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Abstract

Image enhancement remains an intricate problem, crucial for image analysis. Several algo-
rithms exist for the same. A few among these algorithms categorize images into different
classes based on their statistical parameters and apply separate enhancement functions for
each class. One such algorithm is the well-known adaptive gamma correction (AGC) algo-
rithm. It works well for each class of images, but fails when the statistical parameters lie
on the boundary of separation of two classes. We have developed an enhancement algo-
rithm which can enhance images which lie on the boundary of separation equally well, as
images which lie deep inside the boundary. The basic idea behind the algorithm is to com-
bine the different enhancement functions of AGC using non-linear weight adjustments. Both
contrast and brightness have been modified using these weight adjustments. We have con-
ducted experiments on a data-set consisting of 9979 images. Results show that by using the
proposed algorithm, average entropy of the enhanced images increases by 3.97% and aver-
age root mean square (rms) increases by 14.29% over AGC. Visual improvement is also
perceivable.
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1 Introduction

Image enhancement is one of the most common operations in the domain of digital image
processing. De-noising [9, 41], brightness enhancement [2], contrast enhancement [51],
sharpness enhancement [55], tonal adjustment ([28]), resolution enhancement [1, 8, 18], all
come under the umbrella of image enhancement. Enhancement algorithms vary according
to the type of enhancement required. For example, noise removal algorithms only remove
noise and do not improve brightness or contrast, whereas contrast enhancement algorithms
improve overall contrast of the image, without removing noise or enhancing sharpness.
Image enhancement plays crucial role in medical imaging, satellite imaging, remote sensing,
surveillance imaging, video processing etc. There exist many well-known image enhance-
ment algorithms. Some algorithms cater to specific problems in specific type of images,
while others are general purpose algorithms, suitable for a wide variety of images. For exam-
ple, [33] proposed a wavelet based algorithm for de-spiking motion artifacts, especially due
to head movement, in resting state fMRI signal. This is a noise removal algorithm, designed
specifically for this purpose. It is not very likely that this algorithm will give equally good
results in removing noise of other images. On the other hand, [11] proposed a histogram
specification algorithm which is expected to enhance a wide variety of images. In the present
article, we propose a general purpose algorithm which aims at enhancing the contrast and
adjusting the brightness of an image.

Contrast enhancement algorithms can be broadly divided into two categories - local
enhancement and global enhancement [10]. Local algorithms employ feature based
approaches. These features are obtained either by local statistics, like local mean or standard
deviation, or by edge operators. The main idea of local enhancement algorithms is to define
a local function for any pixel, taking into consideration only the neighbors of that pixel.
Several enhancement algorithms have been developed based on this concept. Here we dis-
cuss only a few. In [7], a local contrast transform algorithm was proposed to enhance local
structures in X-ray images. Local contrast is defined as a ratio of local intensity variation to
local mean. Wavelet multi-resolution decomposition was used for enhancement. The detail
coefficient and average coefficient were interpreted, modified and wavelet synthesis was
done with the modified coefficients. In [43], a new probabilistic approach was presented to
enhance images. Four algorithms were proposed. They were based on the virtual particle
model performing random walk on the image lattice. The probability of transition of the
walking particle from one lattice point to its neighborhood was assumed to be determined by
Gibbs distribution. In [4], a sigmoidal gamut mapping of images was described. The remap-
ping functions were selected based on an empirical contrast enhancement model developed
from the results of a psychophysical adjustment experiment. The experiment showed that a
sigmoidal contrast enhancement function was efficient to maintain the perceived lightness
contrast of the images by selectively rescaling images from source device with full dynamic
range into destination device with limited dynamic range. In [36] a translation invariant
and isotropic image contrast enhancement algorithm which is based on product of linear
filters was proposed. In [39], the idea of gray level partitioning, tunable cubic polynomial
and a few other important concepts related to contrast enhancement were discussed. The
idea of gray level partitioning is based on human perception of a set of gray chips. Con-
trast enhancement using a class of morphological non-increasing filters was investigated in
[49]. In [27], a logarithmic mapping function was used which was adapted to the luminance
characteristics of the neighborhood of each pixel. This method allowed for simultaneous
decrease in luminance in bright regions and increase in luminance in dark regions of the
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image. Since image quality varies from region to region within the image, [30] proposed an
adaptive un-sharp masking method to locally enhance images. Input image was divided into
overlapping blocks and gain factor for each block was estimated based on gradient informa-
tion of that block. Several other local image features for contrast enhancement were used in
[35, 37, 40]. Local enhancement algorithms are suitable for local texture enhancement, but
they can distort the original image and can introduce artifacts.

Global image enhancement algorithms use a single transformation function for the whole
image. These are mainly histogram modification algorithms like histogram equalization
where the intensities of pixels are re-assigned in such a way that the resultant intensity dis-
tribution is uniform. An improvement over conventional histogram equalization, known as
the brightness preserving bi-histogram equalization (BBHE) was presented in [21]. This
algorithm broke the histogram into two sub-histograms and equalized each sub-histogram
separately. The constraint was that breaking of histogram occured at the mean intensity. This
preserved the brightness of the original image, unlike conventional histogram equalization
which tended to change the brightness. In [6], an improvement over BBHE was proposed
by using minimum difference input-output brightness and scalable brightness preserva-
tion. Recursively separated and weighted histogram equalization (RSWHE) algorithm was
proposed in [22], for brightness preservation and contrast enhancement. This algorithm
recursively segmented a histogram into two parts, modified the sub-histograms using a
normalized power law function, and performed histogram equalization on the weighted sub-
histograms. In [17], a histogram modification algorithm which used probability distribution
of luminance pixels in order to enhance contrast of images, was proposed. In [19], color and
depth image histograms were used to globally enhance contrast of images while contrast
of images were enhanced using interpixel contextual information in [5]. Several other such
algorithms were discussed in [16, 31, 53]. Since global image enhancement algorithms use
a single transformation function for the entire image, they suffer from over enhancement or
under enhancement in certain parts.

