) is the texture
feature. According to Egs. (2) and (11), it can be seen
that transmission is negatively correlated with scene

depth, scene depth is positively correlated with haze

concentration, haze concentration 1s  positively

correlated with luminance characteristics, and haze
concentration is negatively correlated with texture
features. Therefore, the transmission 1s negatively
correlated with the haze concentration, and the adaptive

gamma correction is
(12)

the gray level co-occurrence matrix is utilized to extract

y=—clay)=—lx,y)—qlx,y)),

the luminance characteristics ¢(x,y) and coarse-level
texture feature ¢, (x,y) of the image. Because the gray
level co-occurrence matrix does not take into account the
local changes of the image, this term is combined with

differential curvature to better represent texture feature.

a(x,y) Zazl(x,y) +281(I,y) (x,y) dI(x,y) n (x,y) Zazl(x,y)
dx ox’ dx dy dxy dy ay’
a= 2 2 ’
(al(x,y)) (8[(1,3}))
+
dx dy
: 2 (13)
M(x,y)\ FI(x,y) ) A(x,y)adl(x,y) d*I(x,y) n A(x,y)\ @*I(x,y)
) dy ax* dx dy dxy dx dy*
(8](1,3}))2 (81(1,3/))2
+
dx dy
g.(x,y)=|al—]b], (14) proposed algorithm with compensated transmission
overcomes these drawbacks and can achieve accurate
g(z,y)= i (2,y)+ qz(x,y)’ (15) transmission. Moreover, the restored results show that
2 hazes are completely removed, the brightness is
where a is the second derivative in the direction suitable, and the color is natural.

perpendicular to the gradient, 4 is the second derivative
in the direction of the gradient direction, and g(x,y) is
the result of bilateral filtering.

To wverify the correctness of haze concentration
extraction, real scenes and test set scenes are selected.
As shown in Fig.3(b) , the haze concentration is larger
in the area with the larger depth of field and smaller in the
close range. From the three groups of images, it can be
seen that the detail texture is almost invisible in the
regions with large haze concentrations.

After extracting haze concentration, the corrected
transmission is obtained according to Eqs. (10) — (12) ,
and then cross-bilateral filtering is performed on it as the
final transmission.

To verify the accuracy of the transmission obtained, a
hazy image in a real scene is selected for simulation.
Moreover, we compare the results by DCP with ours.
As shown in Fig.4, in the restored results containing sky
regions, the restored images by DCP have phenomena
such as color cast, halo, and artifact. In contrast, the

(©)

Fig. 3 Hazy images and distributions of haze concentration.

(a) Hazy images, (b) Distributions of haze concentration, and
(¢) Restored images by our method
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Fig. 4 Comparison of transmittance and restoration results. (a) Hazy image, (b) Transmission of DCP, (¢) Compensated

transmission, (d) Corrected transmission, (e) Restored results by DCP, and (f) Restored images by our method

2.3 Atmospheric light estimation

Atmospheric light is also a key parameter when
restoring images based on the atmospheric scattering
model. Its value may affect the brightness of dehazing
images. If the estimation is too high, the restored image
may be darker, and if the estimation is too low, the
restored image may be brighter. Ref. [6] selects the
average value of pixels corresponding to the top 0.1% of
the brightest pixel points in the dark channel as the global
atmospheric light value. This method is susceptible to
bright objects, resulting in inaccurate estimation of
atmospheric light value and unsatisfactory dehazing

--- T(‘j' :g
& ‘4

effects. Local atmospheric light is more accurate
compared with global atmospheric light in low-
luminance regions. Ref.[18] proposes a scheme to define
the atmospheric light from the local region of the hazy
image under the premise that the local light source in the
scene is the same as the local atmospheric light. This
method performs morphological operations and filtering
on the maximum channel of the hazy image to obtain the
local atmospheric light function, achieving a better
dehazing effect. After statistics, it is found that there is a
large difference between the maximum color channel and
the minimum color channel for the general hazy image.
The channel difference is shown in Fig.5 (c) .

