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A novel enhancement method of global brightness modulation and local contrast enhancement combined with the improved fuzzy
set theory is proposed for color image contrast enhancement. The proposed method consists of three stages. Firstly, putting forward
nonlinear global brightness mapping model adjusts dynamic range of images for luminance component V of HSV color space.
Secondly, membership function is established in stages to adjust local contrast of image details nonlinearly based on fuzzy set
theory. Finally, the enhanced images are transformed from HSV color space into RGB color space. The experiments further show
that the proposed method has the shortest processing time, the highest AIC values, and the least NIQE values among the other four
conventional methods. It has excellent effect, which can enhance the global brightness and local contrast, and advance visibility of

low illumination images.

1. Introduction

With rapid development of information science and tech-
nology, digital image processing technology is more and
more widely applied in military, medical, and multimedia
technology and so forth. Image enhancement technology is
an indispensable technique and essential method to improve
image quality and visual effect in digital image processing
technology. Nowadays, there exist unsaturated, low signal-
to-noise ratio and low contrast in color images, due to cam-
era defocusing, nonuniform illumination, and atmospheric
disturbances. However, low contrast is one of the most
important key factors for visual effects of color images. Hence,
low illumination color image enhancement research has been
a hot issue in recent years. It is especially important to
enhance the visual effect and highlight the image details. The
purposes for enhancement are denoising and improvement of
brightness and contrast; meanwhile, color information also
should be maintained. In brief, the purpose is to make low
illumination color images brighter and more natural.

Traditional image enhancement methods can be mainly
divided into two categories: (1) the global methods: including

logarithmic transformation, Gamma correction, piecewise
linear transformation, and histogram equalization [1-4];
without the brightness difference among neighborhood,
these methods changed the gray levels of pixels by one-to-
one mapping; when low illumination images were enhanced
only by global methods, the contrast was effectively improved
but the local details features were ignored easily; finally,
enhanced images showed fuzzy phenomenon; (2) the local
methods: enhancing local contrast based on the local fea-
tures and mainly including multiscale Retinex with color
restoration and gradient domain methods [5-7]. The Retinex
theory has been widely paid attention to. For example, the
global dynamic ranges of original images were preliminarily
adjusted with the Retinex theory, and the local characteristics
were adjusted by multiscale in the method of the literature
[5]; based on demands of human eyes perception, images’
local gradient field was adjusted nonlinearly in method
of literature [7]. The Retinex algorithm needs to calculate
different scale image for processing result and large amount
of calculation. It is vulnerable to brightness image effects
of the other area. In literature [8], Zhou et al. introduced
an adaptive enhancement algorithm for low illumination



color image, which is overall brightness and local contrast
adaptive enhancement (OBLCAE). It is based on HSV color
space. However, the enhanced images by OBLCAE show halo
problem at the light and shade contrast, and areas of the
distortion are serious and of poor clarity. These methods
can make enhanced images degenerate phenomenon: namely,
bright area details are weakened; then, dark area details can-
not be enhanced effectively. Recent studies [9-12] stress on
the importance and necessity of having automatic methods
for contrast enhancement and suggest that the Gray Level
Grouping (GLG) and fuzzy-logic based methods are better
suited for automatic contrast enhancement of images.

The basic objective of GLG is to achieve a uniform
histogram for a low contrast color image. In GLG, his-
togram components in different segments of grayscale can be
grouped using different criteria, so they can be redistributed
differently over the grayscale to meet specific purposes; for
example, certain applications may require different parts of
histogram to be enhanced to different extents. The drawback
of GLG is that it is not computationally efficient compared
to fuzzy-based methods [13]. To sum up, it is difficult
and necessary to propose an enhancement method for low
illumination images.

Fuzzy rules efficiently process data by mimicking human
decision-making. Jaya and Gopikakumari [14] introduced
fuzzy-rule based enhancement in the Sequency by Mapped
Real Transform (SMRT) domain. SMRT has been an integer
transform and computationally efficient. Hence, the fuzzy
set theory can analyze human behavior system, such as
judgment, perception, and recognition, which had been more
and more widely applied in image enhancement algorithms
and achieved good results.

