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Abstract Outdoor images lose color contrast and visibility in poor weather conditions (like
fog, mist, haze and rain), which affects computer vision applications extremely. Degree of
degradation at a pixel varies with the depth of a scene point from the observer. Therefore,
the problem of image restoration under bad weather is expressed as depth estimation of
each scene point from degraded image. The proposed work introduces a linear depth model
based on color attenuation prior to estimate depth of each scene point from a single image.
The proposed work is based on an observation that the difference of saturation from bright-
ness and hue increases with scene depth and preserves structural similarity of degraded
image. The proposed work is capable to preserve the existing edges and recover both the
scene depth and the degraded edges. Effectiveness and accuracy of the proposed method is
measured qualitatively and quantitatively. The experimental result analysis proves that the
proposed method outruns in comparison to the live state of art methods.

Keywords Fog - Haze - Visibility enhancement - Light scattering - Airlight

1 Introduction

Visibility is a major problem with outdoor surveillance systems. Amid weather conditions
create hindrance for visual recognition of a scene in those systems which work under the
influence of wide ranging states of weather, such as object recognition in outdoor systems,
detection of obstacle, outdoor video surveillance system, object detection using vehicular
network, traffic monitoring in outdoor vision systems and intelligent transportation sys-
tems. Furthermore, the most computer vision algorithms perform better if the input image
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is the scene radiance. It is observed that the degradation of images under mediocre weather
conditions is due to scattering and absorption of light by the atmospheric particles (i.e.
Haze, fog, smoke etc.). The irradiance of a scene point received by the camera, is sum of
the light reflected by scene point(direct attenuation) and the light reflected by atmospheric
particles(airlight) [5].

Contrast and color of the image degrades at the point of absorption or scattering. The
scattering of light by particles is more severe than absorption [44]. Therefore fog removal
(defogging) is desired in computer vision field. Aim of defogging method is to remove fog
or haze and to construct a clear image from the observed degraded image [5, 28].

Depth of the scene point from camera determines the amount of scattering [5]. The
defogging algorithm can give a clue of the scene depth, which can be utilized in most of the
prominent vision algorithms [7, 35].

Long established methods of image quality improvement, such as histogram equaliza-
tion, contrast enhancement, generally cannot find ideal defogging results. The prime focus
of these methods is to improve brightness and increase contrast. Most realistic scenes can be
restored using these methods. However, these methods are unable to deal with foggy images
[9, 10, 27].

A few methods [5, 30, 31, 46] produce prominent results under homogeneous scattering
but they are unable to restore degraded edges and even they lose existing edges due to either
filtering approach or inaccurate scene depth estimation.

The proposed method is based on an observation that difference of saturation from sum
of hue and brightness, increases with depth and therefore, it can be utilized to propose an
improved linear depth model to estimate accurate scene depth.

The proposed method preserves the existing edges and restores those edges, which
were lost due to amid weather conditions, with an assumption that pixels are locally at
same depth. Results obtained through the proposed method are verified and validated using
various parameters based on qualitative and quantitative analysis.

The paper is organized as follows. Related work is presented in Section 2. In Sec-
tion 3, the problem is formulated using physical model of atmospheric scattering. Section 4,
introduce the theoretical foundation and verification of the proposed model. Mathematical
modeling of the proposed model is given in Section 5. Section 6 introduces properties of
the proposed model and describes the process to recover the scene radiance from degraded
image. Section 7, presents detailed analysis and comparison of the proposed model with
existing literature. Finally, Section 8, concludes the proposed work.

2 Related work

Defogging can be put under the category of big data processing and analysis [39-41]. It
is a gruelling task because the haze concentration varies with unknown scene depth. Main
aim of defogging method is to recover scene depth. On the basis of types of input, the
defogging methods can be categorized as: (1) Additional information based methods [21,
29]; (2) Multiple image based methods [18-20, 25, 26] and (3) single image based methods
[4, 5, 28, 30, 46].

Methods proposed in [19, 20, 25], requires additional information like depth cues or
multiple images. In these methods, depth cues are determined through various camera
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positioning operations or through altitude [21, 29]. Since these methods require additional
information through user interaction, therefore they are not good for realistic computer
vision applications.

In [25, 26], multiple images captured at different degree of polarization are used to
enhance the visibility of image. The methods in [18-20] attains additional restriction
through several images of a scene in varied weather states. However, these methods are
expensive since they require additional hardware or other expenses in order to perform well.

Defogging problem can also be solved by putting many constraints if the input is sin-
gle image. Currently, single image based defogging methods are getting focus [4, 5, 28, 30,
46]. Efficiency and success of these methods depends upon assumptions. In [28] it has been
observed that fog free images have high contrast in comparison to foggy images. Therefore,
a method for maximization of local contrast is proposed. However, it produce blocking arti-
facts near depth discontinuities due to the patch-based operation. In [4], the scene albedo has
been estimated and transmission is deduced by assuming that the shading of local surface
and local transmission are not correlated. However, it produce wrong results under dense
fog.

In the statistics of outdoor images in [5], it is observed that the pixels in local non sky
region have very low intensity due to the effect of airlight in foggy conditions. Therefore,
these pixels are utilized to estimate quantity of fog. However, it produce erroneous results,
if an object with a color equal or more than atmospheric light, is present in the scene.

Robust method based on various depth cues using learning based approach is used in
[30]. It used combination of priors to estimate transmission. Results produced by it are
influencing. However, it fail in case of dense fog or haze.