Few works have combined local and global enhancement methods to get the best of both
worlds. The work in [42] proposed a combination algorithm where local enhancement was
followed by global enhancement. Similarly, [52] also proposed a thermal image enhance-
ment algorithm based on combined local and global image processing in the frequency
domain. In [20], an enhancement algorithm for remote sensing images was proposed, which
used an adaptive gamma correction to enhance the image globally, and then DCT was used
to alter the high frequency components and intensify minute details.

Over the past few years, deep neural network (DNN) has become popular and many
works have used DNN for image enhancement purpose. In [29], deconvolutional DNN
was used to establish an end to end mapping between low-resolution and high-resolution
images, thereby enabling recovery of high-resolution images from low-resolution ones.
In [56], a novel deep convolutional neural network was used to progressively reconstruct
high-resolution depth map images from low-resolution images which were captured by
sensors. Photo-realistic high bit depth (HBD) images were recovered using deep convolu-
tional neural network in [44]. In [23], a specifically designed convolutional neural network
architecture was developed for the enhancement of single infrared images. In [45], a con-
volutional neural network (CNN) was used to detect contrast enhancement for forensic
purpose.

Some enhancement algorithms require a pre-categorization of images prior to enhance-
ment. In [50], statistical parameters were obtained from luminance information of images.
These parameters were used to categorize images into six classes viz. Dark, Low-Contrast,
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Bright, Mostly-Dark, High-Contrast and Mostly-Bright. Finally, enhancement was achieved
by applying piecewise linear transformation function to the images based on their class.
Similarly, in [34], the popular adaptive gamma correction (AGC) algorithm was proposed
where images were divided into four classes - High/moderate Contrast High/moderate
Brightness (HCHB), High/moderate Contrast Low Brightness (HCLB), Low Contrast
High/moderate Brightness (LCHB), and Low Contrast Low Brightness (LCLB), based on
their statistical parameters (mean and standard deviation). Different gamma correction and
brightness adjustment functions were applied to the images based on their class. AGC
performs better than state-of-the-art image enhancement algorithms, like recursively sepa-
rated and weighted histogram equalization (RSWHE) [22], adaptive gamma correction with
weighting distribution (AGCWD) [17], contextual and variational contrast enhancement
(CVCQ) [5], and layered difference representation (LDR) [25], in terms of contrast enhance-
ment. AGC has certain advantages over DNN-based algorithms as well. It is simpler and
faster. AGC can be computed on a CPU, as opposed to expensive computing devices, e.g.
GPU, required by DNN. Unlike DNN, which is a data-driven approach, AGC is based on
single image statistics, which makes it computationally efficient.

In spite of being efficient, AGC does not work well on images whose mean
or standard deviation values are close to the boundary of separation of each class
(HCHB,HCLB,LCHB,LCLB). This is because there is an abrupt change in the enhancement
functions from low to high/moderate contrast or low to high/moderate brightness. To over-
come this problem, we propose modified contrast enhancement and brightness adjustment
functions, which make use of the functions of [34], but get rid of their discontinuities. They
do so by combining the contrast enhancement functions using a non-linear weight function
and combining the brightness adjustment functions using another non-linear weight func-
tion. The modified functions can thus take care of the images which lie on the boundary of
separation of two classes. Results reveal that the modified continuous functions work better
than the discontinuous functions.

The major contributions of this work are as follows

1. Development of an image enhancement algorithm which can be applied to any image
irrespective of image statistics. This is achieved by combining enhancement functions
for high/moderate and low contrast images, using a non-linear weight adjustment func-
tion, and by combining enhancement functions for high/moderate and low brightness
images by another non-linear weight adjustment function.

2. Experimental determination of the steepness parameters for the non-linear weight
adjustment functions. The parameters are determined such that the entropy and root
mean square (rms) of the enhanced images are at highest saturation values. Any fur-
ther change in parameter values do not result in any considerable increase in entropy
or rms of enhanced images. Since these parameter values have been determined using
a large number of images from a variety of sources (9979 images collected from six
public image databases), these are expected to work for any image.

3. Achievement of better qualitative and quantitative image enhancement by the pro-
posed algorithm. Experiments have shown that the proposed algorithm achieves better
contrast enhancement than existing state-of-the-art image enhancement algorithms.

The rest of this paper is divided into six sections. Section 2 gives a brief description of the
adaptive gamma correction algorithm and the problem that arises due to pre-categorization
of images. Section 3 discusses about the proposed continuous functions in details. Section 4
gives a step-by-step description of the modified enhancement algorithm. Section 5 describes
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the experimental setup and discusses results of image enhancement using the proposed
algorithm. Section 6 concludes the paper.

2 Pre-categorization problem in adaptive gamma correction

To the best of the authors’ knowledge, there does not exist any single image enhancement
algorithm, which can enhance all kinds of images satisfactorily. As a result, there exist a
number of enhancement algorithms, which pre-categorize images based on their statistical
parameters and enhance each category by separate enhancement functions. This section
discusses the pre-categorization strategy employed in AGC and the problem which arises
due to it.

