SIViP (2010) 4:247-262
DOI 10.1007/s11760-009-0115-6

ORIGINAL PAPER

Color contrast enhancement method using steerable

pyramid transform

D. Cherifi - A. Beghdadi - A. H. Belbachir

Received: 16 September 2008 / Revised: 17 December 2008 / Accepted: 16 March 2009 / Published online: 24 April 2009

© Springer-Verlag London Limited 2009

Abstract A new method of contrast enhancement based on
steerable pyramid transform is presented in this work. The
use of steerable filters is motivated by the fact that the images
are to be observed by human and therefore it would be better
to incorporate some knowledge on the Human Visual Sys-
tem in the design of the image processing tool. Here, the
frequency and directional selectivity of the HVS is mod-
eled by the steerable filters. The contrast is amplified using
a selective nonlinear function which simulates the nonlin-
earity response of the HVS to the luminance stimuli. So the
basic idea is to enhance the luminance signal irrespective of
the two chrominance components using a multidirectional
and multiscale decorrelation color transform. Initially the
rgb (red, green and blue) color image is converted to lab
(luminance and chrominance) color image. Only the lumi-
nance component is transformed by the steerable pyramid
transform, so that the luminance component is independently
decomposed into different scale and orientation sub-bands.
The contrast in each sub-band is enhanced using a nonlin-
ear mapping function. Finally the  gb color image is obtained
from the enhanced luminance component along with the orig-
inal chrominance components. The performance of the pro-
posed method is objectively evaluated using spectrum energy

D. Cherifi - A. H. Belbachir

LAAR, Département Physique, Faculté des Sciences,

Université des Sciences et de la Technologie Mohamed Boudiaf,
BP 1505, El M’Nouar, Oran 31036, Algeria

A. H. Belbachir
e-mail: ahbelbachir@univ-usto.dz

D. Cherifi (<) - A. Beghdadi

L2TI, Institut Galilée, Université Paris 13, 99 av J. B. Clément,
93430 Villetaneuse, France

e-mail: cherifi@galilee.univ-paris13.fr

A. Beghdadi
e-mail: azeddine.beghdadi @univ-paris13.fr

analysis and a visibility map based on a perceptual filtering
model. The obtained results confirm the efficiency of the
method in enhancing subtle details without affecting color
balance and without the usual noise amplification and edge
ringing effect.
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1 Introduction

