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ABSTRACT Image dehazing is a technique to enhance the images acquired in poor weather conditions, such
as fog and haze. Existing image dehazing methods are mainly based on dark channel prior. Since the dark
channel is not reasonable for sky regions, a sky segmentation and region wised medium transmission based
image dehazing method is proposed in this paper. Firstly, sky regions are segmented by quad-tree splitting
based feature pixels detection. Then, a medium transmission estimation method for sky regions is proposed
based on color characteristic observation of sky regions. The medium transmission is then filtered by an
edge preserving guided filter. Finally, based on the estimated medium transmission, the hazed images are
restored. Experimental results demonstrate that the performance of the proposed method is better than that
of existing methods. The restored image is more natural, especially in the sky regions.

INDEX TERMS Image dehazing, image segmentation, dark channel prior.

I. INTRODUCTION . ,1}
Outdoor scenes usually suffer from suspended atmospheric Atmospheric J

Luminance ; .
. . . / Transmission Medium
particles such as mill dust, vapor, smoke, etc. which reduce

the quality of the images greatly. The visibility, contrast and ‘\ Airlight l

vividness of the scene can be drastically degraded by the ® ' . "“ o

suspended atmospheric particles, as shown in Fig. 1 [1]. ¢ sogheRedeetinioe -

Thus, it is difficult to distinguish objects in the scene. . Observes
Distance

Image dehazing is a technique to enhance the images
acquired in poor weather conditions, e.g. fog and haze. |
It has become a critical problem in applications such as aerial l |
imaging, driver assistance, and visual surveillance [2] etc.
The goal of image dehazing is to restore the visibility of the
scene.

In recent years, lots of image dehazing algorithms have
been proposed, as reviewed in [3]. There are mainly three
kinds of image dehazing method, i.e. contrast enhancement

FIGURE 1. Images with fog or haze [1], from left to right: wharf, tree,
boat, and man_in_haze.

based image dehazing method [4], special image capture
equipment based dehazing method [5], and atmospheric
physical model based image dehazing method [6], [7], etc.
Tan [4] assumes that the contrast of a haze-free image is
higher than that of the hazed image. Based on the assump-
tion, the image dehazing algorithm in [4] was designed by
maximizing the image contrast of local areas with constant
environment light. Although the image visibility is improved

significantly, there are usually halo artifacts [8] and over-
stretches contrast in dehazed images. In [5], a polarization
method is proposed to remove haze by investigating the
polarization characteristics form two images obtained by
rotating a polarizing filter to different angles. Although the
performance of this method is good, it needs a special hard-
ware configuration that attaches the polarization filter to the
camera. He et al. [6] proposed a dehazing algorithm based
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on the dark channel prior. The dark channel prior means that
there are at least one color channel with pixel values close
to zero in the haze-free image. Based on the dark channel
prior, the medium transmission can be roughly estimated.
Then, the final dehazed image is generated from the medium
transmission which is refined by soft matting [9] or guided
filter [10]. The dehazed image of He’s method is more close
to the real scene even if there is a dense fog. However, since
the dark channel prior is only suitable for non-sky regions,
the performance of He’s method is not perfect in sky regions.
To address the problem, an image dehazing method was
proposed based on sky region segmentation in [7]. In this
method, sky regions were first detected through brightness
and gradient. Then, the medium transmissions of sky regions
and non-sky regions are estimated respectively so as to restore
the hazed image. Because that the segmentation effect is
not satisfactory, and the estimated medium transmission of
sky regions is not accurate enough, the performance of this
method is also not perfect, especially when the scene suffers
dense fog.

In order to further improve the quality of dehazed images,
quad-tree splitting [11] based feature pixels detection for sky
region segmentation is proposed first. Then, based on the
color characteristic observation of sky regions, a medium
transmission estimation method for sky regions is pro-
posed. After that, the medium transmission is filtered by
an edge preserving guided filter. Based on the estimated
medium transmission, the hazed images can be restored
perfectly, especially in sky regions. The reminder of this
paper is organized as follows. In section II, background
theory of image dehazing is introduced briefly. The proposed
method is presented in Section III in detail. Experimen-
tal results and conclusions are given in Section IV and V
respectively.