Chebyshev’s inequality states that at least 75% values of any distribution are located
within 20 distance around the mean on both sides [38], where o indicates standard devia-
tion. An image is considered to be of low contrast, when most of the pixel intensities are
concentrated within a small range. Based on these, AGC considers an input image with
mean (u) and standard deviation (o) as low contrast if

1
DD = z ey

where DD is the algebraic difference between u + 20 and u — 20 and t is a parameter
used to define the contrast of the image. Equation (1) can be simplified as

1
4o < ; 2)

Value of 7 is fixed at 3, through experiment, which leads to the condition o < 0.083 for low
contrast images and o > 0.083 for high/moderate contrast images.

Since mean (u) varies from O to 1, threshold is set at mid value 0.5. Images with
< 0.5 are considered low brightness images while those with & > 0.5 are considered
high/moderate brightness images. Using these thresholds, AGC categorizes images into
four classes [High/moderate Contrast High/moderate Brightness (HCHB), High/moderate
Contrast Low Brightness (HCLB), Low Contrast High/moderate Brightness (LCHB) and
Low Contrast Low Brightness (LCLB)]. Different enhancement functions are used for
high/moderate contrast and low contrast images. Similarly, different functions are used for
high/moderate brightness and low brightness images. (Henceforth, high/moderate contrast
is mentioned as high contrast and high/moderate brightness is mentioned as high brightness,
only for convenience in writing).

The AGC enhancement algorithm states,

Tout = CIij:l 3)

where I, and Iy, are input and output image intensities respectively, ¢ and y are
enhancement parameters. AGC states, for low contrast images, a good choice for y is

y =—logyo “
whereas for high contrast images,
1—(u+to)
y =e 2 (5)
is a good choice. This choice of y gives rise to a discontinuous function with abrupt change

at 0 = 0.083. A plot of y as o changes from 0 to 0.5 is shown in Fig. 1. The abrupt change
of y at o = 0.083 can be seen in the plot. It is observed that  has very little effect on the
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Fig. 1 Plot showing variation of y with ¢ for various values of p

value of y, that too only when o > 0.083. Value of y lies between 0.779 (for o = 0.5 and
n = 1) and oo (for ¢ = 0 and u = any value from O to 1).

Similarly,
1
c= — (6)
1 + Heaviside(0.5 — ) x (k — 1)
where
k=TI + (-1 )
and
0 <0
Heaviside(x) = { = " = ®)
1, x>0

Heaviside(x) is also a discontinuous function with abrupt change of ¢ at u = 0.5.

Figure 2 shows the variation of ¢ with u for different values of y. The abrupt change of
c at 4 = 0.5 becomes more prominent with increasing ;. Beyond @ = 0.5, ¢ is constant
and equal to 1, irrespective of the value of u or y.

The discontinuities in values of ¥ and c, and the fact that there is little or no change in
their values beyond the threshold, are reasons that AGC does not work well for all images.
To illustrate this, Fig. 3a shows a sample image (collected from the internet), whose p is
0.619 and o is 0.039, while Fig. 3b depicts the same image after enhancement by AGC.
Clearly, AGC has failed to enhance contrast and adjust brightness, and the result is a dark
image.

3 Proposed non-linear weight adjusted adaptive gamma correction

We propose non-linear weight adjustment in y and ¢ computation to get rid of the problem
of discontinuities mentioned in Section 2. The weight adjusted functions converge to the
discontinuous functions at extrema. It is observed that the weight adjusted functions perform
better in most cases, particularly at the vicinity of discontinuity.

3.1 Non-linear weight adjustment

A discontinuous function f(x) having value fi(x) for x < xg and f>(x) for x > xo can be
considered to be two functions weighted by a step function S(x) such that,

S() = {0’ * =70 ©)

1, x>xp
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Fig.2 Plot showing variation of ¢ with p for various values of y
In this form, f(x) can be written as,
) =1 =80 filx) + Sx) f2(x) (10)

f(x) has a value of fi(x) when S(x) = O, that is when x < xo. f(x) = f2(x) when
S(x) = 1, that is when x > xg. By changing the function S(x), the nature of f(x) can be
varied. To avoid discontinuity, we need an S(x) that spans the interval [0,1], but avoids the
abrupt change of value at x = xp. A simple form of S(x) that fulfills this condition is the
non-linear function of (11). Figure 4 shows the two forms of S(x) functions. Figure 4a is a
step function with xg = 0.4. Figure 4b is a continuous non-linear function which converges

CAN YOU
READ THIS?

NOT VERY
EASILY.

(a) Original image (b) After AGC enhancement

Fig.3 A sample image and the corresponding AGC enhanced image
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Fig.4 A Step function and a continuous non-linear function which approaches the Step function

to Fig. 4a at extrema. The steepness of Fig. 4b, and thus the value of S(x) at xg, can be
varied by putting weight p on the exponent. On increasing p, Fig. 4b becomes steeper and
approaches the step function. The weighted non-linear function is given in (12).

S(x) = x~ o8t (11)
S(x) = x~Ploaat® (12)

3.2 Computation of enhancement parameters

The idea discussed in Section 3.1 has been used to do away with the discontinuities dis-
cussed in Section 2. The two y functions in (4) and (5) have been combined by a non-linear
weight adjustment function w,, to generate the continuous y, function. This adjustment
function w), is expressed as

wy = (20) Py 108229 (13)
Clearly, w, is analogous to S(x) in (12). Since o varies from 0 to 0.5, 20 varies from 0 to
1. Hence w,, spans the interval [0,1]. w,, approaches 0 as o approaches 0 and it approaches
1 as o approaches 0.5. The parameter p, determines the steepness of w,,. The resultant
function y, is a weighted summation of (4) and (5). It can be expressed as

1—(u+0)

yo=wye T +(1—w)(~logy0) (14)