Due to the limitations of image acquisition systems image
enhancement is of great importance in many applications.
Noise filtering, deblurring, coding artifact reduction, lumi-
nance adjustment and contrast enhancement are among the
most explored field of research in the image processing com-
munity. Another interesting issue concerns distortion-free
image contrast enhancement. Indeed, any image contrast
enhancement tends to produce some artifacts such as edge
overshooting, noise amplification, color distortion and ring-
ing effects. Most of the existing image enhancement methods
are applied to gray-level images. However, with the evolu-
tion of photography, digital color imaging becomes of great
interest. The contrast enhancement for color image is conse-
quently in high demand to cope with this advancement [1].
It is naturally believed that the color imaging is nothing but
a channel-by-channel intensity-image processing. However,
many problems arise when adopting this approach. Indeed,
each color channel is not actually orthogonal to the others
and luminance and chrominance cannot be easily separated.
So a channel-by-channel based processing will frequently
result in false colors due to unbalanced equalization between
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channels. Some efforts have been carried out to solve these
problems. One solution is to perform an adaptive neighbor-
hood histogram equalization as proposed by Buzuloiu et al.
[2]. Another approach suggested by Trahanias et al. [3] is
to perform a 3D histogram equalization method in the RGB
cube. Other interesting histogram-based color enhancement
methods have been proposed in the literature [4,5]. In Pitas
and Kiniklis method [4], the histogram equalization is per-
formed only on luminance and saturation channels. However,
it has been reported that the modification of the saturation
channel may result in unnatural output images [2]. Niblack
[5] has performed histogram equalization directly on the r gb
color space and naturally the result does not maintain good
color fidelity as discussed above. To overcome this problem
Dash and Chatterji [6] proposed an adaptive local contrast
enhancement technique which is controlled by some param-
eters called contrast power and contextual region size. The
extension of this method was also proposed by Chartterji
and Murthy [7] for color image using rgb color space. All
these works confirms that the color space choice is one of
the fundamental issues in color image enhancement. Com-
pared with classical colorimetric RGB color space, there are
many other “perceptual” color spaces such as HSV (Hue,
Saturation, and Value) or HIS (Hue, Intensity and Satura-
tion). However, when any of these components is enhanced
alone, color degradation may result such as in the method pro-
posed by Strickland et al. [8]. Similar effects appear when
using Gupta and Chanda method [9] which focuses only on
hue channel. Naik et al. showed in [10] that the hue compo-
nents have been preserved without gamut problem. However,
all these contrast enhancements generally lead to color dis-
tortion. These strengths and limitations are mainly due to
the fact that the color spaces used are not adapted to con-
trast enhancement. Other perceptually uniform color spaces
have been considered in the literature. Among these color
spaces, CIELAB is believed to be a better approximation
of the HVS perception (i.e. HVS is more sensitive to lumi-
nance signal rather than the chrominance signal). It allows
a simple implementation of contrast enhancement since the
color image can be efficiently decomposed into luminance
and chrominance. Thus a brightness adjustment to lumi-
nance-only or color balancing to chrominance-only could
be more feasible. Usually the classical approaches such as
histogram equalization or unsharpening do not incorporate
the multiscale and directional selectivity. It was found that
the introduction of multiscale analysis in the design of image
enhancement method yields good results [11,12]. An HVS-
based color image enhancement using multiscale analysis
has been developed by Huang et al. [13]. Xianghong et al.
[14] also proposed another multiscale method for color med-
ical image application. A wavelet-based method using some
characteristics of the HVS has been proposed by Xiao and
Ohya [15]. All these methods share two points on common,
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that is, a multi-resolution transform and a color space trans-
form. Then contrast enhancement is applied at different res-
olutions in the alternative color spaces instead of their initial
RGB space. The enhanced color image is then recomposed
by the inverse transformation of those enhanced coefficients.
However, some drawbacks of wavelet transform have been
mentioned such as the lack of rotation and the translation and
the orientation.

Another aspect which could be taken into account is the
directional selectivity in the image analysis. It was found
that when using multiscale and multiorientation analysis bet-
ter results could be obtained for contrast enhancement [16].
Another difficulty when dealing with image enhancement
is the subjective nature of the image quality assessment. At
present time there is no satisfying objective image quality
assessment. While many image quality metrics have been
developed for image distortion estimation [17], there are only
afew ad hoc objective measures for image enhancement eval-
uation [18].

Beyond these approaches, there is still widespread inter-
est to HVS-inspired contrast enhancement methods. Indeed,
since the publication of the first version of Retinex theory by
Land [19], a number of HVS-based methods have been pro-
posed for the purpose of designing color image enhancement
methods. Some approaches based on retinex theory, such as
the Single Scale Retinex (SSR) method [20], have been pro-
posed. The idea has been further developed and improved by
Meylan and Siisstrunk [21] and later by Choi et al. [22] by
introducing in the SSR scheme an adaptive filtering process.
However, despite these efforts some undesirable effect may
result in the enhanced image limiting thus the efficiency of
these methods. Multi-Scale Retinex (MSR) have been devel-
oped to solve these problems [23]. However, both SSR and
MSR suffer from the graying-out effect which may appear
in large uniform color areas in the image. Multi-scale Ret-
inex Color Restoration (MSRCR) has been then introduced
[24]. Tt tends to overcome some of these shortcomings by
adopting a multi-scale approach and adaptive restoration pos-
treatment. However, these drawbacks still remains unsolved
as recently reported in [25,26]. Another common drawback
of these center/surround methods is that the results depends
greatly on the size of the filter. Indeed, a small filter may
produce halo and ringing artefacts and a large filter could
not enhance subtle details. We believe that the limitation of
retinex-based method is also mainly due to the use of the sim-
ple and restricted multiplicative model and the estimation of
illumination and reflectance.

These drawbacks have been recently discussed by
Meyland et al. [26]. It has been shown that by taking into
account retinal local nonlinear adaptation some improve-
ments for contrast enhancement could be obtained. However,
the aim of their method was only to achieve pleasing repro-
ductions of images and the authors did not give any objective
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performance evaluation. Despite these efforts, color shift and
over-enhancement are still drawbacks of many color image
enhancement methods. Furthermore, many of the existing
methods do not take into account the directional selectivity
of the HSV. Here, we adapt the method developed in [27] to
color contrast enhancement. We use the steerable pyramid
transform in order to decompose only the luminance com-
ponent into different scales and directional frequency sub-
bands. Only the medium frequency components are enhanced
with a nonlinear mapping function to avoid increasing the
noise in low and high frequency bands.