A few methods have been proposed to estimate per pixel transmission to reduce blocking
artifacts [1, 12, 13]. In [1], a novel method to estimate per pixel transmission is proposed
with an assumption that an image can be represented by a few hundred colors. This tech-
nique solves problem of blocking artifacts due to per pixel transmission. However, it does
not work in the presence of objects brighter than airlight. In [13], a novel method related to
noise is proposed. This method also estimates per pixel transmission to remove noise and
handle over bright objects in scene. However, the noise is estimated using weighted sum of
saturation and brightness, which may produce wrong results in case of dense fog. In [12], a
high quality image dehazing method based on perception oriented transmission estimation
is proposed. In this method, scattering probability of each pixel is estimated using Bayesian
framework, which is utilized to gaze level of dehazing required at a pixel. This method pro-
duce high quality results. However it is computationally expensive in comparison to other
available methods.

Fast defogging methods have been proposed in [37, 46]. In [37], linear transformation
based technique is proposed with an assumption that minimum color channel of foggy
image is a linear transformation of minimum color channel of fog free image. However, the
algorithm darken the color of restored image with increased defogging level. In [46], the
color attenuation prior has been proposed to estimate scene depth. It is observed that the
difference of brightness and saturation of a scene point varies with depth. Therefore, a lin-
ear depth model is proposed to estimate scene depth. Parameters of the model are learned
using machine learning techniques [2, 3, 22, 40]. Results produced by [46] loses existing
edges and are unable to recover degraded edges due to minimum filter and inaccurate scene
depth estimation. In certain conditions (like heterogeneous fog), it produce wrong results.
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3 Problem formulation

As light travels from a scene object to camera (observer), the key characteristics (like inten-
sity, color) changes due to scattering of light by atmospheric particles. Amount of scattering
highly depends upon the type, size, distribution and orientation of particles present in the
atmosphere [17]. Table 1 shows summary of types of possible atmospheric conditions based
on particle type(T), size(S), concentration(C) and humidity level(H) present in atmosphere
[17].

It can be observed from Table 1 that air molecules are very small in size. Therefore
scattering due to air molecules is very less and adds negligible noise in image formation.
Atmosphere composed of air molecules is termed as clear day. Volcano ashes, combustion
products and sea salts are the haze particles, which are larger in size than air molecules
and generally are suspended in gas. These particle acts as center of small water droplets
when humidity increases to very high level. Generally, haze results into blueish hue. Fog
is similar to haze except when humidity condition reaches to saturation level, some of the
nuclei grow due to condensation and results into water droplets. In simple words, increase
in humidity turns haze into fog. Cloud is similar to fog except that clouds are formed at
higher altitude rather than ground level. Rain is a complex weather condition. Presence of
rain in atmosphere causes random spatial and temporal variations in images. Thus dealing
with rain is more dynamic. Therefore rainy weather is termed as dynamic weather [17].

Figure 1 describes the process of image formation under environmental influence. As
shown in Fig. 1, as a beam of sun light incident on an object , it is attenuated by atmospheric
particles. Amount of light observed by camera is sum of the actual radiance of scene point
which is not scattered and the radiance caused by scattering of light due to presence of
atmospheric particles [17].

Formation of image in poor weather condition is described by the optical model [20] and
is represented by (1).

1i(x) = Loo(x) p(x)17(x) + Loo(x)(1 — 1r(x)) M

direct attenuation airlight

Where, direct attenuation is represented by first term and airlight is modeled by second
term. Location(coordinates) of the scene point is x, intensity at location x in degraded image
is I7(x), Lo (x) is atmospheric light, p is reflectance of an object in the image. Transmission
of a scene point is represented by ¢ (x), which can be expressed as:

tr(x) = e POIdM)
Where, d(x) is the distance of a scene point at location x from observer, S(A) is

atmospheric scattering coefficient.

Table1 Types of atmospheric conditions based on presence of types of particles and their physical properties
[17]

Weather T S (um) C (cm™?) H

Air Molecule 104 10" Absent
Haze Aerosol 10~2tol 103t010 High

Fog Water Droplet 1to10 100to10 Saturated
Cloud Water Droplet 1to10 300to10 Saturated
Rain Water Drop 10%to10* 10~2t01073 Very High
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Direct Attenuation

Fig. 1 Optical model of image formation

For visible wavelength, the scattering coefficient depends upon wavelength and defined
as given in (2) [17].

B =277 @)

where §(}) is scattering coefficient, A is wavelength of incident light and 0 < y < 4isa
constant which depends upon size of particles present in air. Pure air molecules are smaller
than wavelengths of light, hence the effect of wavelength will be more because y = 4.
Therefore, sky seems blue under clear day conditions. In foggy conditions, particles size will
be larger than wavelength, hence y = 0. Therefore scattering is independent of wavelength
and scattering coefficient () is constant(homogeneous scattering). In case of thin fog or
mild haze, size of particle varies between 10~* to 104m, which produce gamut of varying
scattering effects and is known as heterogeneous scattering [17].

It is assumed that no absorption or attenuation takes place in clear day conditions,
therefore B(A) = 0. Thus from (1).

1g(x) = Loo(x)p(x) 3)

Equation (3) represents, the image captured in clear day conditions and can be repre-
sented by I, (x).