With development of the fuzzy set theory, it was firstly
applied in image enhancement and got breakthrough results
in the mid of the 1981s [15]. The method of literature [16]
introduced fuzzy entropy to revise grayscale, fuzzy informa-
tion, and neighborhood statistics of images based on human
eyes perception. This method not only can effectively enhance
contrast of the local images and improve images’ visual effect
but also can enhance image edges and restrain noise. For
contrast enhancement and brightness preserving, Raju and
Nair [17] proposed an enhancement algorithm based on
fuzzy-logic and histogram in HSV color space.

The proposed method can naturally apperceive the global
scenario content and clearly extrude the local details at the
same time. On the premise of adjusting global brightness, the
proposed method can enhance local contrast, restore image
details, and meet the demands of human eyes perception in
different visual areas with the fuzzy set theory.

In this paper, the proposed method based on HSV
color space is proposed for low illumination color image
enhancement. It mainly includes three steps: the first is
global brightness adaptive iterative adjustment; the second
is adaptive local contrast enhancement based on the fuzzy
set theory; and the last is color restoration. The experiments
show that the proposed method can not only adaptively
enhance global brightness but also adaptively enhance local
contrast and make the enhanced image details more clear and
vivid.
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The rest of this letter is organized as follows. In Section 2,
the theory of fuzzy-logic enhancement is introduced. In
Section 3, the details of the proposed method are presented
to enhance images under nonuniform and uniform illumina-
tion condition, including global brightness modulation and
local contrast adaptive enhancement with improved fuzzy
set theory. The experimental results are given in Section 4.
Finally, a conclusion is drawn in Section 5.

2. Fuzzy Image Enhancement

Fuzzy-logic is being efficiently applied in different areas of
image processing. In recent years, fuzzy algorithms for image
enhancement have been developed with better performance
compared to conventional and other advanced techniques
like GLG. Fuzzy image enhancement is done by mapping
image gray level intensities into a fuzzy plane using mem-
bership function. According the classical fuzzy enhancement
methods by Pal and King [15], fuzzy processing consists
of mainly three stages: image fuzzification (image coding),
fuzzy enhancement, and, if necessary, image defuzzification
(decoding of results).

2.1. Image Fuzzification (Image Coding). According to (1),
the image data are transformed from gray level domain to
the fuzzy membership domain based on the membership
function

— f.. _Fe
+fmax fz]:| i (1)

Hisz(ﬁj):[l E,

where F, and F, are conversion coeflicients. f,, .. denotes the
maximal gray value. f;; denotes the gray level of the (i, j)th
pixel.

2.2. Constructing Fuzzy Membership Function. This step is
the main power of fuzzy enhancement to modify the mem-
bership values. The membership values were modified into
membership plane with a suitable fuzzy approach:

=T () =T (T (1)) r=123.., @

where T is defined as successive applications of T, which
can be expressed as

2 (P‘ij)z
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2.3. Image Defuzzification (Decoding of Results). To achieve
modified gray levels, the output of membership plane should
be decoded. It means that the membership values are retrans-
formed into the gray level plane:

fz; - G71 (AM[]) = fmax - Fd [(#{j)(_l/Fe) - 1]
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FIGURE 1: Flow chart of the proposed method.

According to these three steps, each gray level has been
assigned to a degree of membership depending on its location
in histogram. Generally, dark pixels were assigned as low
membership values, and bright pixels are assigned as high
membership values.

As everyone knows, in digital image processing, fuzzy
set theory is mainly through membership function mak-
ing original image from spatial domain to fuzzy domain;
then we modify grayscale pixels in fuzzy domain. At last,
inverse transformation goes back to spatial domain. The
edge information is enhanced. The key is the selection
of membership function in the procedure. The segmented
membership function can improve speed and quality of con-
trast enhancement. Compared with other fuzzy enhancement
methods, using segmented membership function modified
the image pixels, namely, adjusting membership function
based on the histogram distributions of the original images.