Equation (14) is analogous to (10) in Section 3.1. Clearly, for small values of o, w,, is small,
hence (14) reduces to (4). As o increases, w) also increases, thereby (5) gains weight, until
ato = 0.5, w, is 1 and (14) converges to (5). Mathematically, this can be expressed as,

limo v = —logy,o
o—
_ 1-(uto) s
lim y, =e 2
—0.5

Similar to w,,, the discontinuous ¢ functions have been combined by a non-linear weight
adjustment function w,.
we = P loe (16)

P 1s the steepness parameter. As p varies from O to 1, w, varies from O to 1 with varying
steepness depending on p.. The weighted continuous ¢ function, denoted by c,, is obtained
from (6) and (7). 1

“= we + (1 —we)ky an
where

ko = I+ (1= (18)
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Fig.5 Plot showing variation of w,, with o for various values of p,

When p is small, w, is small, which implies (1 — w_)k, term predominates. With increasing
W, the w, term gains weight. At © = 1, w. = 1, i.e. ¢, = 1. This is in compliance with (6).
Mathematically, this can be expressed as,

1
lim == W Y
=0 ke 174 (1= 17)un (19
limec,=—=1
n—1 We

3.3 Steepness parameters p,, and p.

A plot showing the variation of w,, with o (13), for a wide range of values of p,, is shown
in Fig. 5. We observe that with increasing values of p,,, the rise of w, becomes sharper.
Selection of p,, is crucial for computation of w,,, which in turn, determines the weight each
y function gets in order to compute y,,.

Similar to p,, p. is crucial for evaluation of w,, hence ¢,. A plot showing variation of
w, with p (16)for a wide range of values of p. is shown in Fig. 6. As p. increases, w,
changes from a flat curve to a sharp one, similar to w,, .

Experiments are done by gradually changing values of p, and p. such that the corre-
sponding values of w, and w, at the thresholds (¢ = 0.083 and u = 0.5) range from
107¢ to 1. We observe that optimum results in terms of average entropy and average root
mean square scores of the enhanced images are obtained at a point where values of w, and
w, are 1073 and 1073 respectively, at the thresholds. The corresponding values of py and
pe are 2.47 and 9.96 respectively. Experimental details of determination of p, and p. are
discussed in Section 5.1.2.

]
pc=0.5
_pc=
3°05/_p =100
0 Il il L
0 0.2 0.4 0.6 0.8 1

Mean (u)

Fig.6 Plot showing variation of w, with u for various values of p.
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Fig.7 Plot showing variation of y and y, witho at u = 0.5

Figure 7 shows the variation of y and y, with ¢ at an arbitrary value of £ = 0.5. p,
has been computed using p, = 2.47. The discontinuous nature of y as opposed to the
continuous Y, is clearly visible in the plot. Also, it is evident that y,, converges to y at the

extrema.

Figure 8 shows the variation of ¢ and ¢, with w, at an arbitrary y = y, = 2.5. Value of
pe is taken to be 9.96 for computation of ¢,. The continuous nature of ¢, as opposed to ¢
is more evident with increasing intensity. Like in Fig. 7, values of ¢ and ¢, also merge at

extrema.

A 3D view of the variation of y and y,, as o varies from 0 to 0.5 and u varies from 0 to
1 is shown in Appendix. Similarly, a 3D view of variation of ¢ and c,,, as p varies from O to
1 and y or y, varies from 0.779 to 50, for intensity 0.996, is also given there.
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(a) Variation of ¢ and ¢, with p for intensity 0.004
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(3] 3l |
1 . . . T
0o 0.2 0.4 0.6 0.8 1
Mean (u)
(b) Variation of ¢ and ¢, with u for intensity 0.470
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(c) Variation of ¢ and ¢, with p for intensity 0.996

Fig.8 Plot showing variation of ¢ and ¢, with p aty =y, =2.5
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4 The enhancement algorithm

The main step of the image enhancement algorithm consists of modifying each intensity
according to the enhancement function. Here we discuss the algorithm with reference to our
proposed function. A block diagram of the algorithm is given in Fig. 9.

®  Color Transformation: Most color images are available in RGB (Red (R), Green (G),
Blue (B)) format. In this format, the three channels are correlated, hence intensity trans-
formation affects color of the image. For this reason, color images are first converted to
the HSV (Hue (H), Saturation (S) and Value (V)) color space. In this space, color infor-
mation can be completely separated from Value information (V). So, enhancement of
V enhances the image without affecting color. This transformation is not required for
grayscale images.

¢ Enhancement of Intensities: Enhancement consists of transforming each intensity
according to (20).

=l (20)
where ¢, and y, are evaluated using (17) and (14) respectively. y, automatically takes
care of high or low contrast images. Similarly, ¢, handles both bright and dark images.

® Reverse Color Transformation: Color image is converted back to RGB from HSV
color space with enhanced V. Grayscale images do not require to undergo this step.

5 Experimental setup and results

The experiments can be divided into two parts. Firstly, a database has been prepared and
using the database, experiments are done to compute p,, and p.. Finally, using the computed
values of p, and p, qualitative and quantitative assessment of the proposed algorithm have
been performed.

‘ Input Image ‘

| ) |
Color Transformation Block ! ‘ Color or grayscale Color »| Convert to HSV and work with V }l—vi
|

| 4 !

> Lu=cll |e w

Intensity Enhancenment Block | out — in [~ |
|

|

Reverse | ol G 1 Color
: ! olor or Grayscale ’—V
Color Transformation Block ‘ Aypd

Grayscale

Output Image L

Fig.9 Block diagram of proposed image enhancement algorithm
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5.1 Experimental setup forimage enhancement

Experiments have been performed to find the values of the two steepness parameters p, and
pc- Using these parameters, the performance of the proposed algorithm has been tested. We
have prepared a database consisting of 9979 images for these experiments.