The proposed method assumes that, (1) atmosphere is composed of small particles (like
fog or haze) with homogeneity in shape and size; (2) orientation of particles is constant.
Therefore the scattering coefficient (1) and atmospheric light Lo (x) can be taken as
global constants § and A respectively. Thus, from (1) and (3),

1q(x) = I, (x)tr(x) + A(l — 1r(x)) “)

where I;(x) is the image degraded in foggy weather conditions, I (x) is the expected clear
day image of same scene, A is global atmospheric light and 7r(x) is transmission, which
describes the amount of light directly reaches to the observer without scattering.

The objective of defogging is to estimate /. (x), tr(x) and A from an input image /5(x).
This is an ill-posed problem since I,(x), I;(x) and A are co-planar vectors and they are
co-linear at their end points [5]. From (4),

L(x)=-"———+A (5)
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Thus (5) can be used to recover clear day image (/-(x)), if tr(x) and A are known.
Transmission ¢r (x) is expanded below.

1 if dix)=0
tr(x)=1{0 if dx)=o00 (6)
©, 1) otherwise

Practically, d(x) = oo is not possible, therefore if d(x) is normalized with in the closed
interval [0, 1] then ¢ (x) can be redefined as.

1 if dx)=0
trx)=4e? if dx)=1 0
0, 1) otherwise

If A and 1;(x) are normalized in the closed interval [0, 1] then scene radiance I, (x) will
be in the closed interval [0, 1].

3.1 Problem analysis for restoration of 7, (x)

The image I;(x) contains many objects in general. The objects will be at different depth
from the observer. The proposed method gives following depth clues to restore scene
radiance I, (x).

Clue#1: If an object is very close or near to camera then,
dx)~0 =tr(x)=1 (8)

From (4), I;(x) = I,(x) which infers that the objects closer to camera do not
degrade due to scattering of light. Thus the visibility of closer objects remains
clear in poor weather conditions.

Clue#2: The radiance of an objects attenuates as the distance of objects from camera
increases. If an object is very far from camera,

d(x) =00 =1tr(x)~0 )

From (4), I;(x) = A which shows that the effect of bad weather is more at long distance
objects and is almost equal to global atmospheric light. It can be used to find the value of
the global atmospheric light A. The clues prove that the scene depth is strongly correlated
with transmission 77 (x) and global atmospheric light A. Therefore accurate estimation of
scene depth is vital for restoration of clear day image.

In computer vision, depth information is not included with a single image. Therefore,
fog removal from a single image is hard and challenging, due to loss of one dimension in
image formation. As discussed earlier, if depth information of an image can be recovered
then clear day image can be restored. This inspired us to propose a linear depth model for
fog or haze removal.

Aim of the proposed work is to address the issues of existing literature and to introduce a
accurate depth estimation model to preserve existing edges and restore degraded edges while
preserving the structure of image. The proposed work is inspired by existing linear model
for depth estimation based on color attenuation prior [46]. Contribution of the proposed
work is in two folds.

1. Color attenuation prior [46] considered difference of brightness and saturation to
approximate depth of a scene point on the basis of an observation, that brightness
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increases and saturation decreases with depth. However, hue of scene also increases
with depth, which proves that hue is positively correlated with depth. Thus, the esti-
mated scene depth can be improved by adding hue in color attenuation prior. Therefore,
the proposed model considers hue, brightness and saturation to approximate depth,
which gives more accurate scene depth and restores degraded edges.

2.  White object problem is solved by [46] using minimum filter, which results into loss of
existing edges. Thus, the proposed work used median filter to preserve existing edges
to improve the visibility.

4 Theoretical foundation of the proposed linear model
4.1 Theoretical foundation

For theoretical basis, a number of experiments are conducted over the images degraded by
fog to find the statistics behind it. It is found that the depth information not only depends
upon difference of saturation and brightness but also varies with the hue.

Figure 2 shows the statistics of a natural scene under various foggy conditions.
Figure 2b illustrates the statistics of a patch with dense fog of an image in Fig. 2a and it can
be observed that the brightness of patch is very high, saturation is very low, difference of
brightness and saturation is very high and difference of saturation with hue and brightness
is more.

Figure 2c shows the statistics of a patch with medium fog, it shows that the brightness
is good, saturation is little more, difference of brightness and saturation is quite high and
difference of saturation with brightness and hue is more. This shows that the difference of
saturation with brightness and hue increases sharply with fog and fades the color of image.

Figure 2d and e represents statistics of a patch without fog. It is observed that the dif-
ference of saturation and brightness only, is not good clue for depth estimation. According
to [46], the difference of saturation and brightness must be very low but in Fig. 2e, the
saturation is too low, difference is very high.

Furthermore, in (5), assume &(x) = Iz;(x) — A. The value of £(x) is used to measure
the amount of degradation of a scene point at location x, where atmospheric light A is the
maximum possible intensity in 1 (x).

The value of £(x) approaches to zero for a scene point if /;(x) is almost equal to A,
which indicates that location x is at long distance and affected by dense fog. Furthermore,
the increasing value of ¢(x) indicates the decreasing affect of fog which infers that location
X is near to camera or observer.

For a fog free patch in Fig. 2e, the difference of saturation with brightness and difference
of saturation with brightness and hue is

vsfp = 0.8873 (10)

vhs pp = 1.1998 (11)

where vs 7y is difference of saturation with brightness and vhs sy is difference of satura-
tion with brightness and hue for a fog free image. Therefore, they are representing the
approximate values of 7 (x).

