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Abstract: In photographs captured in outdoor environments, particles in the air cause light attenuation and degrade
image quality. This effect is especially obvious in hazy environments. In this study, a fuzzy theory is proposed to estimate
the transmission map of a single image. To overcome the problem of oversaturation in dehazed images, a quadratic-
function-based method is proposed to refine the transmission map. In addition, the color vector of the atmospheric
light is estimated using the top 1% of the brightest light area. Finally, the dehazed image is reconstructed using the
transmission map and the estimated atmospheric light. Experimental results demonstrate that the proposed hybrid
method performs better than the other existing methods in terms of color oversaturation, visibility, and quantitative

evaluation.
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1. Introduction
Hazy images are obtained in several computer vision applications, such as terrain remote sensing, intelligent
vehicles, target recognition, and tracking [1-4]. Such images are processed to obtain haze-free images, in which

the actual scene and real color information are visible.
To improve the visibility and color fidelity of hazy images, many dehazing methods have been proposed

[6-12]. These dehazing methods mainly follow two approaches: given depth [5, 6] and unknown depth [7-12]. In
the given depth approach, depth information is added during image reconstruction. Tan and Oakley [5] used a
forward-looking airborne camera to detect terrain height under different conditions and employed the obtained
parameters as given depth information. By using a recaptured image, Narasimhan and Nayar [6] obtained given
depth information by manually approximating the distance distribution of the sky area and the vanishing point.
The vanishing point refers to a point on the image horizon at which parallel lines converge. Kopf et al. [7] used
a three-dimensional geometric model to acquire given depth information. Because it is necessary to provide
users with the equipment and given depth information for image reconstruction, this method is inappropriate
for real applications.

The unknown depth approach is subdivided into multiple [8-12] and single [13-19] image processing.
Schechner et al. [8, 9] used two or more images of a scene to estimate the depth of the scene at different degrees

of polarization by rotating a polarizing filter. Narasimhan and Nayar [10-12] captured two or more images under
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different haze conditions at the same scene and estimated the depth of a scene based on the haze concentration
to reconstruct the image. According to the results reported in [8-12], the corresponding methods can be used
to estimate depth information, but they cannot be used to obtain multiple images of the same scene.

Recently, dehazing using a single image [13-21] has been widely adopted to overcome the problem of
multiple images. Fattal [13] assumed that transmission and surface colors are not correlated. On the basis of
this assumption, he used independent component analysis to estimate the transmission of light and evaluate
the real color of a scene from a Markov random field. However, this method cannot be applied to very hazy
environments, and it requires considerable computation time and adequate color information. Tan [14] observed
that haze-free images have higher contrast color than hazy images. To eliminate haze from an original image,
Tan [14] proposed maximizing the local contrast of the recovered scene radiance. Although the method improves
the contrast color of the output image considerably, color oversaturation occurs. Tarel and Hautiere [15] used
the median filter to estimate the transmission map and adopted local adaptive smoothing and linear mapping
for solving the halo problem. He et al. [16] proposed a dark channel method to estimate the transmission map
of a hazy image and recover the image. First, the minimum pixel value of the three color channels of each
pixel in an input image is extracted. Then, a predefined patch size is used to process the entire image, and
the smallest pixel value in the patch is selected to replace the central value of the patch. Thus, the pixel value
at the center of the patch becomes the gray value of one color channel. Then, the hazy and haze-free regions
can be clearly distinguished in images, and the depth map of a hazy image can be estimated effectively. If a
large patch size is used in [16], the halo phenomenon would usually occur for buildings, leaves, or pedestrians.
In addition, if a small patch size is used in [16], colors in the reconstructed image would be oversaturated.
This phenomenon is called color shift. To solve the halo problem, He et al. [16, 17] proposed the soft matting
method and a guide filter to refine the transmission map and to filter the halo. The disadvantage of the method
in [16, 17] is the increased computation time for image processing. Thus, many researchers have extended the
dark channel method to overcome the halo and color oversaturation problems. Shiau [18] used the weight ratio
between the pixels of an input image and the pixels of a patch to determine a threshold for solving the halo
and color oversaturation problems. Huang et al. [4] used a small patch size to estimate the transmission map.
They found that color shift occurred in one of the three color channels; that is, the pixel value of one color
channel was especially high. On the basis of this observation in [4], they adjusted the proportions of three color
channels to reconstruct images. Ancuti and Ancuti [19] presented the multiscale fusion concept to produce
two images from a single image for dehazing a single image. By using the two images in conjunction with
the scale-invariant feature transform method, multiple same images with multiple scales are generated. Then,
each pixel generates three different weight values, namely luminance map, chromatic map, and saliency map.
Finally, the reconstructed image is obtained by fusing the three different weight values. Wei et al. [20] used
linear transformation to estimate the transmission map as well as to avoid the halo and color oversaturation
problems. Wang et al. [21] proposed a fuzzy system to estimate the transmission map and used the weight
ratio between the value of one pixel and the value of patch pixels to suppress the halo problem.

