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a b s t r a c t

Color histogram equalization is a method for improving visual appearance of images by enhancing image
contrast. Color histogram equalization methods are mostly faced with problems like over-enhancement
and brightening. In this paper a new color histogram equalization method is proposed which defines a
new three dimensional cumulative distribution function based on a one-dimensional histogram. This
one-dimensional histogram is calculated by taking into account the correlation between color channels
using PCA. Over-enhancement and brightening are solved by this method because of applying the equal-
ization on a transformed image instead of image itself.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Image enhancement techniques modify images to improve the
quality for human viewing or accuracy of image analysis tasks.
Most image enhancement techniques are initially developed for
gray scale images and then extended to color images. The exten-
sion is proven to be complicated due to the correlation between
the color components.

Grayscale histogram equalization [1] is one of the simplest and
most effective techniques for image enhancement. It is a transfor-
mation on image which modifies its intensity probability distribu-
tion function to be uniform and so enhances image contrast.
Several attempts have been made for extending this technique to
color images. These efforts can be divided into two main classes.
The first class consists of methods which work on RGB space.
Methods which operate in nonlinear spaces for example HSI or
C-Y color spaces form the second class.

One of the most famous approaches of the first class is 3-D his-
togram equalization [2] proposed by Trahanias and Venetsanopou-
los. They proposed a 3-D cumulative distribution function (CDF) for
bringing into account the correlation between R, G and B compo-
nents. The 3-D CDF of the original and uniform images are com-
pared and the new RGB vector of each pixel is calculated based
on this comparison. This method is further explained in Section 2.1.
2-D histogram equalization [3] is another method of the first class.
This method uses three 2-D histograms instead of one 3-D his-
togram. It uses the correlation of color channels two at two. This

method is explained further in Section 2.2. Another significant
method is ‘‘iso-Luminance Plane” method [4] proposed by Han
et al. Regardless of the correlation between channels, this method
calculates an intensity value for each pixel based on the values of R,
G and B.

There are several other equalization techniques in the RGB
space. For example histogram explosion [5], histogram decimation
[6], mesh deformation [7] and many other methods [8–10] which
are not related directly to the work of this paper. This paper is
focusing on the first class; therefore some dominant methods of
this class are discussed in Section 2. It is worth mentioning that
in the other class, histogram explosion [11] is an equalization tech-
nique which works on the CIELUV color space. It equalizes a one
dimensional histogram constructed by interpolation. In [12]
another technique is introduced which works on the CIE space
and equalizes the achromatic channel in this space. Proposed
method of paper [13] which equalizes the saturation component
within various ranges of the hue and intensity, works on the C-Y
space. Some other techniques like [14–16] work on the HSI space
by equalizing the intensity or joint equalization of intensity and
saturation.

As mentioned earlier, 3-D histogram equalization suffers from
over-enhancement. 2-D histogram equalization does not work well
on the low correlation images and produces some artifacts [4]. Han
et al. in [4] try to reduce these faults but ignore the correlation
between R, G and B channels. Despite its satisfactory results in
many cases, their proposed method still suffers from over-
enhancement, because of ignoring the correlation and big changes
in the brightness. In this paper a method is introduced which tries
to overcome these problems using Principal Component analysis
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(PCA) to decorrelate color components. PCA is used to project the
subject image to a new space of uncorrelated components which
are linear combinations of color components. Projection coefficients
differ from one image to another depending on how correlated the
image’s color components are. The values of pixels projected on
the first component of the new spacewhich bears themost variabil-
ity ofdata ignoringnoises areused for histogramequalization. So the
proposed method is a three-dimensional histogram equalization
which applies equalization on a one-dimensional histogram of the
PCA transformation of the original image. We expect the proposed
method to overcome the over-enhancement problem while main-
taining the advantages of the other methods.

2. Histogram equalization

2.1. Grayscale histogram equalization

As mentioned earlier, color image histogram equalization meth-
ods are extensions of grayscale histogram equalization (GHE).
Histogram of a grayscale image I denoted by HI consists of HI

li
val-

ues where HI
li
is the frequency of the intensity level li, 0 < li < L and

L is the number of intensity levels. Let PI be the probability density

function (PDF) of the gray scale image I i.e. PI
li
¼ HI

li
n and n is the

numbers of pixels in image I. Let CI
li
be the CDF of the image I i.e.