3. Proposed Work

This letter includes the global brightness modulation with
adaptive sine function and the local contrast enhancement
combined with the improved fuzzy set theory. In order
to better understand the proposed method, flow chart of
algorithm is shown in Figure 1. RGB color space has higher
color correlation, converting image from RGB space to HSV
space with small color correlation. Get luminance component
V, and luminance component H by using transformation
equation (5):

1

V=—(R+G+B),

\5( )

0 G>B ®)
H:

2n-0 G<B,

where R, G, and B denote three components values, respec-
tively, of RGB color image and are given by

(R-G)+(R-DB)

6 = arccos

WER-GP+R-BG-B)

3.1. Global Brightness Adaptive Modulation. The key to the
global brightness modulation of the low illumination images
is setting up a suitable nonlinear normalization of monotone
increasing function [8, 18]. Commonly, we use nonlinear
mapping functions, including logarithmic function, expo-
nential function, S-shaped hyperbolic tangent function, and
compound function. They meet constraint conditions y =
f(x) = xand 0 < f(x) < 1, x € [0,1], where x denotes
the normalized V component value of low illumination image
pixels. Literature [19-21] designed, respectively, the following
three functions for luminance nonlinear mapping:

y=1-(x-17%, xel0,1], (7)
y=x1B ae0,1], x€[0,1], (8)
y=+ax, a€[0,1], x€[0,1]. 9)

It has been pointed out the nonlinear function of litera-
ture [19] (7) is better than the other two functions (8) and (9),
because there is no need for setting parameters to adaptively
adjust the brightness for different low illumination images.
This letter puts forward a new nonlinear global brightness
mapping model, namely, the sine function, as shown in

Fg=1-[1-sin(aF,)]’,
(10)
F, €[0,1], a € [1%]

where F;, denotes the luminance component V of origi-
nal images and F; denotes the luminance component V
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FIGURE 2: Curves diagram of function (10) under different parame-
ter values.

of enhanced images by the global brightness modulation;
parameter o denotes modulation parameter. According to
human eyes perception, the letter modifies sine function by
setting parameter « and ensures that the resulting images
would not overflow. Modified sine function is very flexible
mapping curve, which could influence the course of mapping
curve under different values of the parameter «, suitable for
processing different characteristics of images, as shown in
Figure 2.

From the curves diagram, it is an obvious advantage to
process global brightness by function (10). With setting the
parameter values, the brighter area of images will not be
enhanced in excess, at the same time, the darker area will
not be excessively weakened. In Figure 2, the curves are all
over function (7), which has better brightness modulation
ability than function (7). The image enhancement effect is
better with function (10). Meanwhile, fix on the adaptive
modulation parameter values of « by

T
= < 60
5
a=114 60< f<180 (11)
1.2 f > 180,

where f (0 < f < 255) denotes the gray levels. As 30% or
more of pixels gray levels fall below 60, the image is very
dark and parameter value of « is set to 71/2; when 80% or
more of pixel gray level is greater than 180, the image is bright
and parameter value of « is set to 1.2. In other cases, the
parameter of « is set to 1.4. Therefore, in view of different low
illumination image, image brightness dynamic range can be
adaptively adjusted through iterative calculation by function
(10) and make the enhanced image more satisfying to human
eyes.

3.2. Local Contrast Adaptive Enhancement Based on Fuzzy
Theory Set. Through adjusting brightness, the dark area of
images gets brighter, at the same time, the dynamic range of
images is compressed and the image contrast declines. Based
on the research of human visual system, it is sensitive to
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process local contrast enhancement for human eyes percep-
tion. However, the fuzzy set theory is on the basis of specific
grayscale pixel features, and this letter proposes a novel local
contrast adaptive enhancement method based on it.

3.2.1. Image Fuzzification. In image fuzzification, gray level
intensities are transformed to fuzzy plane whose value ranges
between 0 and 1. The original image of size M x N has pixels
gray level f in the range of [0, 255], considered as a collection
of fuzzy singletons in the fuzzy set notation. The fuzzy matrix
F corresponding to this image can be expressed as

(Hu o N
fu  Jfi fin
P Hn tan
F=1 fa Jf=» fon (12)
b B HMN
L fv1 T fun’

here f;; is the gray level of (i, j)th pixel and y;; is its
membership value, called the fuzzy property plane of the
image; y;;/ f;; indicates the membership degree of f;; relative
to ;5 4 = 0 indicates dark, and y;; = 1 indicates bright.