()
Fig. 5 Comparison of atmospheric lights. (a)Hazy image, (b)Atmospheric light by Ref. [17], (c¢) Channel difference, (d)Atmospheric

light by our method, (e) Restored images by Ref. [17], and (f) Restored images by our method

Therefore, we propose a method of atmospheric light
estimation fusing the channel difference**'with the
medium channel. First, the maximum and minimum
channels of hazy images are extracted. Next, the
medium channel is obtained by median filtering. Finally,
the fusion process is shown as

w, (x,y)= max (I‘(x,y)),

ce(r,g,b)

w,(,y)= min (I'(z,), (16)
m(x,y)=F(w, (x,y)), an
my(x,y)=F(w,(x,y)),
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wy(x,y), (18)
A(x,y)=0m (x,y)+(1—0)m,(x,y), (19)

where w, (x,y)is the maximum channel, w,(x,y)is the

0=w (x,y)—

minimum channel, F (¢ ) is the median filter function, and
0 1s the channel difference. To remove the interference from
some pixels, the morphological closed operation is
performed on A, (x,y ). After obtaining the estimation of
atmospheric light, combining the transmission with
Eq. (6), the hazy image is recovered. Overall, the local
atmospheric light estimated by the proposed algorithm is
better than that of Ref.[17], as shown in Fig.5.

3 Experimental results and analysis

In order to verify the feasibility and effectiveness of the
proposed algorithm, a number of comparative experiments

were conducted, and the restored results are compared from

R T v [

T — (c) Ref 7] (d) Re£[9]

subjective and objective perspectives. The comparison
algorithms include DCP method™, non-linear transmission
algorithm", haze removal algorithm, CCP method"".
FFA-Net", and self-guided image dehazing using

progressive feature fusion'*.,

3.1 Subjective evaluation

The subjective evaluation can directly show the
difference between comparison algorithms from visual
effect. This paper mainly presents the restoration effects
of real degraded scenes and synthetic degraded scenes,
the latter of which are selected from the open test set
RESIDE. The restoration results of the first category
without sky regions are shown in Fig.6, the restoration
results of the second category with sky regions are shown
in Fig.7, and the restoration results of the images from

test set are shown in Fig.8.

(f) Ref.[14]

(e) Ref[13] (g) Ref[10] (h) Our method

Fig. 6 Restoration effects of hazy images without sky regions

(a)Hazy image (b) Ref.[6] (c) Ref[7] (d) Ref.[9]

(e) Ref[13]

(f) Ref.[14] (&) Ref[10]  (h) Our method

Fig.7 Restoration effects of hazy images with sky regions

As can be seen from Figs.6 and 7 that the dehazing
effects of DCP algorithm' are incomplete and colors are
distorted. The algorithm of Ref. [7] has good color
retention, but some of the images appear distorted. The
dehazing effects of Ref.[10] are good, but the sky regions
are not completely dehazed. Overall, our method
achieves the desired effects with thorough dehazing and
natural colors. It not only overcomes the block effect at
the edge of Ref. [6], but also overcomes incomplete

dehazing effects and unclear details of Refs.[13] and [14]
that are based on deep learning for restoration.
However, the dehazing effects of our method are
unstable due to the lack of a large amount of real training
data on hazy days and the use of synthetic datasets.
Additionally, Fig.7 shows that the proposed algorithm
dehazes the sky region more thoroughly and the restored
images have clear brightness and natural colors, especially
at the boundary between the sky and the mountain, owing
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to the corrected compensation transmission. It not only
overcomes color cast and over-saturation after dehazing by
Ref. [7], but also overcomes incomplete dehazing by
Refs.[13] and [14]. The algorithm in Ref.[9] solves halo and
artifacts problems introduced by the minimum filtering in
Ref.[6] by using a power-law compression function to
obtain the dark channel map of hazy images. Although there
is a slightly incomplete dehazing phenomenon, the dehazing

effect is relatively good. Ref.[10] has a good dehazing effect

In Fig.8, our method has better restoration effects on the
test set. In the sky regions, there are over-saturation and
halo effects by Refs.[6] and [7], there are distortion, halos,
darker colors, and over-saturation by Refs.[13]and [14],
there are incomplete dehazing effects and unclear details by
Ref.[9], and there is a slight over-saturation phenomenon
by Ref.[10]. In contrast, the dehazing effects of our method
are better, with the haze removed basically, the
characteristics of far and near scenes maintained , and good
results in details, colors, and brightness.