In first look, the values of vs s and vhs ry represents same fact that the patch is at long
distance and affected by fog but there is a significant difference between them. In Fig. 2b,
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Under Dense Fog
H Value V4H-S
E (v) Hue V-§
z Saturation  (H)
BN |
§ &S m
L 1 2 3 4 5
Imean 0.9962 | 0.0208 | 0.6165 | 0.9754 | 1.5919

(b)

Under Medium Fog
=
g Vel VH-S
E v) Hue V=S
£ Saturation  (H)
§ (s)
= 1
J [mean | 0.7875 [ 0.0707 | 0.3577 | 0.7168 | 1.0745 |
L |
(©)
Under Fog Free
=
. -
g Value Saturatio e ViH-S
= \ L (H)
% (s) V=S
e . ]
= 1 2 3 4 s
) [mean [0.4116 [0.1908 [ 0.3831 | 0.2208 | 0.6039
Under Fog Free
§ Value V4H-S
v .
- V) Hue v
F - E Saturation ()
v g (s) .
= 1 2 3 4 5
|mean | 0.9051 [ 0.0178 | 03125 | 0.8873 | 1.1998

(e)

Fig. 2 Relationship of Fog density with the proposed linear model. a A Foggy image; b A patch of image
(a) with dense fog and its statistics; ¢ A patch of image (a) with medium fog and its statistics; d and e A
patch of image (a) without fog and its statistics
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for the dense fog, the maximum difference of saturation with brightness and the difference
of saturation with brightness and hue is

vsqr = 0.9754 (12)

vhsgs = 1.5919 (13)

The abbreviations ff and df in (10), (11), (12) and (13) are used to represent fog free
and dense fog conditions for understanding purpose.

The values of vsgy = 0.9754 and vhsgr = 1.5919 are the maximum possible dif-
ferences, therefore they approximately representing the values of A. The difference of
vspr — vsqr = 0.0881, which is low and wrongly indicates that the patch is fog affected
and here the method of [46] fails, while the difference of vhs s — vhssr = 0.3921, which
is high and indicates that the patch is not fog affected. Therefore the consideration of hue is
vital.

Furthermore, it can be observed from Fig. 2 that the value of brightness + hue —
saturation is decreasing more sharply than the value of brightness — saturation. There-
fore the proposed work considers the failure factor of [46] and introduce an improved linear
depth model which not only depends upon the difference of saturation with brightness but
considers hue as well.

According to the statistics, the depth of a scene point and concentration of haze can be
correlated as:

depth(x)a(brightness(x) + hue(x) — saturation(x)) (14)

Equation (14) represents positive correlation of depth of a scene point with brightness,
saturation and hue component of same scene point.

5 Mathematical modeling of the proposed linear model

This section presents the mathematical modeling of the proposed work. As explained in
Section 4, the difference of saturation from sum of hue and brightness gives a clue about
depth and can be used to approximate the depth. Since this observation is based on statistics
of hue, brightness and saturation. Therefore, there is a need to model the observation as a
statistical model. Thus, the proposed improved linear depth model can be expressed as:

d(x) = (c1 + c2v(x) + c3h(x) — c45(x)) /o + €(x) (15)

where, x is the location of a scene point with in the given image. Generally, x represents
coordinates of the scene point. Depth, brightness, hue and saturation of a scene point at
location x is represented by d(x), v(x), h(x) and s(x) respectively. Linear coefficients of
the model are ¢y, ¢2, c3 and c4. Scene depth is normalized by a parameter &. Random error
of the model is represented by €(x), which can be modeled by a random image.

Equation (15) can be used to approximate depth of a scene point at location x. Accuracy
of estimated depth depends upon fine tuning of linear coefficients. Figure 3 shows approxi-
mated depth of a foggy image using (15) withc) =2 =¢3 =c4 =a =l and e(x) =0,
which is represented by a black image.

Figure 3a, b, ¢, d and e shows a foggy image, h(x), v(x), s(x) and approximated d(x)
of same image. In Fig. 3e, it can be observed that scene points close to camera are at zero
depth, which is represented by black color and scene points at long distance are bright.
Accuracy of d(x) can be increased by learning linear coefficients and random error.
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(a) (b) © ©)

Fig. 3 Depth approximation using (15) a Foggy Image, b Hue(/(x)), ¢ Brightness(v(x)), d Saturation(s (x)),
e Approximated Depth(d (x))

5.1 Computation of linear coefficients

Objective of the proposed work is to preserve existing edges and to recover degraded edges,
which depends upon accuracy of the estimated depth using proposed linear depth model.
Accuracy of linear depth model is influenced by linear coefficients ¢y, ¢2, ¢3 and c4. There-
fore proper and correct evaluation of linear coefficients is essential using two dimensional
data analysis techniques [22-24, 42].

Effect of restored edges is best described by structure of image. Therefore, the proposed
work relies on structural similarity index(ssim) [34] to compute the values of ¢y, ¢2, 3
and c4 to produce quality results. The proposed work compute values of linear coefficients
such that ssim improves. ssim(j, k) is used to measure the variance of combined effect
of luminance(lum(j, k)), contrast(cont (j, k)) and structure (struct(j, k)) of two images
J and k. Equations (16), (17), (18) and (19) are used to compute ssim(j, k), lum(j, k),
cont(j, k) and struct (j, k) of images j and k respectively [33, 34].

ssim(j, k) =lum(j, k) * cont(j, k) * struct(J, k) (16)
where,

2 C

lum(j, k) = ZMJL—;I 17)
mjc+ pe”+ Ci

2001 + Co
(k)= —L+5 2 18
cont(j, k) o2+ o2+ Ca (18)

ix +C
struct(j, k) = ZEEES (19)

ojor +C3

where 1, py are local means, o, oy are local standard deviations of image j and k respec-
tively, cross-covariance of same images is represented by o ;. If images j and k are same
then value of ssim(j, k) = 1.