The proposed method is compared with some classical and
state-of-art methods. Here, we consider histogram equaliza-
tion [28], Contrast-Limited Adaptive Histogram Equaliza-
tion CLAHE [29], Edge-based Local Contrast Enhancement
ELCE [30] and unsharpening as classical techniques [31]. We
also compare our approaches with the curvelet-based con-
trast enhancement method [32] and MSRCR method [24].
In order to evaluate the performance of our method, we use
both subjective and objective evaluation. The obtained results
are evaluated in terms of visual contrast enhancement, color
appearance and energy distribution. A new objective evalu-
ation based on Fourier transform is used. Following the idea
introduced in [33], the radial and angular energy spectrum at
different scales and orientations of the pyramid are computed
before and after enhancement. To visualize the enhancement
result, a visibility map is extracted from both the original
and enhanced luminance component using a perceptual filter
model [34]. This map decomposes the luminance component
into two classes (visible class and non-visible class).

The paper is organized as follows. The following section
introduces briefly the steerable filters and the associated pyr-
amid decomposition. Section 3 describes the method. The
next section is devoted to the performance evaluation of the
method using an objective and subjective criteria. The results
are then discussed in Sect. 5. Finally, we conclude this work
and propose some perspectives.

2 Steerable pyramid transform

The Steerable Pyramid Transform SPT was introduced by
Freeman and Adelson as an alternative to wavelet transform
[35,36]. It permits to decompose an image into noncorrelated
components facilitating thus their analysis and processing.
It has been shown that SPT overcomes some drawbacks of
discrete wavelet transform DWT. Indeed, the SPT is a multi-
scale and multidirectional representation that is translation-
invariant. Furthermore, this representation could be designed
in order to make it rotation-invariant. It could be also noticed
that SPT has some advantages of orthonormal wavelet trans-
form (e.g. basis function are localized in space and spatial-
frequency, the transform is a tight frame) but suffers less from

its drawbacks, such as aliasing effects. Another interesting
property of the SPT is its polar-separability which is well
defined in the Fourier domain. Unlike the DWT, the SPT is
overcomplete by the factor 4k /3. Therefore it is more adapted
to image analysis and processing than to image compres-
sion. This elegant transformation has been applied in many
applications and especially for image quality enhancement
[16,27,37].

2.1 Steerable filters

Steerable filters, introduced by Freeman and Adelson [35],
are spatial oriented filters that have received a great interest
inimage analysis. The basic idea is to generate a rotated filter
from a linear combination of a fixed set of basis filters [38].
The steerability condition is not restricted to derivative filters
and could be expressed for any signal f as:

M
@y =" km® @ y) (0

m=1

where f?(x, y) is the rotated version of f by a arbitrary angle
0, k;, (0) are the interpolation functions, f On (z, y) are the
basis functions and M the number of basis functions required
to steer the function f(z, y).

To determine the conditions under which a given func-
tion satisfies the steering condition in Eq. (1), let us work
in polar coordinates (r = /22 + 32 and ¢ = arg(x, y)).
The function f could be expressed as Fourier series in polar
angle, ¢:

N

fr.g)= D an(re!"? )

n=—N

where j = /—1 and N is the discrete length of coefficients.

It has been demonstrate in [37,38] that the steering con-
dition in Eq. (1), is satisfied for functions expandable in the
form of Eq. (2) if and only if the interpolation function &, (6)
are solution of:

M
cn(0) = Z ki (8) (cn (€)™ (3)
m=1

where ¢, (0) = ¢/ andn = {0, ..., N}.
From Eq. (3), f0 (r, @) is expressed as:

M
20 8) =D kmO)gn(r. ¢) )

m=1

where g, (7, ¢) can be any set of functions.

It has been also demonstrated that the minimum number
M of basis functions required to steer f(r, ¢) is equal to the
number of non-zero Fourier coefficients a,, (r).
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Fig. 1 The block diagram of ~
the steerable pyramid transform f f
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2.2 The steerable pyramid decomposition

Like the discrete wavelet transform, the SPT decomposes an
image into a set of scaled and oriented sub-bands. Figure 1
shows a diagram of the SPT with three levels of decomposi-
tion and three orientations.