5.1.1 Database description

Images from six public image databases namely, Gonzalez et al. [14], Extended Yale Face
Database B [13, 24], Caltech-UCSD birds 200 [54], Corel [3, 26, 46-48], Caltech 256 [15]
and Outex-TC-00034 [32], have been used to analyse the performance of the proposed
algorithm. There is no need to pre-categorize images in this algorithm, but since results
have been compared with AGC [34], images from the six databases are divided into four
classes - HCHB, HCLB, LCHB and LCLB, based on statistical parameters (as mentioned
in Section 2).

Table 1 Number of images within each class

Class Total number of images Images from each class
Database name Number of images
Caltech 256 20,886
Caltech-UCSD birds 200 3598
HCHB 29,132 Corel 4430
Extended Yale Face Database B 0
Gonzalez 134
Outex-TC-00034 84
Caltech 256 9279
Caltech-UCSD birds 200 2309
HCLB 35,111 Corel 6335
Extended Yale Face Database B 16,326
Gonzalez 239
Outex-TC-00034 623
Caltech 256 360
Caltech-UCSD birds 200 103
LCHB 979 Corel 28
Extended Yale Face Database B 0
Gonzalez 11
Outex-TC-00034 477
Caltech 256 82
Caltech-UCSD birds 200 23
LCLB 3121 Corel 7
Extended Yale Face Database B 54
Gonzalez 59
Outex-TC-00034 2896
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The total number of images in each class, along with the number of images from each
public image database within each class, are listed in Table 1. From these images, 3000
images have been randomly chosen from each class to form a new database D. For example,
3000 images have been randomly chosen from 29132 images belonging to HCHB. D has
been used for the experiments done in this work. As can be seen from Table 1, LCHB has
only 979 images. So the 979 images have been selected in D. Finally, D consists of 9979
images, 3000 images each, from HCHB, HCLB and LCLB, and 979 images from LCHB.
D is used for all quantitative analysis described in this paper. For qualitative analysis, a few
randomly selected images from the internet have also been used, besides the images from
D. The randomly selected images from the internet, wherever used, have been mentioned.

5.1.2 Determination of steepness parameters

The first part of the experiment is to determine the values of the steepness parameters p,,
and p.. We perform experiments starting from p,, = 0, then gradually increasing p, such
that weight w,, at the threshold (0 = 0.083) decreases from 1 to 10~° (13). The various
values of p, and corresponding values of w,, are listed in Table 2. Again, for each p,, p.
is gradually increased such that weight w, at the threshold (1 = 0.5) decreases from 1 to
1076 (16). A list of values of p. and corresponding w, is given in Table 3.

For each p,,, p. pair, the 9979 images of D are enhanced using the proposed algorithm.
Entropy and root mean square (rms) scores of the enhanced images are computed. These
scores are averaged over the 9979 images. So, at the end, we have a set of 225 averaged
entropy values and 225 averaged rms values (since there are fifteen p, values and fifteen
pc values in Tables 2 and 3 respectively). We work with these averaged entropy and aver-
aged rms values to determine the optimum p, and p.. For convenience in writing, in this
subsection (5.1.2), we refer to the averaged entropy and averaged rms simply as entropy
and rms respectively.

Table2 p, and corresponding )
wy, ato = 0.083 Py Corresponding w,,
at threshold o = 0.083

0 1

0.02 0911

0.04 0.830

0.07 0.722

0.1 0.628

0.14 0.521

0.19 0.413

0.25 0.313

0.34 0.206

0.49 0.102

0.99 0.010

1.48 0.001

1.97 1.046 x 1074
2.47 1.022 x 1073
2.96 1.046 x 1076
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Table3 p, and corresponding ]
we at = 0.5 Pe Corresponding w,

at threshold u = 0.5

0 1
0.15 0.901
0.32 0.801
0.51 0.702
0.73 0.603
1 0.5

132 0.401
1.73 0.302
232 0.200
332 0.100
6.64 0.010
9.96 0.001
13.28 104
16.60 1073
19.93 10-°

Figure 10 shows plots of p. vs entropy and p. vs rms respectively for increasing values
of p,. Only six among the fifteen p, values of Table 2 are plotted to maintain clarity in
the plots. The two plots show that for a particular value of p,, entropy and rms initially
increase with increasing p., but start to saturate at a region around p. = 8. By the time p,
reaches 9.6, entropy and rms have attained their maximum possible values. They show very

T — 1 [p0
> [J p =0.14
Q
o — p =0.25
£ 5 | =1.48
T P
— p =2.47
4 . . . . . . . . . _ p =296
0 2 4 6 8 10 12 14 16 18 20— ——
pc
(a) pe vs entropy for various p.,
0.25 . . . . . . . . . _
— p7_0
p7=0.14
g 0.2l - p7=0.25
B -
— p7—1.48
— p7=2.47
0.15 . . . . . . . . . 4| p=296
0 2 4 6 8 10 12 14 16 18 20 z
pc

(b) pe vs rms for various p,

Fig. 10 p. vs entropy and p. vs rms for increasing values of p,,
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little change beyond p. = 9.6. Figure 10 also shows that as p,, is increased, the graphs of
pe Vs entropy and p. vs rms become sharper. For example, for p, = 0.14 (the light green
curve), entropy at p. = 0.32 is 5.041, and for p,, = 0.25 (the red curve), entropy at the
same p. is 4.881 which is less than 5.041. However, for p, = 0.14, entropy at a higher
De» €.8. pe = 6.64 is 6.074, whereas entropy of p, = 0.25 at p. = 6.64 is 6.110 which is
greater than 6.074. As p,, is gradually increased beyond 1.48, the graphs start overlapping
on each other, indicating a saturation point. Beyond p, = 2, the graphs completely overlap.
Increasing p,, further shows negligible change in entropy or rms. If we look at the graphs
closely, we can observe that the overlap occurs earlier for entropy. Therefore, only four
colors are separately visible in Fig. 10a, indicating curves for p,, = 1.48, p, = 2.47 and
py = 2.96 overlap. However, rms values continue to change with increasing p,, so five
distinct colors are visible in Fig. 10b. rms values saturate around p, = 2. rms curves for
py = 2.47 and p, = 2.96 completely overlap indicating saturation.