(b) Ref.[6] (c) Ref[7] (d) Re£[9]

(a)Hazy image

(e) Ref.[13]

(f) Ref.[14] (g) Ref.[10] (h) Our method

Fig.8 Comparison of restoration results of hazy images on test set

3.2 Objective evaluation

To further verify the feasibility and effectiveness of
our method, we select some image quality evaluation
indicators in Refs.[21-23] to objectively verify the image
dehazing effects, including new visible edge rate (e),
average gradient (r), information entropy (s), and
running time (z). The larger the e, r, and s values, the
better the dehazing efffects, and the smaller the z, the
better the dehazing efffects. Furthermore, peak signal to
noise ratio (PSNR) and structural similarity (SSIM)
are adopted as evaluation metrics of the images
recovered from the test set, and the larger the PSNR and
SSIM values, the better the dehazing effects. These
metrics are calculated by

e=—r"0 (20)
ny
1
r=exp —Zmn , (21)
an,E‘P,
L H,  H,
=N o, 22
’ ;MNOgZMN (22)

where 7, is the number of visible edges of the hazed

image, 7, is the number of visible edges of the recovered
image; r; is the average gradient ratio between the
recovered image and the original hazed image at p;, ¢, is
the set of visible edges of the recovered image, M and N
denote the width and height of the image respectively, L
is the highest grey level of the image, and H, is the

number of pixels with grey level w.

S
Rypsy = 101g =", (23)
OMSE
2o+ 20,0, T
G — ( Millo w, (20,00 + w,) 7 (24)

(pf 4 ps+ w ) of + o0 + w,)
where f,.., 1s the maximum pixel value usually taken as 255,
ouse 1S the mean square error of the original hazy image and
the recovered image, ossn 18 the structural similarity , Rpsx
is the peak signal-to-noise ratio, y#; and p, are the mean
values of the hazy image and the clear image respectively,
o, and g, are the covariances of the hazy image and the clear
image respectively, w, and w, are the constants to avoid the
denominator being zero. In our work, objective evaluation
metrics are calculated for the real hazy images in Figs.6 and
7 as well as the synthetic hazy images in the test set in Fig.8.

The objective evaluation metrics of the real hazy images are
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shown in Table 1.

Table 1 Objective evaluation on indicators e, r, s and ¢

Method e r s !
Ref.[6] 0.203 1.032 15.899 1.892
Ref.[7] 0.083 1.187 15.612 1.624
Ref.[9] 0.216 1.201 16.019 0.554
Ref.[13] 0.08 1.107 15.896 0.336
Ref.[14] 0.011 1.031 14.991 0.616
Ref.[10] 0.431 1.109 16.001 1.418
Our method 0.475 1.236 16.203 1.662

It can be seen that the proposed algorithm achieves
better results in terms of new visible edges, average
gradient, information entropy and running time,
especially in terms of new visible edges and information
entropy metrics.

In Table 2, the PSNR and SSIM of the recovered
images on the test set of our method are not as good as
those of Ref.[13], which has the highest PSNR and
SSIM. However, in combination with the subjective
results, the recovery results of Ref. [13] are found to
have too much haze residue and poor visual effects. This
is due to an overfitting problem during the training of its
network. This also shows that a single metric
comparison does not fully illustrate the strength and
weakness of the algorithm. In a word, as for the recovery
of real hazy images and the recovery of images on the test
set, our method achieves good results. Combining
subjective and objective evaluation metrics, it can be
seen that our method performs well in all these
performance metrics. Therefore, its feasibility and
effectiveness are proven.

Table 2 Indicators on different datasets

Method PSNR SSIM
Ref.[6] 16.001 0.868
Ref.[7] 16.821 0.830
Ref.[9] 17.682 0.817
Ref.[13] 25.596 0.946
Ref.[14] 18.840 0.903
Ref.[10] 21.010 0.850
Our method 20.896 0.931

4 Conclusions

In order to address problems of halos, artifacts and
incomplete dehazing in hazy sky image clarification
processing, we propose a dehazing algorithm based on
negative haze concentration correction to compensate for
transmission. DCP is not good at dealing with sky and edge
regions, so an error mechanism is proposed to compensate
for the transmission, and then haze concentration is
constructed based on the grey scale co-generation matrix
combined with differential curvature to adaptively correct

the compensated transmission to obtain accurate
transmission. Local atmospheric light is then improved
using channel difference fusion in the channel. Finally, the
haze-free image is recovered from the atmospheric
scattering model. Experimental results demonstrate that our
method can suppress halo, artifacts and dehaze

incompleteness very well.
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