In the methods described in [4, 13-21], the color oversaturation problem is encountered. Therefore, in the
present study, the focus is on single-image dehazing while solving the halo and color oversaturation problems. A
fuzzy inference system and nonlinear compensation are employed for estimating the transmission map, whereas
the color vector of atmospheric light is calculated using the mean value of the top 1% of the brightest light.
Finally, the image is reconstructed using the estimated transmission map and the color vector of atmospheric
light.
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2. Background

The transmission of light is divided into two types. When light directly penetrates suspended particles in the
air and is then introduced into the human eye or lens, it is said to be transmitted directly. In the environment,
the distribution of suspended particles may be even or uneven. When light penetrates directly through a high
density of suspended particles in the air, it will deviate from its original transmission path. This is called
scattering. In the presence of few particles in the environment, a high-quality image can be obtained under
clear sky or air. In contrast, in an environment with a high density of suspended particles, such as smoky or
hazy environments, image quality will degrade.

In computer vision, this haze model [11-17] has been widely adopted, and it is expressed as follows:
L) = Ju(@) x t(z) + A1 — t(x)), (1)

where I, is a hazy image, and it represents the three RGB (red, green, and blue) color channels of each pixel; J,.
represents a haze-free image; A. is the color vector of atmospheric light; x is a pixel coordinate; t(x) represents
the transmission values of reflected light, and t(z) € [0,1]. J.(z) X t(x) represents the direct attenuation or
direct transmission of the scene radiance, and A. is atmospheric light.

In general, atmospheric particles are assumed to be distributed evenly. According to the distribution
conditions of atmospheric particles, the depth of the scene is attenuated exponentially when light penetrates

through air. The transmission map t(z) is formulated as follows:
t(l‘) = e_ﬁd(£)7 (2)

where the d(x) is the depth value of an object at an environment position (z), and 8 denotes the attenuation
coefficient. The transmission map is inversely proportional to the depth value.

Finally, the reconstructed image is derived from the haze model as follows:

3. Proposed dehazing method

In this section, an effective dehazing method is proposed for effectively eliminating halo and reconstructing a
real color image. The proposed method consists of four steps and the haze image is shown in Figure la. Step 1 is
based on the image depth of past observation to design a fuzzy inference system for estimating the transmission
map. Image depth with haze is shown in Figure 1b. To overcome color oversaturation, a nonlinear quadratic
function is used in Step 2 to refine the transmission map. In Step 3, a color vector of atmospheric light is picked
by averaging the brightest 1% of the atmospheric light. The image is reconstructed in Step 4 by using the haze

model. A flowchart of the proposed dehazing method is shown in Figure 2.