Figure 11 does not give any new information. It just shows the variations of Fig. 10
from a different dimension. It shows variations of entropy and rms respectively with p,,
for increasing values of p.. Figure 11 has been included to add clarity to the information
provided by Fig. 10. Out of the fifteen p. values of Table 3, only six have been plotted
to avoid cluttering of the plots. The curves of p. = 9.96 and p. = 16.60 in Fig. 11 are
not visible at all, indicating complete overlap of curves of p. = 9.96, p. = 16.60 and
pe = 19.93.

Following the nature of the graphs in Figs. 10 and 11, it is very clear that entropy and
rms values saturate around p, = 2 and p. = 9.6. We choose slightly higher values of p,,
and p. to ensure complete saturation. The chosen values are p, = 2.47 and p. = 9.96.

5.2 Performance evaluation

Superiority of the proposed non-linear weight adjusted adaptive gamma correction algo-
rithm over AGC has been established qualitatively as well as quantitatively.

6 e
E pc=1
o 5 — pc=1.73
=1 \
I.ﬁ - pc=9.96
— pc=16'6°
4 : - : - : — p =19.93
1] 0.5 1 15 2 2.5 u
p7
(a) py vs entropy for various p.
0.25 : : : : : —p0
p=
g 0.2 — pc=1 73
= - pc=9.96
— pc=16.60
0.15 ¥ . - - 4 — pc=19.93
0 0.5 1 15 2 25 3
p'y

(b) py vs rms for various p.

Fig. 11 p, vsentropy and p, vs rms for increasing values of p.
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Table4 Mean (1) and standard

deviation (o) of HCHB images Image Mean (u) Standard deviation (o)
I 0.740 0.112
I 0.599 0.235
I 0.507 0.207

5.2.1 Qualitative assessment

For qualitative assessment, twelve images have been selected, three from each class. The
images are either chosen from D or collected from the internet.

I, I and I3 belong to HCHB. ¢ and o values of these images are given in Table 4.
Image I; has been collected from the internet. I and I3 belong to D. Figure 12 shows
the original images, the AGC enhanced images and the images enhanced by proposed non-
linear weight adjusted adaptive gamma correction algorithm respectively. From Fig. 12a, b
and c, it is clear that AGC does not make much change to /; and it visually looks similar to
the original, whereas the proposed algorithm enhances its contrast. The whitewashed effect
in /;(a) and 71(b) is much reduced in /;(c).

(d) Original (e) AGC (f) Proposed

N

(g) Original (h) AGC (i) Proposed

Fig. 12 Comparison of enhancement algorithms on HCHB images. Image names: top — bottom: I, I, I3
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Table 5 Mean (1) and standard

deviation (o) of HCLB images Image Mean (1) Standard deviation (o)
Iy 0.479 0.090
Is 0.433 0.334
Is 0.351 0.099

Mean (w) of I lies close to the threshold value, but o is high. No noticeable enhancement
is done to the image by AGC. Enhancement by the proposed algorithm is visibly brighter
which is clear from Fig. 12d, e and f.

Similar to I, u of I3 also lies close to the threshold. There is no significant difference
between original image and image enhanced by AGC whereas output of proposed algorithm
is of higher contrast. Figure 12g, h and i show the original image, AGC enhanced image and
image enhanced by proposed algorithm respectively.

Images 14, Is and I belong to HCLB. p and o values of these images are given in
Table 5 and the images and their enhanced forms are shown in Fig. 13. All three images are
taken from D.

Both i and o of I4 lie close to threshold. Result of enhancement shows that AGC gives
a whitewashed effect whereas the output of proposed algorithm looks brighter with better

Orxgmal

g) Original (h) AGC (i) Proposed

Fig. 13 Comparison of enhancement algorithms on HCLB images. Image names: top — bottom: Iy, Is, I¢
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Table 6 Mean (1) and standard

deviation (o) of LCHB images Image Mean (u) Standard deviation (o)
I 0.502 0.041
I3 0.556 0.065
Iy 0.623 0.078

contrast. Figure 13a, b and ¢ show the original image, image enhanced by AGC and image
enhanced by proposed algorithm respectively.

Mean p of I5 is close to threshold, but ¢ is high. Original image, image enhanced by
AGC and image enhanced by the proposed algorithm are shown in Fig. 13d, e and f respec-
tively. Though the two enhanced images look similar, there is a little whitewashed effect in
the AGC enhanced image which is noticed in the face of the man.