Il. BACKGROUND THEORY

A. ATMOSPHERIC SCATTERING MODEL

A hazy image is generated from a haze-free image by the
following atmospheric scattering model [12],

I(x) = J (x) “t(x) + A" [1 - t(®)], ey

where x is pixel position, I is the observed intensity, i.e.,
the hazy image, J is the scene radiance, i.e., the haze-free
image, A is the global atmospheric light, t is the medium
transmission describing the portion of the light that can reach
the camera, and .* represents the corresponding points mul-
tiplication. In the right hand of (1), the term J(x) .*t(x) is
called as direct attenuation [6] which describes the scene
radiance and its decay in the medium, while the other term
A*[1 — t(x)] denotes the airlight [6], [12], resulting from
previously scattered light and leads to the shift of the scene
colors. The aim of image dehazing is to restore the haze-
free image J from the observed hazy image 1. Therefore, the
global atmospheric light A, the medium transmission t must
be estimated.
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B. DARK CHANNEL PRIOR BASED IMAGE DEHAZING

The dark channel prior describes a fact that in most of the non-
sky patches of outdoor haze-free images, there are at least one
color channel which have near zero pixel intensities [6]. For a

haze-free image J, the dark channel J927% can be represented
as,
dark : : c
X) = min min , 2
Jx) Jun [Ce{r’g’b} J (Y)} @)

where J€¢ represents the color channel, £(x) denotes a local
patch centered at position x. Accordingly, based on the dark
channel prior, J42(x) for non-sky patches tends to be zero,

Jaak(x) — 0. 3)

Thus, if the global atmospheric light A is given, (4) can be
derived,

I(x)./AC = [tx) * J°X)] /A + 1 — t(x), 4)

where the subscript ¢ € {r, g, b} denotes color channels,
[ represents dividing operation between corresponding
points. Assuming that the medium transmission t(x) in a local
patch £2(x) is constant which can be rewritten as t(x), (4) can
be further derived as (5) by taking two consecutive minimum
operators on both sides,

min min (I(y)./A€
yeé(x) (ce{r,lg,b}( ®-/ )>

= t(x).* min < min
ye(x) \c€{r,g.b

}(J“(y). /AC)) +1-1x), (5)

where min ( min I°(y)) can be thought as the dark chan-
ye(x) ce{r,g,b}

Pel of the input hazed image. By taking (2) and (3) into (5),
t(x) can be written as,

t(x)=1— min ( min (I°(y)./A°) ). 6
(%) in (Ce{r’g’b} Tw./ )) (6)
As a result, the medium transmission can be estimated
directly from the hazy image. To make the image natural and
retain a good feeling of depth [6], (6) is modified by a constant
coefficient (0 < w < 1) which is set as 0.95 empirically,

7 . . C C
0 =1-0 mn <c;{‘r‘,‘§?b} (()./A )) G
Furthermore, in order to remove the halos and block artifacts
of the medium transmission matrix (or named as transmis-
sion image), soft matting [9], guide filter [10], or bilateral
filter [13], or can also be used to modify (x).

Besides, since in the most dense haze region, i.e., the light
of the brightest regions in dark channel is only determined by
global atmospheric lightA [6], the global atmospheric light
A can be estimated from the dark channel J92¥ directly. The
10% brightest pixels of the dark channel is first picked up.
Then among these selected pixels, the pixels with highest
intensity in the input hazy image I are chosen as the global
atmospheric light.
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As a result, once the medium transmission f(x) and the
global atmospheric light A are estimated, the haze-free image
can be restored by (8),

Jx) = {Ix) — A [1 - 1]} ./tx)
= {Ix) — A + A t(x)} ./t(x)
= {I(x) — A} ./t(x) + A. ®)

In order to restrict J(x) to be a limited value, (8) is further
modified as,

Jx) = {I(x) — A} ./ {max [t(x), 1]} + A, ©)

where g is set as 0.1 empirically.