3.1. Transmission map estimation using fuzzy theory

Fuzzy logic was proposed by Zadeh [22] in 1968. It has been widely applied in various fields, such as control
[23], image processing [24], and object recognition and identification [25]. A fuzzy inference system is shown
in Figure 3. The fuzzifier transforms crisp data into suitable linguistic values. The fuzzy rule base contains
the empirical knowledge of domain experts. The inference engine, which is the kernel of a fuzzy logic system,

performs approximate reasoning. The defuzzifier is used to yield a crisp value from an inferred fuzzy value.
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Figure 1. a) Haze image, b) image depth estimation.

The suspended particles of atmospheric is called transmission factor, which is a very important trans-
mission medium for image. For example, haze is a natural phenomenon, in which dense suspended particles are
aggregated. Variation in the degree of penetration or scattering of light depends on the number and distribution
of particles. Because of the interaction between light and suspended particles, the real color of an image as it
appears to the human eye or photographic equipment degrades owing to the variation distance. On the basis of
physical phenomena, it is important to estimate the attenuation caused by particles. Under a known depth of
scene and without photographic equipment, the relationship between a hazy image and a haze-free image can be
observed in advance. Therefore, in this study, a fuzzy inference system is proposed to estimate the transmission
map (Figure 4).

The RGB color values of each pixel are the input to a fuzzy inference system. The fuzzy set of each input
variable is defined, as shown in Figure 5a, and the universe of discourse of each input is between 0 and 255. On
the basis of the results of the plurality of experiments, a region with a lower pixel value in a hazy image has
a higher saturation color (i.e. the region is a haze-free image area), and the intensity of the transmission map
tends to 1. In the region with a middle pixel value (i.e. the region between the haze-free and hazy image areas),
the intensity of the transmission map decreases as the pixel value increases. A region with a high pixel value
represents a hazy or sky area. To avoid low saturation of the hazy region, the intensity of the transmission map
is set to be close to zero. The fuzzy set of the transmission map intensity is defined as shown in Figure 5b.
The centroid method is used for defuzzification. The output of the transmission map estimation is expressed as

follows:

Zf=1(77i]\;1NA($i)) X Yj
Zf:1(7rijilﬂA($i))

t(z) = ; (4)
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Figure 2. Flow diagram of the dehazing algorithm.
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Figure 3. Block diagram of fuzzy inference system.

where N denotes the number of color channels, R represents the number of fuzzy rules, x; represents the ith
channel input, pa(xz;) represents the degree of membership value by which the ith channel input is excited, 7
represents the product operator, and y; denotes the consequent part output of the transmission map. In this

study, singleton values are used in the consequent part output.

Using three color channel pixels of the haze image in Figure 6a as the inputs to the fuzzy inference system
for estimating the transmission map, a haze-free reconstructed image is obtained, as shown in Figure 6b. In
this figure, color oversaturation is apparent. A low or high pixel value affects the estimation of the transmission
map. Thus, a nonlinear curve is used to refine the transmission map.
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Figure 4. The transmission map estimation using a fuzzy inference system.
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Figure 5. Membership function of a) antecedent part, b) consequence part.

3.2. Transmission map refinement using quadratic function

To solve the problem of color oversaturation, a quadratic function is proposed in this study to refine the
transmission map, and it is expressed as follows:
p

trey (@) = F(t(x)) = a(t(@)?) + bit(e) + 12— (5)
where t(z) represents the transmission map estimated by the fuzzy inference system, coefficients a and b are
constant values between — 0.7 and 1.35 and are used to adjust the curve, and coefficient p represents the average
gray value of the entire image for image compensation. According to the transmission map, the horizontal axis
represents the reference transmission intensity between 0 and 1, whereas the vertical axis represents the refining
transmission intensity. As shown in Figure 7, when the transmission intensity is close to zero, the region
represents the sky, a white object, or haze. Because few particles are usually present in the air on a sunny

day, distant objects still appear hazy. Therefore, the term 1%0 in Eq. (5) is adopted to refine the transmission
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(a) (b)

Figure 6. a) Haze image, b) haze-free image using transmission map estimation based on a fuzzy inference system.