Image I has low p but o lies close to threshold. Enhancement results clearly show
superiority of proposed algorithm over AGC which produces a faded output. Figure 13g,
h and i show the original image, AGC enhanced image and image enhanced by proposed
non-linear weight adjusted adaptive gamma correction algorithm respectively.

a) Original (b) AGC (c) Proposed

(d) Original (e) AGC (f) Proposed

(g) Original (h) AGC (i) Proposed

Fig. 14 Comparison of enhancement algorithms on LCHB images. Image names: top — bottom: I7, I3, Iy
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(a) Original (b) AGC (c) Proposed

(d) Original (e) AGC (f) Proposed

i S

(g) Original (h) AGC (i) Proposed

Fig. 15 Comparison of enhancement algorithms on LCLB images. Image names: top — bottom: /19, 111, /12

Images I7, I3 and I9 are LCHB images. The u and o values are given in Table 6.
Figure 14 shows the original and enhanced images. /7 has been collected from the internet,
while Ig and Ig are taken from D.

Mean (u) of I7; and Ig lie close to the threshold, while that of Ig is high. o varies from
very low to boundary value. AGC fails to enhance these images and results in a dark image
as can be seen from Fig. 14. In comparison, the proposed algorithm gives much better
enhancement.

Enhancement of LCLB images by AGC and the proposed algorithm are shown in Fig. 15.
The w and o values are given in Table 7. These images are taken from D.

Table 7 Mean (1) and standard

deviation (o) of LCLB images Image Mean (1) Standard deviation (o)
Lo 0.261 0.049
I 0.458 0.074
I 0.031 0.081
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Table 8 Entropy of images I -

I12, original and enhanced Image class Original AGC Proposed

versions
I 6.608 6.635 6.845
L 7.050 6.994 7.060
Iz 7.571 7.561 7.740
14 5.937 5.980 6.363
Is 7.390 7.142 7.163
Is 6.501 6.723 7.180
I 1.714 1.258 1.714
I3 4.923 4.317 5.471
Iy 5.904 57717 6.374
Lo 2.845 3.015 3.015
I 5.513 5.954 5.968
12 4.087 3.572 3.572

Unlike the other three classes, LCLB does not show much noticeable difference between
the image produced by AGC and the image produced by the proposed algorithm. The reason
behind this has been analyzed in Section 5.2.3

The images in Fig. 12 visibly prove that the proposed non-linear weight adjusted adaptive
gamma correction algorithm is better than AGC, because AGC hardly has any effect on
HCHB images. Figures 12, 13 and 14 show that the proposed algorithm is better for images
where p or o or both are close to thresholds. Figure 15 shows that there is no noticeable
difference in enhancement for LCLB images. Entropy and root mean square (rms) values
of these twelve images and their enhanced versions are given in Tables 8 and 9 respectively.

In Fig. 16, histogram plots of some images (original image, image enhanced by AGC
and image enhanced by the proposed algorithm) are shown. Among these images, /19 has
been collected from the internet. Rest are from database D. u and o of these images vary
randomly. 1 and o values are given in Table 10. Figure 16 shows that the proposed algorithm

Table9 Root Mean Square

(rms) of images I - I3, original ~ Image class Original AGC Proposed

and enhanced versions
I 0.113 0.118 0.183
g 0.292 0.291 0.318
I 0.212 0.215 0.258
n 0.094 0.109 0.141
Is 0.334 0.330 0.344
Is 0.101 0.127 0.195
I 0.041 0.010 0.094
I3 0.068 0.049 0.096
Iy 0.080 0.071 0.133
Lo 0.050 0.115 0.115
I 0.105 0.140 0.140
112 0.081 0.329 0.329
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successfully generates a flatter histogram. The only exceptions are images /15 and /17 where
AGC and the proposed algorithm produce similar histograms. i and o values of these two
images show that these are LCLB images. The reason behind similar outputs by both AGC
and the proposed algorithm, on LCLB images, is explained in Section 5.2.3.
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Table 10 Mean (1) and Standard

Deviation (o) values of images Image Mean (u) Standard deviation (o)

I3 - Iy
I3 0.451 0.186
I 0.584 0.081
Iis 0.274 0.074
L 0.549 0.075
Iy 0.382 0.079
I3 0.397 0.101
T 0.942 0.094
Iy 0.670 0.081
I 0.609 0.081

5.2.2 Quantitative assessment

Images in database D are used for quantitative assessment of the proposed algorithm.
Entropy (E) and root mean square (rms) scores of the images are computed using (21)
and (22) respectively. These are then averaged over each class (HCHB, HCLB, LCHB and
LCLB). Higher values of entropy or rms imply better image in terms of contrast. The val-
ues of average entropy and average rms score of original image, image enhanced by AGC
and image enhanced by the proposed algorithm are given in Tables 11 and 12 respectively.
The bulk average scores computed over the entire database are given in Table 13.

E ==Y pilogpi Q1)
i

pi is the probability of occurrence of i’ intensity in the image.

| My
rms = WZZ(M_Hij)Z (22)

i=1 j=1

where M and N are the number of rows and columns respectively in the image, H;; is the
intensity of the pixel of i’ row and j"* column.

Tables 11 and 12 show that average entropy of the proposed algorithm is higher for
HCHB and LCHB images. It is a little less for HCLB images. For LCLB images, average
entropy of AGC and proposed algorithm are the same. As far as average rms values are con-
cerned, proposed algorithm gives much better result for HCHB, HCLB and LCHB images.
For LCLB images, average rms of AGC and proposed algorithm are same. Both average

Table 11 Average entropy of the

images in D Image class Original AGC Proposed
HCHB 6.519 6.516 6.584
HCLB 6.365 6.354 6.247
LCHB 4.846 4.357 5.306
Average computed over each LCLB 4.546 5.757 5.757
class
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Table 12 Average rms of the

images in D Image class Original AGC Proposed
HCHB 0.252 0.252 0.280
HCLB 0.218 0.280 0.307
LCHB 0.120 0.083 0.137
Average computed over each LCLB 0.056 0.141 0.141
class

entropy and average rms scores, computed over the entire database D, are higher for the
proposed algorithm (Table 13).