The performance of dark channel prior based image dehaz-
ing method is well, however, there still exists unnatural halos
in sky regions because of the inherent drawback of dark
channel prior. Therefore, sky regions are first segmented from
a hazed image, and then treat the sky and non-sky regions
distinctively so as to improve restored image quality.

ill. PROPOSED METHOD

The dark channel prior is observed from patches in non-
sky regions. Therefore, there is an inherent defect that the
quality of a dehazed image is unsatisfactory in sky region [6].
In the proposed method, sky region is first segmented form
the input hazy image. Then, an adaptive patch size based
Dark Channel Prior for hazy image are proposed. After that,
a region-wised medium transmission are calculated sepa-
rately based on Color Characteristics of Sky Region (CCSR)
and Dark Channel Prior for non-Sky Region (DCPnSR).
Finally, a low complexity edge preserving guided filter is
proposed to smooth the medium transmission so as to restore
the input hazy image.

FIGURE 2. Segmentation results by mean shift algorithm, different
regions are distinguished by different grey values, from
left to right: wharf, tree, boat, and man_in_haze.

A. MEAN SHIFT BASED SKY REGION SEGMENTATION

The input image is first segmented into lots of areas, denoted
asS = {s1, 52, . .., S@}, based on the luminance of each pixel
by mean shift algorithm [14]. Detailed segmentation results
are shown in Fig. 2.
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FIGURE 3. Quadtree based feature pixels searching for sky region
segmentation.

Furthermore, based on the observation that a sky region is
usually smooth, with high brightness, located on the top of an
image, and maybe separated by high buildings or trees, etc.,
a quadtree based feature pixels searching method is proposed
so as to extract sky regions from S. Firstly, the input image is
evenly divided into four regions, as shown in Fig. 3. Due to
that sky region is usually located on the top of an image, the
top left and the top right blocks are further divided into four
sub-blocks, denoted as, Aje, 1, Aleft,2, Aleft,3» Aleft,4> Aright, 15
Aright,2, Aright,3, and, Arign 4 respectively, as shown in Fig. 3.
Secondly, the average brightness and average gradient of each
sub-block are calculated by (10) and (11),

Niefr.1

light 1 1 ¢

15" = N > 3 > rrm . (10)
gLl =1 ce{r,g,b}

grad 1 1 a(I“(n))

RS D DN EED D vl IS
@t nely i ce{r,g,b}

where ¢ € {left, right}, Njgs,; is the number of pixels in the
sub-block A, ;, I¢(n) refers to the pixel of n' pixel in the
color component c, and ¢ € {r, g, b}. Subsequently, two sub-
blocks (one corresponds to ¢ = left, and is denoted as Agy;
while the other corresponds to ¢ = right, and is denoted as
Agp) are selected by solving (12),

arg max {Ig‘g;ht}, (12)
i :

where
i 1g d
. gra gra
i€ {0, 1,2,3, 157 < ‘_‘Z } (13)

The two sub-blocks Ag; and Agy are then further split
into 4 micro-blocks respectively. By repeating calculation
of (10)-(13), the two micro-blocks Aj; and Ajp can be
selected, as shown in Fig. 3. Thirdly, the two center pixels
Cai1 and Cajp of the two micro-blocks Aj; and Aj, are
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FIGURE 4. Comparison of segmented sky regions (white pixels), the first row shows the input hazed images, the
second row shows the segmented sky regions by method in [7], the third row shows the segmented sky regions
by the proposed method, from left to right: wharf, tree, boat, and man_in_haze.