map. In addition, the intensity of the transmission map of the region between the haze-free and hazy regions
has a strong effect on image quality. The coefficients a and b are used to adjust the quadratic function. If the
intensity of the transmission map is approximately the same as that of the linear transmission map, the problem
of color oversaturation cannot be overcome. Conversely, if the intensity of the transmission map is large and is

approximately the same as 1, the region is a haze-free area and therefore does not require dehazing.
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Figure 7. The transmission map estimation using a fuzzy inference system.
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3.3. Estimation of atmospheric light

Because atmospheric light is incident on atmospheric particles, it is scattered. For the hazy image model in Eq.
(1), if the transmission map approaches 0, the hazy image will be equal to the color vector of atmospheric light.
Therefore, the sky or a white area in the image is often selected as the reference for estimating atmospheric light.
A higher or lower estimated value of atmospheric light will yield a dim or bright dehazed image, respectively.
Thus, it is difficult to obtain an accurate value of atmospheric light from a hazy image. Narasimhan and Nayar
[6] considered the vanishing point interaction in an image as atmospheric light. Because this method does not
determine the position of the vanishing point, it is not reliable. Tan [14] selected the brightest pixel from a
hazy image for estimating atmospheric light. However, this method has several drawbacks; for example, the
brightest pixel may be a white car or a white building. Shiau [18] considered that atmospheric light should not
be limited to bright areas. Thus, atmospheric light can be obtained using the weighting ratios of the brightest
pixels in bright and the dark regions. In general, atmospheric light is obtained by referring to the method given
by He et al. [16], according to which the 0.1% brightest pixels are extracted using a dark channel. Although
this method [16] can be used to accurately estimate atmospheric light, it would be difficult to perform dehazing
under a few conditions. For example, when the original image contains a nonsky or hazy region (Figure 8a), a
large or small patch will be used in the dark channel method. If a large patch is adopted, other lights will be
ignored. Therefore, the atmospheric light cannot be estimated.

To overcome the aforementioned problems, an automatic atmospheric light estimation method is pre-
sented in this study. First, the minimum pixel values of each pixel in the image across the three color channels
are extracted. Next, the 1% highest pixel values are obtained from the image. Then, the obtained pixels are
respectively mapped to the pixel positions in the original hazy image. Finally, the pixel values of the three
color channels at the acquired pixel positions are respectively summed and divided by 1% of the total number
of pixels to obtain the final color vector of atmospheric light. The pseudocode of the estimated atmospheric
light is shown in Table 1. This approach involves extracting the minimum pixel value of each pixel in the entire
image. If there is no sky area in the image, atmospheric light is estimated from white areas in the image. Thus,
white areas can be considered a part of the atmospheric light. The estimated atmospheric light in this study is
shown in Figure 8b.

Table 1. Atmospheric light estimation algorithm.

Igray(7) = min(l,(z))
counter = Width of image* Height of image *1%

for(pixel value Descending from 255 to 0)
for(Width of image)
for(Height of image)

if (I4rqy(x) ==current Index of pixel value)

pixel.(x)+ = I.(x), counter - -
end if
end for

H
@

end for

—_
=

end for

A = pixel (x)
¢ 7 Width*Height*1%

—_
»
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(a) (b)

Figure 8. a) Haze image, b) the atmospheric light position.

3.4. Image restoration

When both atmospheric light A, and transmission t,.s(x) are given, image restoration is performed as follows:

1+ A, (6)

4. Experimental results

In this study, experiments are divided into qualitative and quantitative assessments. Qualitative assessment
is visual assessment, whereas quantitative assessment is based on the visibility quantitative assessment of the

restored image.