3.2.2. Constructing Fuzzy Membership Function. The method
of constructing fuzzy membership function is proposed. We
calculate histogram of original image, and h(f;;) (f;; € V)
indicates number of pixels gray level f;;. Meanwhile, weighted
average can be calculated from the histogram as follows:

L fih(fy) )

Yeh(fy)

The parameter m divides the histogram h(f;;) into two
parts based on the relationship between the image pixels and
the weighted average. The first part C, contains pixels values
in range of [0, m—1] and the second part C, contains values in
range of [m, 255]. The content of V component is performed
by two kinds of fuzzy membership functions i and i .

To calculate enhanced stretching intensity it needs to
meet two rules as follows.

(1) If the Difference between f and m Is Larger, the Intensity
of Stretching Should Be Smaller in the Part C,. That is to
say, the pixels values closer to m will be enhanced higher
whereas values farther from 1 will be extended lesser. The
membership values can be used:

1 - (m - Fg x 255)
- .

(14)

e, =

(2) If the Difference between f and Maximum Value E (E =
255) Is Largert, the Intensity of Stretching Should Be Larger
in the Part C,. That is to say, the pixels values closer to E
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will be enhanced lesser whereas values farther from E will be
extended higher. The membership values can be used:

_ E-F;x255

Uc, = (15)

E-m

In order to reduce the amount of image fuzziness, contrast
intensification is applied to the fuzzy set F to generate another
new fuzzy set F', the membership function of which is
expressed as (2) and (3).

By (2) and (3), calculate the two parts, C, and C,, to obtain
the new fuzzy set.

3.2.3. Image Defuzzification. Image defuzzification is the
inverse of fuzzification. The method transformes the fuzzy
plane back into the gray level intensities. Finally, the
enhanced image F; can be obtained by following inverse
transformation, respectively, between the parts C, and C,:

Fy, = |Fg % 255+ ug, x K|,
(16)
FL2:Fny'sz255+(E—p¢C2><K).

Here, enhancing control parameter K decides the stretch-
ing intensity. It computed the enhanced intensity levels F; in
the two parts. From the experimental analysis, fix value 128
for K, which gave better results for the low illumination color
images [16].

This enhanced information V, can be replaced by F;.
Then, V, can be combined with the Hue and Saturation
components of original color space to obtain enhanced image
HSV , which is finally converted to RGB, image.

3.3. Color Space to Restore. This proposed method obtains
enhanced color images by adjusting global brightness and
local contrast. The color information of the enhanced image
is linearly restored, and the proportion relationship of
R, G, Bthree-component is consistent. Therefore, it can better
reserve the color information of the original image. The
recovery method is shown as follows:

F (6> j) = B (0> j) - B (6> ) (17)

where (i, j) = F.(i, j)/Fy(i, j) denotes enhancement factor
at the (4, j)th pixel; F;/(i, j) denotes the luminance component
V of original images, and F;(i, j) denotes the luminance
component V of enhanced images; F.(i,j), k = r,g,b,
denotes R, G, and B three-component values of the original
image; F,(i,j), k = r,g,b, denotes R,G, and B three-
component values of the enhanced image.

4. Experimental Results and Analysis

A lot of experiments are performed with the proposed
method and compared with several other conventional meth-
ods such as Retinex algorithm [22], fuzzy enhancement
(FE) [15], Gray Level Grouping (GLG), overall brightness,
and local contrast adaptive enhancement (OBLCAE) [8].
These methods have been tested with several images under

nonuniform and uniform illumination conditions. The test
images used for the experiments are available on the website
http://live.ece.utexas.edu/research/Quality/index.htm [23].