Figure 4 shows local means (u;, i), standard deviations (oj,0%), cross co-
variance(o i), lum(j, k), cont (j, k), struct(j, k) and ssim(j, k) of an image k with respect
to a reference image j.

First row of Fig. 4 shows images j, u;, o}, 0jj, lum(j, j), cont(j, j), struct(j, j) and
ssim(j, j). Thus, lum(j, j), cont(j, j) and struct(j, j) found as white images and scaled
down to show their presence. Value of ssim(j, j) = 1, which proves that images j and k
are same.

Furthermore, image k, ug, ok, ok, lum(j, k), cont(j, k), struct(j, k) and ssim(j, k)
are shown in remaining rows. Image k is obtained by contaminating image j using gaussian
noise with zero mean and varying standard deviation o = 0.001, 0.009, 0.020 respectively.
As o increases, lum(j, k), cont(j, k), struct(j, k) and ssim(j, k) decreases. However,
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0.6838

= 0.2879

= 0.1880
()

Fig. 4 Illustration of ssim(j, k) with varying k a Image k, b u, ¢ oy, d oji, e lum(j, k), £ cont(j, k), g
struct(j, k) and h ssim(j, k)

change in luminance is not noticeable. This proves that ssim(j, k) = 1, if and only if
lum(j, k) =1, cont(j, k) =1 and struct(j, k)=1. Therefore, from (17), (18) and (19).
m=1:>(uj—uk)2=0
%:1:(@—0,()2:0
7;'/;1—:_623 =1=o0jor =0jk

Thus, it infers that ssim will be high if square of difference of mean, square of difference
of standard deviation of two images j and k is low. Therefore the proposed method computes
values of linear coefficients such that the squared difference will be low i.e.

(€(x))? = (d(x) — c1 — c2v(x) — c3h(x) + cas(x))* ~ 0

Ordinary least square(OLS) method of regression analysis is principally based on min-
imization of squared errors [2]. Therefore the proposed method used OLS method to
compute values of c1, ¢2, c3 and c4. To obtain intermediate equations of OLS, generalized
regression model of (15) is required and can be expressed as:

di(0) = (2 + 200 + Zhi) — Zsix0) + 6 () (20)
o o o o

where d; (x) is random depth at location x of ith sample and represents dependent variable
of linear regression, v; (x), #;(x) and s; (x) are brightness,hue and saturation components of
ith sample respectively and represents independent variables of linear regression. Random
error produced by ith sample of the linear regression is represented by ¢€; (x) and modeled
using gaussian distribution with zero mean and o2 variance. After replacing <, 22, S and

a’a’ o

2—4 by Bo, B1, B2 and B3 in (20) respectively, where all ; <= 1for (i =0, 1, 2, 3).
di(x) = (Bo + Prvi(x) + Pahi(x) — B3si(x)) + € (x) 21

Equations (20) and (21) are representing generalized model of (15). Using (21), the sum
of squared error s is given as:

num

= 3 (i) — (Bo+ roi(x) + Bahi (x) — Pasi (1))

k=1
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where num represents number of samples used for regression analysis. Partially differenti-

ating s with respect to By, 81, B2, B3 and equating to zero (i.e. ‘LV =0, 3{;;] =0, aaf;z =0
and a% = 0), gives following Equations.
D di(x) = numpBo+ By _vi(x)+ B2y hi(x)— B3y _si(x) (22)
k=1 k=1 k=1 k=1
D di(x) xvi(x) = Bo Y vi(x)+Bi Y vi()P+ B2y hi(x) wvi(x) — B3 Y si(x) x vi(x)
k=1 k=1 k=1 k=1 k=1
(23)
Do di@) shi(x) = Bo Yy hi(x)+ B Y vi(x) xhi(x) +/3th () = B3 Y si(x) % i (x)
k=1 k=1 k=1 k=1
(24)
D di(x) xsi(x) = o Y si(X) + B Y vi(x) % 5i(X) + P2y hi(x) ksi(x) = B3 Y si(x)?
k=1 k=1 k=1 k=1 k=1
(25)

Equations (22), (23), (24) and (25) are intermediate equations of regression analysis,
which are used to obtain values of By, B1, B2 and fs3.

Value of « is required to obtain values of ¢y, ¢z, ¢3 and c4. As explained earlier that o
is used to normalize the value of scene depth d(x) in closed interval [0, 1]. Therefore « is
defined as follows:

{ 1 if max(dx)) <=1
o= .
dnax otherwise

where d,,,, is maximum possible value of scene depth d. From (21), the scene depth d will
be maximum if and only if all §; = 1, v;(x) = 1, h;(x) = 1 and 5;(x) = 1. Thus the value
of dyax = 2. Therefore, the values of ¢y, ¢z, c3 and ¢4 can be calculated using value of «.

5.2 Generation of ground truth and data collection for regression analysis

It is hard to obtain ground truth of scene depth due to environmental constraints. An object
at some depth in a scene at a time may be at different depth in same scene at some other
time. Therefore a set of 200 clear day images of outdoor scenes containing trees, mountains,
animals, river sites etc., have been downloaded from internet to prepare sample space for
computation of linear coefficients.