Where f and f are the original and the reconstructed
images. Hy, Go, Bk m and G are the high-pass, the first low-
pass, the directional band-pass filters and the second low-
pass filter, respectively. It has been show by Karasaridis and
Simoncelli [37] that the reconstructed signal in the frequency
domain is given by:

F(w) = [IHo(w)|2 +[Go(w)|?

M
x [|Gl(a))|2 +3 |Bl,m<w)|2“~ F)+at

m=1

&)

where a.f refers to the aliasing terms and w = /w2 + a)zzj is

the radial frequency and w,; and w, are the spatial frequen-
cies. Ithas been shown in [37] that for a perfect reconstruction
the three following constraints should be taken into account.

(1) Aliasing effect elimination
Gi(w) =0, for |w|>m/2 (6)

(2) The recursive stability constraint

M
Gi(@/2) [|Gl<w>|2 +> |Bl,m(w)|2}

m=1

=1G1(w/2)]? 7

@ Springer

For level k the directional band-pass filters and the

low-pass filter are given by:

By m(®) = Br—1,m(w/2) where m={l,..., M}

{ Gir(w) = Gr-1(w/2)

(3) Unity system response amplitude

|Ho(@)* + |Go(w)|?

M
x [|Gl(w)|2 + > |Bim(®)

m=1

®)

|2} =1 )

Following the notations in [16], the frequency responses

of these filters in polar coordinates are given by the following
Egs. (10) to (14).

— The high-pass filter

Hy(w)

= 11y = )
= \/2 [1 cos (71 pa———

— The first low-pass filter

Go(w)
1

)]

= 1 L _wzor
= \/2 [1 -+ cos (71 prmy——

0

)]

w <
w] < W < Wmax

W > Wmax

(10)

o <
w1 = W < Wmax

W > Wmax

an

where wmax 1S the maximum radial frequency and w; is
the frequency at which Go(w) starts to attenuate.
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— The second low-pass filter

Gi(w)
1 w < wo
= \/%[1+cos(n~a‘)"1:“£’0)] wy) < w < w|
0 w > W]

12)

where wq is the frequency at which Gi(w) starts to
attenuate.
— The non-oriented band-pass filter is given by:

1 w < wo
B(w) = \/%[l—cos(n-ﬁ)] wo < w < w;
0 w1 = W < Wmax

(13)

Following the steerability property, the oriented band-pass
filters in m directions are derived as follows:

™ (14)

B, (w) = B(w) (cos(@ —6n)
Where 6,, = mm/(M + 1) form € {1,..., M}, M is the
number of orientations and 6 = tan™! (wy/w,) is the angular

variable in polar coordinates. The frequency responses of the
filters used in the decomposition are shown in Fig. 2.

3 Contrast enhancement for color image

Multiscale and multidirectional SPT are applied in the pro-
posed method for color image enhancement. Image features
at different resolution and orientations are extracted from
these pyramidal representation. Then an adaptive non-linear
mapping function is applied to these subbands in order to
enhance the signal at different resolution and orientations.
These transformed components are combined with the other
sub-bands and used in the reconstruction step of the final
image.

The proposed steerable contrast enhancement method is
summarized in Fig. 3 for three levels (k = {0, 1, 2}) and four
orientations (m = {1, 2, 3, 4}). As can be seen from the fig-
ure, the original r gb image is converted to Lab color space
with L being the luminance and a — b the corresponding red-
green and blue-yellow channels, respectively. Be noted that
only luminance channel information is processed here. The
extracted luminance information is then decomposed into
high-pass and low-pass components (L, Lo, respectively).
This low-pass component L is then decomposed into M ori-
ented sub-bands Lo 1, Lo.2, ..., Lo »m and a lower-pass band
L. The pyramid is constructed by recursively repeating the

Fig. 2 Frequency responses of the filters. a High-pass filter, Hy; b first
low-pass filter, Go; ¢ second low-pass filter, G1; d band-pass filter 0°,
Bo,1; e band-pass filter 45°, By »; f band-pass filter 90°, By 3; g band-
pass filter 135°, By 4

operation shown in the dashed box at the dark node. Note
that only L is sub-sampled producing reduced images as
in the classical pyramid decomposition of Burt and Adelson
[39]. The enhanced image can be reconstructed by revers-
ing the process of decomposition. The last lower pass-band
is up-sampled at each level of the reconstruction then it is
added to all oriented and enhanced band-pass components,
L m which are mapped by the nonlinear function 7' (x), given
below and represented in Fig. 4.