FIGURE 5. Comparison dark channel of my method and the methods in [6] and [7], the first row shows the input
hazed images, the second row shows the dark channel calculated by method in [6], the third row shows the dark
channel calculated by method in [7], the fourth row shows the dark channel calculated by the proposed method.
Note that only the dark channel of non-sky regions are useful in the proposed method, from left to right: wharf,
tree, boat, and man_in_haze.

selected as the feature pixels. After that, the corresponding B. EDGE PRESERVING DARK CHANNEL OF

two segmented areas (denoted as S, and S,) in which the two INPUT HAZED IMAGE

feature pixels locates are selected. Finally, all the areas which Based on the dark channel prior assumption, the dark channel
have similar luminance with S, and S; and connected with  becomes better for a larger patch size because the probability

each other are selected to merge the sky region. From Fig. 4, that a patch contains a dark pixel is increased. But, at the same
it can be observed that the proposed method can extract sky time, the medium transmission in a large patch may not be
regions accurately. constant, e.g. a patch containing depth edges. Thus, in the
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FIGURE 6. Estimated medium transmission of different methods, the first row shows the input hazed
image, the second row shows the estimated medium transmission of the method in [6], the third row
shows the estimated medium transmission of the method in [7], the fourth row shows the estimated

medium transmission of the proposed method, from left to right: wharf, tree, boat, and man_in_haze.

FIGURE 7. Block diagram of the proposed method.

proposed method, in non-edge region pixels, the patch size is
set as a large value (15 x 15), while in edge region pixels, the
patch size is set as a small value (3 x 3).

First, edges of the input hazed image I are detected, then
the dark channel is generated by (14),

. . IC f d .
. min | min, 1) forcdgeregion
X) =

min min I¢ for non-edge region,
yeR)5(x) |:C€{rsg,b} (y)] gereg
(14)

where 23 represents the patch with size of 3 x 3, and Q15
represents the patch with size of 15 x 15. The results of the
proposed dark channel are shown in Fig. 5. Note that only the
dark channel of non-sky regions are useful for the following
processing.

C. GLOBAL ATMOSPHERIC LIGHT

The atmospheric light usually corresponds to the thickest
haze area [6], e.g. sky region, etc. Therefore, when there exist
sky regions, the largest intensity of sky region is regarded

VOLUME 5, 2017
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as the atmospheric light. When there are no sky regions in
the input image, the positions (denoted as @) of the brightest
10% pixels in the dark channel 197K (x) are first collected.
Then, the largest intensity of the pixel at ® in the input hazed
image I are regarded as the global atmospheric light.

D. REGION-WISED MEDIUM TRANSMISSION
For non-sky regions, the medium transmission can be
calculated by (7) directly based on the dark channel prior.
For sky regions, from (5), it can be derived that the medium
transmission can be written as

1 — min ( min (IC(y)./AC)>

ye(x) \ce{r,g,b} (15)

toky (X)= .
1 — min < min (J"(y)./AC)>

ye(x) \ce{r,g,b}

Usually, red () component is the minimum in the sky regions
of a haze free image J [15]. Therefore,

(Jfky(y)-/A“))% ew: (10

where Jg ) is the r component of a patch £(x) in the
haze-free image J. Thus, in order to calculate the medium

min min
ye(x) \ce{r,g,b}
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wharf tree boat man_in_tree

road city streetlight building

FIGURE 8. Hazed images used in the experiments.

Ghinanews.com

FIGURE 9. Comparison of dehazed images, the first row shows the input hazed image, the second row shows the dehazed images of the
method in [6], the third row shows the dehazed images of the method in [7], the fourth row shows the dehazed images of the proposed
method, from left to right: wharf, tree, boat, and man_in_haze.

transmission of sky regions, ng(x) must be estimated. which means that the r component of the patch €2(x) in sky
In this paper, it can be assumed that there exist a relationship regions of the haze free image J come from an intensity
between Jg ) and Iy o) for sky regions, i.e., attenuation (with a multiplicative coefficient 0 < n < 1,

the larger the haze is, the smaller 1 is) of Ig . Since the
pixel values of sky regions are consistent, the parameter
Jo ® = ’71§z(x)’ 17 can be regarded as constant for all patches of sky regions.