Test 1. Figure 3 shows processing results of the five algorithms
under nonuniform illumination condition. Figures 3(a) and
3(g) show the two original images and their histograms.
Figures 3(b), 3(c), 3(d), and 3(e) show processing results
by Retinex algorithm, FE algorithm, GLG, and OBLCAE,
respectively. Figure 3(f) is the result by the proposed method.
Figure 3(b) shows the enhanced images by the Retinex algo-
rithm which is an algorithm of the NASA research for Langley
Retinex Center and has been successfully applied to the Photo
Flair software in the Truview company. This algorithm needs
to calculate different scale image for processing result and
large amount of calculation. Because of all scales with a
certain weight added to the center pixel values, it is vulnerable
to brightness image effects of the other area. The resulting
images by FE algorithm are not clear and overall dark, as
shown in Figure 3(c). The resulting images by GLG algorithm
show fuzzy phenomenon, as shown in Figure 3(d). Figure 3(e)
shows the enhanced images by OBLCAE. The processing
results show halo problem at the light and shade contrast,
and the areas of the distortion are serious and of poor clarity.
Figure 3(f) shows the enhanced images by the proposed
method. It can improve image resolution and, at the same
time, remove halo problems of light and shade contrast. The
enhancement effects are more natural. The output histograms
of proposed method achieve a smoother distribution between
low and high gray level, as shown in Figure 3(h); their results
are more natural looking. The histograms of the proposed
method are successfully distributed evenly to its dynamic
range as compared to the original images, as shown in
Figure 3(g).

Test 2. Figure 4 shows processing results of the five algo-
rithms under uniform illumination condition. Figures 4(a)
and 4(g) show two original images and their histograms.
Figures 4(b), 4(c), 4(d), and 4(e) show processing results
by Retinex algorithm, FE algorithm, GLG, and OBLCAE,
respectively. The Retinex algorithm did filter processing for
three components of R, G, and B, respectively, and combined
together, as shown in Figure 4(b). The enhanced images by FE
algorithm are overall dark, losing their original color bright
characteristics, as shown in Figure 4(c). From Figures 4(d)
and 4(e), the processing results are excessively enhanced, so
the distortion phenomena are serious. The proposed method
retained the color information of original image, only to
process the brightness of the images, making them more clear
and natural, which have a better visual effect than the other
four algorithms. Compared with the histograms distribution
in Figures 4(g) and 4(h), the proposed method expanded
the dynamic ranges of the gray scale distribution and then
changed the contrast of the images.

Test 3. Test the algorithms’ processing time, comparing the
real-time performance among the five algorithms. The CPU
for test of the personal computer is Intel Core (TM) 2 Duo
Q9550, whose frequency is 2.83 GHz, memory is 3.5 GB, and
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FIGURE 3: Comparison of processing results of the five algorithms under nonuniform illumination condition. (a) Original images; (b) Retinex
algorithm; (c) FE algorithm; (d) GLG algorithm; (e) OBLCAE algorithm; (f) the proposed method; (g) the histograms of the original images;
(h) the histograms of the proposed method.

programming platform is Microsoft Visual C++ 6.0. There are A subjective assessment for the visual quality of the
three kinds of test images, whose resolutions are 256 pixels = enhanced images is carried out. Average information con-
X 256 pixels, 512 pixels x 512 pixels, and 720 pixels x 576 tents (AIC) [24] and natural image quality evaluator (NIQE)
pixels, respectively. Test results are shown in Table 1, and the [25, 26] index are used to assess the effectiveness of the
proposed method has a good real-time performance. proposed method.
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FIGURE 4: Comparison of processing results of the five algorithms under uniform illumination condition. (a) Original images; (b) Retinex
algorithm; (c) FE algorithm; (d) GLG algorithm; (e) OBLCAE algorithm; (f) the proposed method; (g) the histograms of the original images;

(h) the histograms of the proposed method.

The AIC is used to measure the content of an image.
Higher value of the AIC indicates that more information is
brought out. It is defined as

L-1
AIC = =P (k) log P (k),
k=0
where P(k) is the probability density function of the kth gray
level.