X |z \”
T(x) = [ ve ( - T) lzl =S (15)

T elsewhere

where z is the input signal, S the upper limit for nonlinear
enhancement, y the gain factor and P defining the rate of
attenuation towards S.

Image features are emphasized thanks to better resolution
and directional properties of the SPT. The contrast enhance-
ment at each level and orientation is obtained by adapting the
parameters y and S to each subband.

The proposed method can be summarized in five steps:

— Step 1: Convert the original image f from r gb color space
to Lab;

— Step 2: Use SPT to decompose the image luminance L
into three levels and four orientations at each level as
shown in Fig. 3;
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Fig. 3 The functioning
diagram of the proposed method
(for three levels of
decomposition)

N
TN
\)
~

Hy-&)

40

v1=0-5
35 | * v,=1.0 4
. va=1.5
S i — Ya= - 0.5 7
13 2%
-3k
.- *
25 PRI -
.--‘*‘ % /
20 .'.* - T
S -
15 LT ~ B
*
L e
10 | -+ ~ i
- //
5 .k _— -
7
=
o

o 20 25 30 35

Fig. 4 Enhancement function according to Eq. (15) for §
P = 1.5, and various values of y

Step 3: Use a nonlinear function with adaptive gain
factor y at each level to enhance those oriented band-
pass components only;

Step 4: Reverse pyramid decomposition process for recon-
struction. Using the oriented and enhanced band-pass
sub-images to get at the end the enhanced luminance
image f,;

Step 5: Convert enhanced Lab image back to enhanced
r/gz color space.

4 Contrast enhancement evaluation

The assessment of image enhancement is rather a difficult
task. Generally contrast enhancement is evaluated subjecti-
vely in terms of details visibility, sharpness, colour appeara-
nce and many other perceptual features. In many applications
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image enhancement could be also evaluated with regard to
the quality of the final output at higher level tasks. There are
only a few ad hoc objective measures for image enhancement
evaluation [18]. The proposed contrast enhancement method
is objectively evaluated using a spectral energy analysis [33]
and a multi-resolution visibility map based on the perceptual
filter introduced in [34].

4.1 Energy spectral analysis

The proposed method is based on a directional and band-
limited analysis which allows the evaluation of energy var-
iation in each sub-band and orientation. Following the idea
developed in [33], radial and angular spectrum energy are
calculated before and after the contrast enhancement. These
quantities are computed by analyzing the Fourier transform
of the image before and after processing.

Let F(u, v) be the centered discrete Fourier transform of
the image f(x, y) defined by:

1 X—-1Y-1
F,v) =+ > > fay=DT
=0 y=0

X exp (—2]'71 (% + v_;/))

where X and Y are the image size and (u, v) the spatial
frequencies.

(16)
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Fig. 5 Results of luminance enhancement. a Original image,
b enhanced images with three levels and two directions withy = 3,2, 1
for the first three levels, respectively

The energy spectrum and phase spectrum are given by

|F(u,v)| = vVR2(u,v) + I2(u, v) 17)
o Iu,v)
$Gu. v) = tan (—R o v)) (18)

where R(u, v) and I (u, v) are the real and imaginary parts
of F(u, v), respectively.

Expressed in polar coordinates, the radial and angular
energy spectrum can be calculated using Eq. (16), with o =
~/u? 4+ v? being the radial frequency and 6 is the angular
frequency. Thanks to the symmetry of Fourier transform for
f(z,y) > 0, the analysis is restricted to the angular inter-
val [0, r]. The radial frequency ranges from 0 to wmax, With
max being the maximum. For a given radial frequency w the

(a) '

Criginal image
''''' SPT enhanced image

E.EN

150 200 250

r: Radial frequency

~_~
o

~

@

Energy ratio

=300 =200 -100 o 100 200 300

r: Radial frequency

(b) 0.95 ;

(d) 0.045 -

average radial energy spectrum of the image before and after
enhancement E(w) and E,(w) are computed as follows:

M
1
E@)= - D IF@.6y)| where 6, = %

m=1
1 M
Eo@) = 22 > |Fe(@, O)|

m=1

19)

(20)

Where F(w,6,), F.(»,0,,) refer to Fourier spectrum in
polar coordinates domain before and after enhancement and
M is the angular sampling rate, i.e. the number of orienta-
tions.