Figure 5 shows the process to obtain the values of all variables (3 y2 di(x), Y
Ui (x), ST hi(x), Y si(x) ete.) involved in (22), (23), (24) and (25) for computatlon
of linear coefficients. Random depth map d; (x) is obtained for each fog free image(J; (x))
based on gaussian distribution with zero mean and 0.5 standard deviation, which indicates
proper diversity in the depth map. Value of Airlight A is computed on the basis of uniform
standard distribution. Foggy images(/; (x)) with respect to each J;(x) are prepared using
(4). Hue (h;(x)), saturation (s;(x)) and brightness (v;(x)) components of each I;(x) are

num
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RandomDepth d(x)

f 3"-\5'. g
o

N e h,(x

p———

Foggy Images I(x) Saturation s{x) Brightness v(x

Fig. 5 Process to obtain the values of all the variables involved in (22), (23), (24) and (25)

extracted. This makes a sample space to be used to fit the curve of (21) based on OLS
method of regression analysis using (22), (23), (24) and (25) to obtain values of linear
coefficients. The obtained values of linear coefficients are ¢1 = 0.0122, ¢2 = 0.9592, ¢3 =
0.9839 and c4 = 0.7743. However the values of linear coefficients can vary with the sample
space used to compute them.

It is observed that on an average the value of ¢3 = 0.9, which shows that the role of hue
is important in depth estimation. Table 2 presents the analysis in support of this fact and
shows the values of ssim at various values of ¢3 for different images. It can be observed
that as high the value of c3 is, as better is ssim.

6 Properties of the proposed linear model and restoration of scene
radiance

The properties and the process to recover the scene radiance is described in this Section.
6.1 Edge preserving property of the proposed linear model

The improved linear depth model preserves the edges and restores the degraded edges. From
(15), the gradient of d(x) can be expressed as [16].

Ad = crAv(x) + c3Ah(x) — c4As(x) + Ae (26)
The principle of regression analysis is based on the assumption that Ae = 0, therefore

Ad = cr Av(x) + c3Ah(x) — c4As(x) 27

Table 2 ssim at different values of c3

SN Image/c3 = 0.1 0.4 0.7 1.0

1 h 0.6172 0.6174 0.62 0.6242
]

2 SE 0.6417 0.6451 0.6459 0.6494
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(©) (d)
-
(2 (h)

Fig. 6 a Degraded Image, b Ground Truth, ¢ Edge Map of Degraded Image, d Edge Map of Ground Truth,
e Depth model using [46], f Edge map of e with psnr=62.85, g Depth model of proposed method, h Edge
map of f with psnr=63.71

)

Equation (27) shows that d(x) will depends on the value of brightness, saturation and
hue components. The d(x) will have an edge only if there is an edge in / or s or v or in all.
In Fig. 6, (a) is the degraded foggy image, (b) is ground truth, (c) is edge map of degraded
image, (d) is edge map of ground truth, (e) is depth model prepared by [46], (f) is edge map
of (e), (g) is the depth model prepared by the proposed method and (h) is the edge map of the
depth model by proposed method. It can be observed from Fig. 6f and g that the proposed
depth model preserves the edges more accurately.

The peak signal to noise ratio(psnr) of the edge map prepared by the proposed model is
calculated with reference to edge map of ground truth image and it shows that the proposed
model is more close to ground truth. The psnr of all three edge map show that the proposed
edge map is more close to ground truth. This shows that the proposed depth model is more
accurate due the edge dependency on v(x), s(x) and h(x).

6.2 Handling of white regions

The degraded scene may have white regions due to, (1) presence of real white color objects
or (2) effect of airlight on objects at long distance. Therefore it is difficult to distinguish
real white objects from long distance objects. The proposed model in (15) can be used to
estimate depth accurately. However it fails in the case of white objects in a scene since the
brightness will be very high, saturation will be very low and hue will be moderate.

To solve the problem of white regions, [5, 46] assumed that the local pixels are at same
depth and used minimum filter to refine estimated depth. However, due to minimum filter,
the existing edges are lost as shown in Fig. 6f. The median filter not only solves problem of
white region but also preserves existing edges. Therefore the proposed method used median
filter, which can be utilized to refine depth map without losing edge and disturbing the
estimated depth of white object. The refine depth map can be expressed as:

dr(x) = medyew,(x)d(y) (28)
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Fig. 7 Estimated depth maps d(x) using varying patch sizes and their respective graph with respect to
distance from camera. a Original Foggy Image, b d(x) using patch size 3 x 3, ¢ d(x) using patch size 7 x 7,
d d(x) using patch size 15 x 15, e d(x) using patch size 30 x 30

where d, (x) is refined depth map, w, (x) is patch of size r Xr and d(y) is estimated depth at
location y. However, due to patch based operation, the image gets blocking effects, therefore
image guided filter is used for smoothing of image [6].

Estimation of any property is influenced by neighborhood [23]. In real scenes, a pixel
and its local neighborhood shares same depth. Therefore, the proposed method assumes that
locally the pixels are at same depth. However, strength of this assumption is depends upon
size of local neighborhood represented by a patch w, (x). A small patch size would results
into overestimation of depth, while a large patch size loses the edges. Therefore, selection of
a moderate patch size is required for effectiveness of the assumption. A few foggy images,
their estimated depth map using varying patch size and graph of these depth maps are shown
in Fig. 7.