5.2.3 Analysis on LCLB images

Both qualitative and quantitative results show that there is no significant difference in the
output of AGC and the proposed algorithm as far as LCLB images are concerned.

The chosen value of p,, is such that weights w,, for values of o < 0.083 are very small.
This can be computed from (13). Therefore, (14) converges to (4) for low contrast images
(o0 < 0.083). In other words, y and y, values are asymptotically equal for low contrast
images. This is graphically depicted in Fig. 7.

Similarly, the chosen value of p. is such that weights w, for © < 0.5 are very small
(16). Therefore, (17) converges to le As discussed above, for low contrast images, one
finds y, & y. As aresult, k, = k ((7) and (18)). This implies ¢, = ¢ ((6) and (17)). This
is graphically shown in Fig. 8. Since y, converges to y and ¢, converges to ¢, (20) and (3)
are equivalent in case of LCLB images. Values of p, and p. are the cause for similarity
between AGC and proposed algorithm on LCLB images.

5.2.4 Computation time

One limitation of the proposed algorithm is the fact that its computation time is slightly
higher than that of AGC. Average time required for enhancement of one image by the
proposed algorithm is 0.189 seconds whereas it is 0.106 seconds by AGC. This has been
computed using MATLAB 2018a on a 64 bit, Windows 10 Pro computer with 4 GB RAM
and Intel(R) Core(TM) i17—4790, 3.60 GHz processor. Higher time requirement is due to the
fact that the proposed algorithm uses a non-linear weighted combination of two enhance-
ment functions to compute the resultant enhancement unlike AGC, which categorizes the
image prior to enhancement.

5.2.5 Comparison with other state-of-the-art algorithms

The proposed algorithm has been compared with and is found to be better than AGC. To
establish its superiority further, we compare it with a few other state-of-the-art algorithms.

Table 13 Bulk average entropy

and average rm.s Assessment parameter Original AGC Proposed
Entropy 5.569 5.746 5.974
Root mean square 0.162 0.189 0.216

Average computed over D
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Table 14 Comparison of proposed algorithm with other state-of-the-art algorithms

BBHE RSWHE-D RSWHE-M AGCWD AGC Proposed

6.297 6.213 6.168 6.225 6.332 6.509

Average entropy E

For comparison, 300 images have been randomly selected from D. These are enhanced
using brightness preserving bi-histogram equalization (BBHE) [21], recursively separated
and weighted histogram equalization based on mean (RSWHE-M) and median (RSWHE-
D) [22], adaptive gamma correction with weighting distribution (AGCWD) [17] and the
proposed algorithm. Entropy (E£) and root mean square (rms) of the enhanced images are
computed. Average of E and rms over 300 images, enhanced by the different algorithms,
are given in Tables 14 and 15. The best scores are observed in the proposed algorithm.

6 Conclusions

To overcome the problem caused by pre-categorization of images, this paper has proposed
a non-linear weight adjusted adaptive gamma correction algorithm for image enhancement.
This algorithm can be applied to any image irrespective of the image statistics. Enhance-
ment is achieved by combining enhancement functions for high and low contrast images
using a non-linear weight adjustment function, and by combining enhancement functions for
high and low brightness images by another non-linear weight adjustment function. The non-
linear weight adjustments are able to get rid of the discontinuities present in AGC. Hence,
they can enhance images which lie on the boundaries of discontinuity, unlike AGC. The
continuous functions converge to the discontinuous ones at extrema. We have experimen-
tally determined the steepness parameters (p” and p¢) of the non-linear weights. Extensive
experiments have been performed on 9979 images from six public image databases. Images
are enhanced by slowly varying p” and p° values. Entropy and root mean square of
enhanced images are computed. The set of p” and p¢ values for which entropy and root
mean square give optimum result are chosen. To the best of our knowledge, this kind of
extensive experimentation, to determine enhancement parameters, is not present in the lit-
erature of this field of research. Further, with the chosen values of p¥ and p°, the proposed
algorithm has been shown to be better than AGC both qualitatively and quantitatively.
Histogram plots in Fig. 16 re-establish this superiority. The proposed algorithm has been
compared with other state-of-the-art image enhancement algorithms. Results prove its better
performance. However it achieves better enhancement with no prior requirement for cate-
gorization of images, at the cost of a slight increase in computation time as compared to
AGC.

The proposed algorithm enhances contrast of an image, taking into consideration only its
intensity values. RGB images also contain color information, which has not been utilized

Table 15 Comparison of proposed algorithm with other state-of-the-art algorithms

BBHE RSWHE-D RSWHE-M AGCWD AGC Proposed

0.217 0.204 0.201 0.226 0.215 0.265

Average root mean square rms
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in this algorithm. In [12], local and global pixel information are utilized in foreground map
evaluation. Local and global intensity information are utilized in several other works for
image contrast enhancement. Following these ideas, an interesting future direction of this
work can be to incorporate local and global color information in the proposed algorithm.
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Appendix

A 3D view of the variations of y and y,,, as u varies from O to 1 and o varies from 0 to 0.5
is shown in Fig. 17. Similarly, a 3D view showing the variations of ¢ and c,, as p varies
from O to 1 and y or y, varies from 0.779 to 50, for intensity 0.996, is shown in Fig. 18.
The difference between the continuous and discontinuous nature of the plots is evident from
these figures.
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- 0.5
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(a) Variation of v with p and o
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(b) Variation of «, with u and o

Fig.17 3D view of variation of y and y, as u and o varies
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Fig. 18 3D view of variation of ¢ and ¢, as , y or y, varies. Intensity = 0.996
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