4.1. Visual assessment

In this experiment, four original hazy images, called “ny12”, “ny17”, “y01”, and “y16”, were used for analysis
and evaluation. We compared our method with the methods proposed by Fattal [13], Tan [14], Kopf et al.
[7], Tarel et al. [15], and He et al. [16]. The visual assessment considered overbrightness, color shift, color
oversaturation, halo, white spots, and sharp edges. Detailed experimental results of various methods are shown

in Tables 2 and 3.
The haze in original images can be seen on buildings and mountains. In images obtained using Fattal’s

[13] method, the sky is excessively bright in the backgrounds of images “ny12” and “y16.” In images obtained
using Tan’s [14] method, the problem of color shift is apparent in the building and sky in the dehazed version of
the image “ny12.” In addition, the strong contrast in images “y17,” “y01,” and “y16” causes color oversaturation,
and a halo appears on the edge of the rock in “y16.” In images obtained using the method of Kopf et al. [7],
color oversaturation can be seen in a few areas of the building and sky in image “nyl12” and in the foreground
buildings in image “ny17”. Moreover, color shift can be seen in images “y01” and “y16”. In images obtained
using the method of Tarel et al. [15], color oversaturation can be seen in the sky region, and a halo can be seen
on the edges of buildings and mountains. In images obtained using the method of He et al. [16], excessive color

shifts and color oversaturation can be observed, which makes the images look unnatural.

3799



LIN et al./Turk J Elec Eng & Comp Sci

Thanks to the fact that more appropriate atmospheric light is obtained in the proposed method, the
dehazing results of “nyl2” and “nyl7” do not lose the original colors in the sky, have a gradient of color in
the foreground building, and show quite natural in the distant buildings. For the images “y01” and “y167”,
the dehazed images obtained using the proposed method show the same color in the sky region as that in the

original image, and the details of the mountains are clearly visible. The result is satisfactory.

Table 2. Disadvantages of various methods.

Methods
Images

Fattal [13]

Tan [14]

Kopf et al.
[7]

Tarel et al
[15]

He et al.
[16]

nyl2

over bright
color shift
color oversaturation
halo

v

v

v

v
Vv

v

white spots
over bright
color shift V4
color oversaturation V4 V4
white spots
white spots
over bright
color shift V4 V4
color oversaturation V4 V4
halo V4
sharp edges
over bright Vv
color shift V4 V4
color oversaturation
halo
sharp edges

nyl7

<<

y01

<<

y16

L
<

4.2. Quantitative evaluation

The quantitative evaluation of image restoration is a difficult task, and no uniform standard is available for
this purpose. Therefore, in this study, the S-CIELAB color difference metric proposed by Zhang and Wandell
[26] is proposed. This method is for the original image and reconstructed image in each single color block for
difference evaluation. The experimental results are compared with those of other methods [7, 13-16]. Table 4
lists the various results obtained using the S-CIELAB color difference metric. The experimental results show
that the proposed method is superior to other methods according to the S-CIELAB color difference metric, and

the edges of the restored images do not show color oversaturation.

5. Conclusion

An effective dehazing method was presented in this paper based on the attenuation of light to estimate the
transmission map by using a fuzzy inference system. To solve the color oversaturation problem by using a
nonlinear quadratic function to refine the transmission map, the color vector of atmospheric light was estimated

using the 1% brightest region. Finally, the transmission map and atmospheric light were obtained to reconstruct
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Table 3. The results of comparison of various methods.

Methods

Images nyl2 nyl7 yo01 ylé

Original image

Fattal [ 13]

Tan [14]

Kopf et al.
(7]

Tarel et al.
(15]

He et al.
(16]

Liu et al.
[20]

Proposed
method

the image. Experiments were divided into qualitative and quantitative assessments. Qualitative assessment is
visual assessment, whereas quantitative assessment is based on the visibility quantitative assessment of the
restored image. Experimental results demonstrated that this method is effective and provides good color

contrast and visibility.
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Table 4. Estimation of color difference using various methods.

Mot Images | 19 |wy17 | yo1 | yi6
Fattal [13] 20,993 | 15,997 | 2683 5591
Tan [14] 39.394 | 43478 | 15,651 | 10,244
Kopf et al. [7] 10,096 | 3853 5891 4012
Tarel et al. [15] 1315 1299 499 3066
He et al. [16] 1462 1357 511 6496
Proposed method 1879 345 179 1556
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