Depth maps d(x) shown in Fig. 7b to e proves that estimated depth of the pixels which are
close to camera is zero. Estimated depth of pixels increases with increase in distance from
camera. This validates the assumption. However, increased patch size results into smooth-
ness of depth maps. Figure 7b and c¢ shows depth maps obtained using patch size 3 x 3 and
7 x 7 respectively and their respective graphs. It can be observed that depth maps of Fig. 7b
and c are more detailed. However, depth is overestimated at long distance as shown in graph.

Furthermore, increase in patch size solves the problem of overestimation as shown in
graphs in Fig. 7d and e. However, increase in patch size causes more smoothness in depth,
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which may result into loss of edges. Therefore selection of patch size is important. A patch
size of 15 x 15 is proved to be effective [5].

6.3 Restoration of scene radiance I, (x)

If global atmospheric light A and transmission ¢ (x) is known then the scene radiance 7, (x)
can be restored using (5).

The proposed method estimated the value of atmospheric light A€ for each color channel
¢ where ce(R, G, B) using method of [5].

A= min (A9 (29)
ce(R,G,B)

where min is minimum function, ¢ is color channel and A€ is atmospheric light present in
¢ color channel. The global atmospheric light A calculated using (29).

The scene depth d(x) is recovered using (15) and refined using (28). Transmission #7 (x)
is recovered using ¢r(x) = e~ P4 and refined using (7).

I5() — A

max {e~#, tr(x)}

If(x) = (30)

Where I (x) is restored radiance of a scene point in ¢ color channel , 5(x) is ¢ color
channel of input foggy image, A is atmospheric light and fr(x) is transmission. Equa-
tion (30) can be used to restore radiance of each color channel and these color channels can
be combined to recover clear day image I, (x). Equation (30) ensures that /. (x) # 0. Thus,
the proposed model produce quality results.

The value of 8 plays an important role in scene estimation. In the proposed method, it is
assumed that the atmospheric scattering is homogeneous, therefore § will be constant. The
proposed model took g = 1.

7 Experimental analysis

The proposed method is implemented using MatlabR2014a on Intel CORE(TM) i7-4790
@3.60 GHz. and tested on a large data set which is described below.

7.1 Data set

The Data set is categorized into two categories.

— Data set A: Waterloo IVC Dehazed Image Database [14] is available online. It contains
25 foggy images of outdoor scenes and indoor static objects. The 22 outdoor images are
real world and degraded by fog to different extents(heterogeneous fog) and 3 images are
degraded by homogeneous fog. All 25 degraded images are restored using [5, 11, 15,
30, 31, 38] and produced 6 different dehazed images for each of the 25 foggy images.

— Data set B: Due to varied atmospheric conditions, it is not possible to capture real
ground truth of natural foggy images, therefore Frida2 [32] data set is used which
consist of synthetic foggy images and their ground truth.

The qualitative and quantitative analysis is performed to measure efficiency and validity of
the proposed method.
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Fig. 8 Qualitative comparison of various state of art methods on Data Set: A. a Foggy Image. b [S] ¢ [31]d
[15] e [30] f [46] g proposed method

Fig. 9 Comparison of Histograms a Foggy Image. b [31] ¢ [5] d [30] e [46] f proposed method
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Fig. 10 Comparison of Histograms a Foggy Image. b [31] ¢ [5] d [30] e [46] f proposed method

7.2 Qualitative evaluation

The qualitative analysis is performed using Data set A and visual results are compared with
with renowned existing methods [5, 15, 30, 31, 46]. The qualitative comparison of results is
shown in Fig. 8 and from Figs. 9, 10, 11, 12, 13 and 14.

7.3 Quantitative evaluation

The purpose of the fog removal algorithm is to enhance visibility and recover/restore edges.
It is expected that these algorithms must preserve structure of the image and colors also.
Therefore, the evaluation parameters must be based on visibility of edges, texture, entropy
and structure of the image. Generally, quantitative comparison can be performed in two
ways: (1) Non reference based and (2) Reference based [36, 43]. The proposed method is
validated using the non reference based parameters as well as reference based parameters.
In non reference based parameters, the parameters dedicated to measure visibility of
the restored image are used to evaluate the proposed method. Two parameter ¢ and r are
computed, which measures the ability to recover degraded edges and preserve existing edges.
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Fig. 11 Comparison of Histograms a Foggy Image. b [31] ¢ [5] d [30] e [46] f proposed method

The value of e is used to evaluate ability of the method to restore those edges which were
not visible in degraded image. The average visibility effect is measured by r [43]. Higher
values of e and r infers better results.

Furthermore, the color distortion is another parameter to measure the effectiveness of
the restoring method. Therefore, color retention degree / is used to measure color distor-
tion produced by the method. The proposed method measured color retention degree by
comparing Histograms of the degraded input image and restored image. Lesser the value of
h, more similar histograms are in shape with stronger color retention [45].

Reference based parameters [8] require degraded foggy image and corresponding real
clear weather image. In real scenarios, it is impossible to find clear weather image respective
to foggy image. Therefore, to evaluate reference based parameters, the Data set B is used.
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Fig. 12 Comparison of Histograms a Foggy Image. b [31] ¢ [5] d [30] e [46] f proposed method

In reference based parameters, psnr and ssim is calculated. psnr measures the human
perception about the quality of the restored image. The higher psnr indicate good restoration
quality. To calculate psnr of two images, the following formula is used.