Similarly, for a fixed analysis direction 6, the average
angular energy spectrum is computed before and after
enhanced using the following expression.

N .
1
E©) = 5 D IF(@.0)] where o = =

@1)
i=0
1 N

Ee(®) = - > IFe(@;, 0)] (22)
i=0

where N is the radial frequency sampling rate. This imple-
mentation is based on the assumption that the HVS dem-
onstrates some selectivity properties to different frequency
bands as discussed in [40]. Note that these quantities could
be also used for selecting dominating directions in the image.

The curves shown in Fig. 6a and b corresponding to the
original and enhanced luminance component Fig. 5a and b

Ciriginal image
pg vt o |ome SPT enhanced imags

E(6}E 0]

0 20 40 60 B0 100 120 14D 160 180
@:: Angular frequency

0.04
0.035
003
0.025

o.02

Energy error

0.015

0.0
0.005
[+]

-0.005 n n s L n n
-300 -200 -100 Q 100 200 300

r: Radial frequency

Fig. 6 Evaluation of the contrast enhancement for the image shown in Fig. 5: a radial frequency spectrum, b angular frequency spectrum, ¢ energy

ratio A(E)/E and d energy error A(E)
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Fig. 7 The luminance visibility map before (a) and after enhance-
ment (b)

clearly point out the selectivity characteristic of the proposed
enhancement method. The energy ratio (ER) and the energy
error (EE) curves Fig. 6¢ and d also clearly show the contrast
enhancement effect on only the selected frequency bands.
These results can be even more apparent in the map visibil-
ity which is discussed in the next section.

4.2 Visibility map analysis

In order to quantify and to visualize the effect of contrast
enhancement on subtle details, a visibility map [34] is com-
puted as follows:

1 C(,j)=INC

0 C(,Jj)<INC (23)

V@, j) = [

where JNC is the Just-Noticeable Contrast and C (i, j) is the
local contrast.
This map is based on the local contrast defined as follows:
LG. i) — LG, j
C(Lj)::l (@, J) . 50 D
LS (l ’ J )
where L (i, j) is the luminance of the pixel (i, j), and L (i, j)

is the immediate average surround luminance of its eight
neighbors given by:

LyG, j) = % >,

k,I=—1,k,1#0

(24)

Li+k, j+1) (25)
We use the Just-Noticeable Contrast J N C as defined in [41]
and adapted by Belkacem and Beghdadi in [42] as follows:
V@, Jj)
—\2 .. .o
o5 A+ VLG D) Lal.j) = LG )
— 2
= L2(,) . .
=5 (A + \/L;E;,j.i) La(i ) < Ls(i. j)

(26)

where C,, is the Weber—Fechner INC, L, (i, j) is the adapta-
tion luminance and A = 0.8 is an experimentally measured
parameter [41]:

La(i, j) = 0.923L(i, j) + 0.771L,(, j) 27)

Ly(i, j) is the global average luminance of the image f.
Figure 7 illustrates the luminance visibility maps of the
image before and after enhancement with C,, = 0.02.

Fig. 8 Comparison of classical enhancement algorithm: the original image (a), unsharpening (b), histogram equalization (¢), CLAHE (d), ELCE

(e), steerable pyramid transform (f)
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Fig. 9 Zoom comparison of classical enhancement algorithm: the original image (a), unsharpening (b), histogram equalization (c¢), CLAHE (d),

ELCE (e), steerable pyramid transform (f)

5 Results and discussion

The proposed method has been tested on various color images
and compared with some known contrast enhancement tech-
niques, such as histogram equalization, Contrast-limited
adaptive histogram equalization (CLAHE), Edge-based
Local Contrast Enhancement (ELCE), unsharpening tech-
nique and two multiscale contrast enhancement methods
(curvelet-based and MSRCR).