CI
li
¼

Xli
l¼0

PI
l ð1Þ

After equalization the intensity of every pixel li is transformed
to l0i as follows:

l0i ¼ CI
li
¼

Xli
l¼0

PI
l ð2Þ

One of the first proposed methods for color histogram equaliza-
tion is applying GHE on each RGB channel separately. This method
because of ignoring the correlation of the color channels and
changing them separately is not hue preserving.

2.2. Three-dimensional histogram equalization

The method proposed by Trahanias and Venetsanopoulos for
taking into account the correlation between R; G and B compo-
nents defines a 3-D CDF as follows:

CI
Ri ;Gi ;Bi

¼
XRi
ri¼0

XGi

gi¼0

XBi
bi¼0

PI
ri ;gi ;bi

ð3Þ

Let PO
RO ;GO ;BO

be the uniform PDF of output image, i.e. PO
RO ;GO ;BO

¼ 1
L3

for each ðRO;GO; BOÞ vector. Therefore CO
RO ;GO ;BO

for each vector
ðRO;GO;BOÞ can be computed as follows:

CO
RO ;GO ;BO

¼ ðRO þ 1ÞðGO þ 1ÞðBO þ 1Þ
L3

ð4Þ

For calculating the transformed value of each input pixel the
smallest ðRO;GO;BOÞ that satisfies the equation below is found in
a hue preserving approach [2].

CI
Ri ;Gi ;Bi

¼ CO
RO ;GO ;BO

ð5Þ

2.3. Two-dimensional histogram equalization

Menotti et al., instead of using the correlation between three
channels as [2] use the correlation of them two at two i.e. ðR;GÞ,

ðR;BÞ and ðG;BÞ. The CDF is defined for each pair. For example,
the CDF of ðR;GÞ is defined as follows:

CI
Ri ;Gi

¼
XRi
ri¼0

XGi

gi¼0

pI
ri ;gi

ð6Þ

CI
Ri ;Bi

and CI
Gi ;Bi

can be computed similarly. CDF of the three com-
ponents is computed by these three CDFs as follows and trans-
formed values are calculated like the previous method.

CI
Ri ;Gi ;Bi

¼ CI
Ri ;Gi

� CI
Ri ;Bi

� CI
Gi ;Bi

ð7Þ
As mentioned earlier the correlation between R, G and B chan-

nels is the main problem of extending GHE to color images. The
method of [2] takes this correlation into account in the equaliza-
tion process but this method suffers very seriously from over-
enhancement [2,4]. Concentration of the bright pixels in the equal-
ized image resulted from this method is higher than the original
image. Menotti et al. try to solve this problem with a heuristic
method in [3], but it suffers from unsatisfactory artifacts especially
on low correlation images [4]. Han et al. present a new method of
3-D equalization to improving these methods.

2.4. Iso-luminance plane method

This method introduces a new CDF as follows:

CI
Ri ;Gi ;Bi

¼ probfr þ g þ b 6 3nig ¼
X

rþgþb63n

PI
r;g;b; ni ¼ ri þ gi þ bi

3

ð8Þ
For each pixel, an intensity level ni is defined. CDF and PDF are

calculated based on this definition. Output intensity is calculated
as CI

Ri ;Gi ;Bi
� L for each ni and with a hue preserving approach,

ðRO;GO;BOÞ is calculated. The aim of this method is color histogram
equalization in a way that produces a uniform histogram in the
grayscale [4]. Grayscale PDF of the resulted color image of this
method is quite uniform in many cases but in this method correla-
tion is ignored and over-enhancement is still there. The method
introduced in this paper, with respect to the correlation between
channels of each image; tries to find a suitable value for each pixel
based on the principal component analysis. These values are calcu-
lated based on the correlation and variation of R, G and B values in
the input image and therefore it is expected that the resulted R, G
and B which are produced by equalization of these values, show
better preservation of brightness of the input image along with
the improvement of the image appearance and contrast. After
equalization, with a hue preserving method the new R, G and B
are calculated. The proposed method is faster and its output
images are more visually appealing and distribution of its intensity
component in the HSI space is more uniform.

3. Proposed method

Principal Component analysis [18,19] is a statistical method of
data analysis. It is a simple and nonparametric method of variable
reduction. When there are some redundant variables and it is pos-
sible to reduce the number of these variables by removing the cor-
relation between them, PCA is a suitable choice. It is a
mathematical procedure to convert a set of correlated variables
into uncorrelated variables called principal components. Let A be
a data matrix each row of which is an observation and its columns
are features. PCA is a mathematical method for converting the
covariance matrix of the original data into a diagonal matrix. It
means that PCA transforms data to a new space in which features
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