Ir%lax

psnr = lO*logM—SE 31)

where I, is the maximum intensity of the images and M SE is mean square error.
The ssim is based on the comparison of luminance, contrast and structural value of the

foggy image and the restored image. The formula to calculate ssim is given in (16).
Figure 8 shows the subjective comparison of results. It can be observed from Fig. 8b
that method of [5] produce Halo artifacts near depth discontinuities. In images with the sky,
colors are distorted in sky region due to inaccurate transmission estimation by [5]. In Fig. 8c,
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Fig. 13 Comparison of Histograms a Foggy Image. b [31] ¢ [5] d [30] e [46] f proposed method

results of [31] have been shown. Transmission is overestimated by [31], which results into
dark image. In results of [15], the colors are distorted. Results of [30] are better but it fail in
case of dense fog. Results of [46] are more better than all other methods. However, it can be
observed from the image of goose that the visibility is poor due to wrong estimation of the
depth. As can be observed that the results produced by the proposed method are promising.
The proposed method produce quality results for sky and non sky images. It can be observed
from Fig. 8g that the color of the sky region in image of dog and in image of mountain, is
more natural.

Furthermore, it can be observed from Figs. 12f and 13f that the proposed method obtains
better visibility in restored image than other methods.

Figures 9 to 14 shows comparison of histograms of real world natural images and their
respective restored images under varied weather conditions using [5, 30, 31, 46] and the
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Fig. 14 Comparison of Histograms a Foggy Image. b [31] ¢ [5] d [30] e [46] f proposed method

proposed method. Histograms of the restored images in Figs. 9 to 14 shows that the proposed
method restores degraded color without any color distortion.

Table 3 shows value of & parameter of the histograms of images shown in Figs. 9 to 14.
The value of /& parameter is less compared to other methods which proves that the colors of
the results produced by the proposed method are being retained.

Objective evaluation of the proposed method for the images shown in Figs. 9 to 14 is
performed on the basis of e and r parameter and details are given in Tables 4 and 5. The
average value of e and r by the proposed method surpasses the average value given by [5,
15, 30, 31, 46].

Furthermore, the proposed method is evaluated on the basis of the reference based param-
eters psnr and ssim. The average value of the psnr and ssim is shown in Table 6. The
psnr by [5] is very less, [46] seems better than [5] but the proposed method surpasses both
in psnr. The ssim by [5] and [46] is almost same but the proposed method achieves much
better ssim due to edge preserving property and accurate depth estimation.
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Table 3 Comparison of values of & of the images shown in Figs. 9 to 14

h [31] [5] [30] [46] Proposed Method
Figure 9 0.004 0.006 0.006 0.002 0.010

Figure 10 0.142 0.001 0.001 0.002 0.005

Figure 11 0.032 0.019 0.023 0.022 0.018

Figure 12 0.023 0.038 0.035 0.021 0.020

Figure 13 0.013 0.012 0.012 0.005 0.009

Figure 14 0.008 0.013 0.013 0.024 0.007

Avg 0.037 0.015 0.015 0.013 0.012

Table 4 Comparison of values of e of the images shown in Figs. 9 to 14

e [31] [5] [30] [46] Proposed Method
Figure 9 1.11 0.47 0.51 0.62 1.52

Figure 10 0.30 0.10 0.80 0.13 0.19

Figure 11 447 3.15 2.88 2.74 3.12

Figure 12 0.99 2.12 2.73 1.58 1.87

Figure 13 1.55 2.08 2.33 1.01 2.28

Figure 14 0.79 0.72 0.75 0.95 1.74

Avg 1.53 1.44 1.55 1.18 1.79

Table 5 Comparison of values of r of the images shown in Figs. 9 to 14

r [31] [5] [30] [46] Proposed Method
Figure 9 1.79 1.08 1.15 1.47 1.48

Figure 10 1.41 0.95 0.96 1.14 1.15

Figure 11 2.46 1.84 1.50 1.82 3.98

Figure 12 1.58 3.11 3.76 2.53 4.44

Figure 13 227 2.83 3.01 2.23 3.34

Figure 14 1.93 1.50 1.50 2.50 2.10

Avg 1.91 1.89 1.98 1.95 2.75

Table 6 Reference based Quantitative Comparison on Data set B

Parameter [5] Proposed Method

psnr 8.52 17.24

ssim 0.7439 0.7384 0.8064
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8 Conclusion

This paper has proposed an improved linear depth model based on statistics of Hue,Saturation
and Brightness of a scene point. The proposed improved linear depth model is more accurate
than existing model and preserves the edges perfectly due to involvement of hue in the
model and median filter. The median filter is not only used to preserve edges but it is also
used to tackle with the problems of white regions. The validity of the proposed method is
proved on the basis of quality and objective analysis.

The improved values of e, r and & proves that the proposed method preserves the edges
more accurately. Improved values of psnr and ssim proves that results produced by the
proposed method are close to human visual system.

However, the proposed method is based on the assumption that scattering is homoge-
neous. Therefore, the value of atmospheric light A and scattering coefficient g is considered
as constant. Thin foggy conditions produce varying effects of scattering in different regions
of image. Therefore, region wise estimation of scattering coefficient and pixel wise estima-
tion of transmission, can solve heterogeneous scattering. In future, we would like to focus
on these issues, using a new depth model for heterogeneous scattering.
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