In the proposed method, the same mapping parameters are
used for the whole sub-bands. Whereas, the gain is adapted
at each decomposition level and for each sub-band. Here, we
choose three levels of decomposition and four orientations
(0, /4, /2,37 /4). Only the oriented band-pass compo-
nents are enhanced by the nonlinear function. For each level,
we use the optimum gain values (y; = 3,y = 2,y3 = 1).
The parameter S controlling the range of the nonlinear
enhancement is made to vary across the sub-bands and the
level of decomposition. It is defined as S = t.Mc, where M ¢
is the maximum value of the coefficient at a given level of
decomposition and sub-band and ¢ is a factor (0 < ¢ <= 1).
For example, if ¢ is set to 1 all the band-pass components are
enhanced.

The subjective quality of the obtained results is assessed
in terms of visual appearance of the details, color preserva-
tion and noise sensitivity. Figures 8 and 9 illustrate the com-
parison of the proposed method with some known contrast
enhancement methods. It could be noticed that, histogram-
based methods produce significant color shift on many areas

of the image as can be seen in Fig. 8c and d. The enhancement
with ELCE tends to produce overshooting and other artefacts
on textures (Fig. 8e¢). Unsharpening method tends to amplify
noise and also produce overshooting (Fig. 8b). The differ-
ences are better visible on the clown hand (see the zoomed
image in Fig. 9).

Figure 10 shows the results of applying multi-scale meth-
ods to color image [43]. The MSRCR (Fig. 10b) does not pro-
vide any significant contrast enhancement. It tends to gray
out the image in many areas (see for example stairs, walls).
This is mainly due to the averaging operation. Furthermore,
the color restoration step in MSRCR used to compensate for
the loss of saturation produce unpredictable results. In the
curvelet-based method (Fig. 10c) the Luv representation is
used instead of RGB. But all the curvelet coefficients of the
three components Luv are processed. As a consequence, all
the components are enhanced irrespective of their frequency
content yielding thus a quasi-uniform contrast enhancement.
It results in a loss of details visibility in some areas (see
for example the wall) compared to image of Fig. 10d. In
our method (Fig. 10d), only the mid-range frequency com-
ponents are enhanced according to the band-pass nature of
the HVS.

For the purpose of a full comparison evaluation, another
color image is used. Figures 11, 12, and 13 display the orig-
inal and the processed images with the classical methods,
curvelet-based method, MSRCR and the proposed method.
The objective evaluation is performed by using the energy
spectrum and the visibility map. The obtained results are
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Fig. 10 Comparison with
multiscale enhancement
methods: a the original image,
b MSRCR method,

¢ curvelet-based method, d the
proposed method

displayed in Figs. 14 and 15. The limitations of the conven-
tional methods are again clearly demonstrated through these
results. To facilitate the visual comparison the visibility map
associated to each processed image computed. Furthermore,
a zone is selected and marked (blue circle) in the different
images. It is shown that histogram-based methods (Fig. 11c
and Fig. 12d) amplify noise and produce color saturation.
The unsharpening method is also prone to noise amplifica-
tion effect. On this example, the shortcomings of MSRCR
method, such as graying and color shift, are clearly revealed
in (Fig. 13b). On the other hand with SPT method (Figs. 12f,
13d), the enhancement is well balanced and controlled com-
pared to curvelet-based method and MSRCR method. In the

@ Springer

proposed method, only the medium or the desired details are
made visible.

The objective evaluation of these results is illustrated in
Figs. 14a—d and 15a—d, where the radial\angular frequency
spectrum (RFS\AFS) before and after enhancement of the
peppers image is visualized. The curves clearly show that
the amplification of the energy is well localized. This is well
observed in the angular frequency spectrum (AFS) curves
of the enhanced image with SPT approach compared with
the (AFS) of the original image and the other enhancement
approach, as shown in Figs. 14b and 15.b. It is also observed
that ELCE and unsharpening methods enhance uniformly
the luminance image (i.e. all orientations from 0° to 180°). It
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(1) Enhanced image

(2) Original luminance image

(2) Enhanced luminance image

(3) Luminance visibility map
before enhancement

: 'm-;‘h:;-__..,. 3‘-‘%’2,‘!-.)@:&:;

(3) Luminance visibility map after
enhancement

il g By i)
(3) Luminance visibility map after
enhancement

Fig. 11 Performance evaluation comparison: a original, b unsharpening, ¢ histogram equalization (histeq)

could be also noticed that the histogram equalization tends to
attenuate the energy of the image (see the AFS in Fig. 14b).