The NIQE is used for measuring image quality. It is based
on construction of a “quality aware” collection of statistical
feature which can be got by a simple and successful space
domain natural scene statistic (NSS) model. The quality
of distorted image is expressed as the distance between

(18)

the quality aware NSS feature model and the multivariate
Gaussian (MVG) model fit to the features extracted from the
distorted image. Smaller NIQE indicates better image quality.
The NIQE is defined as

D (vy,v3351,%,)

= \](Vl - Vz)T <M>_l (vi = v),

(19)
2
where v, and v, and X, and %, are the mean vectors and

covariance matrices of the natural MVG model and the
distorted image’s MVG model.
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TaBLE 1: Comparison of processing time with five algorithms.
Image size 256 pixels x 256 pixels 512 pixels x 512 pixels 720 pixels x 576 pixels
Retinex/ms 368 1070 1554
FE/ms 150 567 759
GLG/ms 253 1150 1890
OBLCAE/ms 980 2700 3950
Proposed method/ms 168 300 649
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FIGURE 5: Comparison of average AIC values.
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FIGURE 6: Comparison of average NIQE values.

Figures 5 and 6 show the comparisons of average AIC
and NIQE values between the proposed method and other
conventional methods for images under nonuniform and
uniform illumination conditions. Further, the qualities of the
test images measured in terms of AIC and NIQE which are
enhanced using the aforementioned techniques are given in
Tables 2 and 3. According to Table 2, the proposed method
produces the highest AIC and shows more details. Table 3
shows the natural image quality evaluator index of tested
images. It is found that the proposed method produces lowest
NIQE values as compared to the others. Hence, the proposed
method makes enhanced images more natural. Based on
qualitative and quantitative analyses, the proposed method
has been found effective in enhancing contrast of images in
comparison to a few existing methods. In addition, combined
with global brightness modulation of adaptive sine function
and the local contrast enhancement based on the improved

TABLE 2: Comparison of AIC values.

Images Original Retinex FE GLG OBLCAE froposed
method
Boy 6.1626  6.7689 6.1467 6.5971 6.4691 71308
Girl 72304 7782 6.8704 76155 77335 7.6348
Palace 55242 6.7343 4.4059 6.2541 71141 6.8212
Room  6.2813 6.6222 6.5718 76816 75147 7.3458
Average 6.2996 6.9769 5.9987 7.0371  7.2079 7.2332
TaBLE 3: Comparison of NIQE values.
Images Original Retinex FE  GLG OBLCAE Proposed
method
Boy 6.5134  5.9553 6.1565 6.2374 5.2315 4.5369
Girl 74145 39862 7.0474 5.7032 5.4748 2.7938
Palace 8.6646 9.3975 8.8581 8.7356  6.3024 5.9046
Room 4.9849 4.9886 71 4982  6.2418 4.7937
Average 6.8944 6.0819 7.2905 6.4146 5.8126 4.5073

fuzzy set theory, the proposed method makes full dynamic
range of the pixel values for maximum contrast. Experimental
results show that the proposed method not only outperforms
all of the other methods in contrast enhancement but also
provides good visual representation in visual comparison.
Hence, the proposed method gives better visual quality
images.

5. Conclusion

In this letter, based on human visual system, a novel
enhancement method combined with the global brightness
modulation and local contrast enhancement is proposed.
It has effectively solved the problems about brightness and
contrast of the illumination images. Aiming at the problem
of brightness, the proposed method combines with nonlinear
sine function for global brightness modulation, through
multiple iterations, to determine the best images; at the same
time, the letter proposes the local contrast enhancement
based on fuzzy set theory. Finally, we compare the proposed
method and the other four algorithms with two performance
measure values under two kinds of conditions, nonuniform
illumination and uniform illumination. Meanwhile, time of
the proposed method is the shortest for different sizes of
images and has a good real-time performance. The experi-
mental results show that image contrast and visual quality by
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the proposed method are better than the other enhancement
algorithms. Further, we optimize the algorithm, shorten the
consumption, and improve the real-time performance. For
future work, we plan to improve the proposed method’s
robustness and apply it to images obtained from optoelec-
tronic theodolite to improve image visibility and clarity.
Meanwhile, this method is simple and suitable for consumer
electronic products.
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