1740 VOLUME 5, 2017



H. Yuan et al.: A Region-Wised Medium Transmission Based Image Dehazing Method

IEEE Access

FIGURE 10. Comparison of dehazed images, the first row shows the input hazed image, the second row shows the dehazed images of the
method in [6], the third row shows the dehazed images of the method in [7], the fourth row shows the dehazed images of the proposed

method, from left to right: road, city, streetlight, and building.

Accordingly, fsky(x) can be derived as,

1 — min ( min
ye(x) \ce{r,g,b}

(IC(y»/AC))

t(X)sky =
1 — min < min
ye(x) \ce{r,g,b}

(JC(y)./AC))

A¢ — min ( min (I"(y)))

ye(x) \c€{r,g,b}

- A¢ — min ( min (Jc(y))>

ye(x) \ce{r,g,b}

ye(x) \ce{r,g,b}
A — J§2(x)

A — min ( min (Ic(y))>

A¢ — min ( min (Ic(y))>

Q e{r,g,b
_ ye (Xz, ce{rrg } ' (18)
A€ — nIﬂ(x)

Consequently, the medium transmission of the whole
image can be calculated by

A — mi i I¢
min (_pin, 6)
A€ — nlgz(x)

) ( Ic(y))
1 — w min n

min —=
yeQ(x) \ce{r.g.b} A€

- x € sky region
ix) = y reg

X ¢ sky region.
19)
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In addition, the medium transmission is filtered by guided
filter [10]. In the filtering procedure, the patch size is set
as 60 x 60 for non-edge pixel positions; while for edge pixel
positions, the patch size is set as 12 x 12. Fig. 6 shows the
final medium transmission of the proposed method. It can be
observed that edge information is preserved better than other
methods.

E. RECOVERING THE HAZY IMAGE

After obtaining the medium transmission t(x) and the atmo-
spheric light (of different color component) A€, the haze
free image can be estimated by using (9) directly. The block
diagram of the proposed method is shown in Fig. 7.

IV. EXPERIMENTAL RESULTS

In order to verify the performance of the proposed method,
the performance of the proposed method was compared
with that of the method in [6] and the method in [7]. The
configuration of the test platform is Windows 7 system
with 2.0GHz CPU (Intel Core2 T6400) and 4GB memory.
In the experiments, the parameter @ and 7 in (19) are set as
0.95 and 0.9 empirically, respectively. Eight hazed images,
named as wharf, tree, boat, and man_in_haze, road, city,
streetlight, and building, as shown in Fig. 8, are used to
test the performance of the proposed method. Experimental
results are shown in Fig. 9 and Fig. 10, from which it can
be observed that the performance of the proposed method is
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TABLE 1. Complexity comparison.

Computing Time(s)
Image Name and &
Resolution

. . Proposed

Method in [6] Method in [7] Method
Wharf (809x537) 20.71 37.57 20.72
Tree (500%375) 5.17 6.54 5.42
Boat (500%x300) 3.04 3.63 3.24
Man_in_haze(540x372) 5.28 7.59 5.37
Road (690x459) 10.86 11.27 11.15
City (834x549) 22.75 23.02 23.42
Streetlight (500x285) 2.75 2.97 2.95
Building(350%214) 1.00 1.11 1.22

better than the other two methods, especially in sky regions.
Compared with the method in [7], the edges are preserved
more precisely by the proposed method; while compared with
the method in [6], the color discrepancy of the proposed
method is smaller.

Besides, the time consumption of the three methods are
also compared, as shown in TABLE I. It can be observed that
the time consumption of the proposed method is comparable
with the other two methods.

V. CONCLUSION

Since dark channel prior is not reasonable in sky regions,
a sky region segmentation based image dehazing method is
proposed in this paper. Sky regions are first segmented by
quad-tree splitting based feature pixels detection and mean
shift algorithm. Then, a region wised medium transmission
estimation method is proposed. After that, an edge preserving
guided filter is proposed to refine the medium transmission.
As a result, the hazed image is restored based on the region
wised the medium transmission and the atmospheric scat-
tering model. Experimental results show that the proposed
method is effective. There are less noise and color distortion
in the restored image, especially for sky regions.
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