One can also notice that there are three parts in the Radial
Frequency Spectrum (RFS) curves of the enhanced image.
In the first and last parts, the spectrum remains unchanged
as shown in Figs. 14a and 15a. This prevents from noise
amplification in low band where it is more annoying then in
the other bands. In the medium band, the spectrum of the
enhanced image is increased and starts to attenuate in the
last band. This allows us to bring out the invisible details
in the medium frequency bands where the most important
information is often masked.

To better show the improvement gained by our method, the
energy ratio (ER) and the energy difference (ED) are com-
puted from both the enhanced and the original luminance
images (Figs. 14c, d, 15¢, d) of the peppers image. So in our
approach there are also three well distinguished parts. The
low energy unchanged part, the increasing energy part in the
medium frequency and the last one (high frequency band)
where the energy gradually attenuates. In contrast, the energy
curves of the other approaches show even a decrease in the
first frequency band and higher energy in the other frequency
bands (histogram-based methods). On the other hand ELCE
approach presents an increase in the first frequency band

@ Springer
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(1) Enhanced image with windows
size 8x8

(1) Enhanced image with windows
size 5x5

L o

(1) Enhanced image with p=1

(2) Enhanced luminance image

A i gl "ﬁmw‘
(3) Luminance visibility map after
enhancement

e~ L

i-Sibllll; map

(3) Luminance
enhancement

Fig. 12 Performance evaluation comparison (continued from Fig. 10): d contrast-limited adaptive histogram equalization (CLAHE), e edge-based

local contrast enhancement (ELCE), f steerable pyramid transtorm (SPT)

followed with by the reverse phenomenon in the other fre-
quency bands, which tends to amplify noise. The energy in
the first frequency band of the MSRCR method is more
increased followed by a decrease. Whereas, the curvelet-
based method exhibits a reverse phenomena.

From the same test image (peppers image) a visibility map
is computed before and after enhancement. We used the visi-
bility map as a quality index of the enhanced image. A quality
measure of enhancement could be derived from the visibility
map. The blue circular zone in Figs. 11, 12, and 13 shows
the progressive luminance visibility map of an object from
the background before and after enhancement.

Notice that, applying the enhancement just to the band-
pass components accentuates the visibility of details without

@ Springer

increasing the noise in the low and high frequency and keeps
the useful information in the reconstruction pyramid. It is
worth to notice that the gain factor y and the parameter S of
the non-linear function have a great influence on the results.

These obtained results confirm that the use of a non-
linear function and a pyramidal decomposition provides a
controlled and selective contrast enhancement avoiding thus
the artefacts encountered when using the other methods.

6 Conclusion and perspective

The frequency and directional selectivity of the HVS is
exploited by using the steerable pyramid decomposition and
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t
Original luminance image

7.

f

Enhanced image ‘ " Enhanced red image.

@ \.\q‘

Enhanced red image

& e s .o
Luminance visibility map
before enhancement

4

¢
)

Red visibility fnup after
enhancement

i A
Red visibility map after
enhancement

Red visibility map after
enhancement

Fig. 13 Performance evaluation comparison (continued): a original, b MSRCR, ¢ CUV, d SPT

reconstruction scheme, which is developed to give an efficient
method for contrast enhancement. Furthermore, the proposed
method gives more flexibility and better control for enhanc-
ing the visual quality of color images.

The method is evaluated both subjectively and objectively
using a new contrast enhancement quality measure based on
the frequency spectrum analysis, such as the AFS, RFS, ratio

and energy difference. The proposed method has been also
evaluated in terms of details visibility by analyzing the map
visibility before and after processing the images.

According to the experiment results, the proposed method
is superior to conventional methods and two new methods
considered as the state-of-the-artin terms of perceptual image
quality. The proposed method is efficient in enhancing subtle
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details without amplifying noise. The use of directional and
band-limited filters enables us to get enhanced images where
the different structures are emphasized according to their ori-
entation and position in the frequency domain. As perspec-
tives we intend to pay specific attention to the non-linear
function and to derive image enhancement index from the
visibility map and the energy spectrum analysis.

Acknowledgments The authors would like to thank the editor and
the three anonymous reviewers for their valuable comments and rec-
ommendations that result in significant improvement of the paper
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